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Foreword 

 

These proceedings contain the papers of the 6th International Conference Inter-

Eng 2012 “Interdisciplinarity in Engineering”, a leading international 
professional and scientific forum for engineers and scientists to present research 
works, contributions and recent developments as well as current practices in 
engineering, which was organised by the Faculty of Engineering at the “Petru 
Maior” University of Tîrgu Mureș, Romania. 

Bringing together researchers, educational scientists, teachers, graduate students 
and civil society organization representatives to share and to discuss theoretical 
and practical knowledge in the scientific environment, the 2012 edition of Inter-
Eng with the main theme “Interdisciplinarity in development of new technologies” 

aimed at promoting dialogue on how to sustain in a more innovative and 
productive manner the industrial performance with support of new technologies 

that are influenced by interdisciplinary from different fields: mechanics, 
electronics, informatics, etc. 

Submissions were accepted under the following main tracks and topics: 
Manufacturing technology; Nano and microtechnology; Control systems 
technology; Worm face gear; Cold forming technology; Non-conventional 
technologies; Information systems technology; Simulation and modelling 
technology; CAD/CAM/CAE integrated systems; Computing technology; 
Advanced software in engineering; Coatings for high performance cutting 
technologies; Surface engineering; Sustainable development related technology; 
Renewable energy management and technologies; Waste management 
technology; Technologies for managing pollutants; Biomedical technology; 
Intelligent systems and technologies; Parallel and distributed computing; Power 
and energy systems; Signal and image processing; Electronics and 
electrotechnology; New technologies for education in engineering; Open mobile 
technology. 

The Inter-Eng 2012 Conference submissions have been anonymously reviewed by 
two independent reviewers, to ensure the final standard of the accepted 
submissions. The conference, besides the presentation of full papers also included 
two keynote presentations from internationally distinguished researchers. On 

behalf of the Scientific Committee, I would like to express our gratitude to 
Professor Joseph Buhagiar, University of Malta, Department of Metallurgy and 

Materials Engineering and Professor László Kovács, University of Miskolc, 

Department of Information Technology. 
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We are especially grateful to the authors who submitted their papers to this 
conference and to the presenters who provided the substance of the meeting. 

These Proceedings book contain a rich experience of the academic & research 
institutions and the industry on diverse themes related to new technologies in 
engineering. We do hope that researchers, knowledge workers  and innovators 

both in academia and industry will find it a valuable reference material. 

Last but not least, we hope that everybody had a good time in Tîrgu Mureș and we 
invite all participants for the next year’s edition of the Inter-Eng Conference. 

 

 

Liviu MOLDOVAN, ”Petru Maior” University of Tîrgu Mureș 

President of Scientific Committee 

 

Tîrgu Mureș, Romania 

11 October 2012 
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S-PHASE FOR BIOMEDICAL APPLICATIONS: 
     AN INTERDISCIPLINARY APPROACH   

Joseph BUHAGIAR#1 
#
Department of Metallurgy and Materials Engineering  

University of Malta, Msida, MSD 2080, Malta 
1joseph.p.buhagiar@um.edu.mt 

 

ABSTRACT 
The release of metallic ions from biomaterials, such as austenitic stainless steels and 

cobalt-chromium alloys, into the human body due to corrosion and wear has created a 

potential use for S-phase surface engineering in the biomedical sector. This field is highly 

multidisciplinary and requires extensive collaborative research. This paper highlights the 

accomplishments of the author's multidisciplinary approach and research collaboration 

in order to create surfaces which can be used in the medical environment. Our results 

from previous research and ongoing work in biocompatibility, corrosion, tribology and 

surface characterisation will be presented.        

  

Keywords: S-phase; expanded austenite; surface engineering;  biomedical; biocompatibility; corrosion; 
corrosion-wear  

 
1. Introduction 

S-phase, or expanded austenite, is a diffused layer 
of nitrogen, carbon or both that can be created in 
austenitic stainless steels and cobalt-chromium alloys 
using low temperature nitriding (<430°C); 
carburising (<500°C); or carbonitriding (<430°C) [1, 
2].  

S-phase is a precipitate-free metastable 
supersaturated solid solution of either nitrogen or 
carbon [1-3]. Both austenitic stainless steels and 
cobalt-chromium alloys have been hardened 
successfully without the deterioration of their 
excellent corrosion resistance. It is for this reason that 
S-phase surface engineered alloys have found 
applications in the food, nuclear and petrochemical 
industries [1].   

Due to their high mechanical properties and good 
biocompatibility and corrosion properties,  cobalt-
chromium alloys and austenitic stainless steels have 
been materials of choice for many body implants 
since the 1930s [1]. The release of metallic ions, such 
as Cr, Ni and Co, in the human body due to 
corrosion-wear, pitting and crevice corrosion is 
however of great concern [4, 5].   

S-Phase surface engineering has shown a great 
potential for the improvement of localised corrosion 
resistance and tribological properties, and thus there 
is a huge potential for its utilisation in the biomedical 
sector [1, 3, 6]. One of the potential applications of S-

phase is in the surface hardening of biomedical alloys 
such austenitic stainless steel and cobalt-chromium 
alloys [1].   

This technology, applied to biomaterials,  
produces surface-substrate systems that have 
mechanical [1, 2], tribological [7-9], corrosion [5, 6, 
10, 11] and biocompatibility [12-14] properties that 
can never be achieved by the individual components 
alone.   

The field of biomaterials, encompasses aspects of 
medicine, biology, corrosion science, chemistry, 
engineering and materials science [15], is an exciting 
field that has been significantly and steadily 
developed over the last fifty years. Biomaterials 
science brings together researchers from different 
backgrounds who have to communicate clearly. More 
than many other fields of contemporary technology, 
biomaterials science is multidisciplinary, and because 
of this collaborative research is essential [15].  

This paper highlights the research conducted by 
the author and his colleagues in the interdisciplinary 
field of surface engineering of biomaterials, 
highlighting the research conducted in collaboration 
with two Universities, the University of Birmingham 
(UoB) and the University of Malta (UoM), and one 
multinational company, Bodycote Hardiff GmbH. 
The success story of inter-faculty and inter-school 
research between the Faculty of Medicine and 
Surgery (UoM); School of Dentistry (UoB); 
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Department of Chemistry (UoM); School of 
Metallurgy and Materials (UoB)  and the Department 
of Metallurgy and Materials Engineering (UoM) shall 
be introduced. Our results from previous research and 
ongoing work in biocompatibility[14], corrosion [5, 
6, 9, 11, 16-18], tribology [7-9, 16-18] and surface 
characterisation [5, 6, 16-20] will be presented. 

 
2. Materials and Methods   

The S-phase surface engineered biomaterials that 
were researched by this partnership fall under two 
classes, austenitic stainless steels and cobalt-
chromium alloys. The majority of the work was 
conducted on austenitic stainless steels; the current 
research focus is however now oriented to cobalt-
chromium alloys.  

Three biomedical austenitic stainless steels were 
used in our studies: 316LVM (ASTM F138) [6], 
High-Nitrogen (ASTM F1586) [17] and Ni-Free 
(ASTM F2581) [5, 9, 19]. These steels are used by 
the biomedical sector due to their good 
biocompatibility and localised corrosion properties. 
Their poor tribological properties, however, prevent 
them from being used in applications were 
articulation is required.  

Our current research is focused on the 
improvement of a cobalt-chromium-molybdenum 
biomedical alloy (ASTM F1537) that is used in 
metal-on-metal hip joint articulation. With the current 
issue of poor metal-on-metal implant survivability 
[21], the requirement for high surface hardness in 
these alloys has now become a priority.  

   Throughout our research we have utilised 
different methods to create the S-phase layers. We 
have started our research using direct current plasma 
nitriding (430°C, 15 h) [14], carburising (500°C, 15 
h) [14] and carbonitriding (430°C, 15 h) [14]. Based 
on these results and the results of Corujeira Gallo et 

al. [22] we have also investigated active screen 
plasma carburising (450°C, 15 h) [6]. Process details 
for all the treatments can be found in the following 
references: [6, 14].  

Through a recent collaboration with the multi-
national company Bodycote Hardiff GmbH in 
Landsberg Germany we have embarked in research 
on a process called Kolsterising® [5]. Kolsterising®, a 
proprietary treatment owned by Bodycote, creates 
carbon S-phase layers which are very similar, if not 
identical, to dc and active screen low temperature 
carburising. It is a low temperature diffusion process 
performed at a temperature below 500 °C for several 
days at a very high carbon potential [5].   

In order to test these surfaces for biomedical 
applications an array  of tests were conducted. These 
included: pitting [5, 6], crevice [5, 6] and 
intergranular corrosion testing [5]; corrosion-wear [9, 
16] and fretting-wear testing [8, 9]; biocompatibility 
testing [14]; and surface characterisation [19, 20]. 
Full experimental details are given in the references 
provided.            

3. Material Characterisation 

As the treatment was applied to different alloys, 
the optimal process parameters need to be identified 
[17, 19]. S-phase layers need to be precipitate-free in 
order to fulfil two important criteria - increasing the 
materials hardness, without diminishing the alloy's 
original corrosion resistance [1].  

The first screening test on a new treatment 
involves standard metallographic examination and X-
Ray Diffraction. The treated alloy is etched in diluted 
aqua regia and  the layer is observed [5, 6, 19]. As 
shown in Figure 1, the S-phase layer should be 
featureless and white, and this is the first indication of 
enhanced corrosion resistance.  

 

 
 

Fig. 1 – Precipitate-free carbon S-phase layer 

formed on high-nitrogen biomedical stainless steel. 

DC Carburising at 430°C, 15h.    

 

 
 

Fig. 2 – XRD profile comparing a dc carburising 

treatment (450°C, 15h) to an untreated 316LVM 

alloy. X-Ray source: CuKα radiation. 
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In order to ascertain its crystallographic structure 
the  X-Ray Diffraction technique was used, the 
presence of the S-phase being indicated by a shift of 
the peaks to lower angles compared to those of the 
untreated material (Figure 2). The X-Ray profile of 
successfully treated material should not contain 
chromium carbides (Cr23C6), chromium nitrides (CrN 
or Cr2N) or manganese nitrides (Mn3N2) [19]; iron 
carbides (Fe3C or Fe5C2) and iron nitrides (Fe3N) are 
however acceptable in minor quantities [19].      

Hardness testing on the S-phase layers is 
necessary at this stage as it is this property that will 
define the improved corrosion-wear and fretting-wear 
resistance. Hardness does not necessarily imply 
improved resistance to wear, however it is in this area 
of application. Both micro-hardness measurement and 
nano-indentation testing can be used to characterise 
this property. The nitrogen S-phase is generally 
harder than carbon S-phase, but this property, 
depends highly on the load applied and the thickness 
of the layer formed, particularly for micro-hardness 
testing [1, 2].  

In order to further characterise the layer Glow 
Discharge Optical Emission Spectroscopy (GDOES) 
[16] and Transmission Electron Microscopy (TEM) 
were used [20]. The latter technique, which can also 
be performed on a cross-section, XTEM [20], is used 
to further indentify precipitates within the layer and 
to further the understanding of the crystal structure 
and defects present (Figure 3).   

 
4. Corrosion Testing  

Stainless steels and cobalt-chromium alloys find 
their utilisation in the biomedical industry because of 
their good corrosion resistance [4]. There is thus no 
point in increasing their hardness at the expense of 
their corrosion resistance.  

Electrochemical tests are required to tighten the 
selection of optimised treatments using the techniques 
mentioned in section 3 [16]. If the corrosion 
resistance of the alloy is reduced the treatment is 
considered as unacceptable for a biomedical scenario.  

The first corrosion screening test performed on all 
the optimised treatments was a three-electrode 
potentiodynamic one. The material was tested in in-

vitro" conditions, that is temperatures of 37°C in a 
simulated body fluid such as Ringer's solution. 
Standard tests such as: BS EN ISO 17475:2008 - 
"Corrosion of metals and alloys — Electrochemical 

test methods — Guidelines for conducting 

potentiostatic and potentiodynamic polarization 

measurements", together with other standards, such as 
BS ISO 16428:2005 - "Implants for surgery — Test 

solutions and environmental conditions for static and 

dynamic corrosion tests on implantable materials and 

medical devices", can be used as guidelines for 
conducting the tests. Any treated material that 
behaves inferiorly to the untreated benchmark is 
discarded.  

Based on the optimal treatments [16] that have 

similar or improved corrosion resistance when 
compared to the untreated alloy further corrosion 
testing was performed. One corrosion problem that 
implants can encounter is crevice corrosion [4], and 
in literature no publications on this phenomenon in 
relation to the S-phase could be found, with the 
exception of the works that we have conducted [5, 6].  

 

 
 

Fig. 3 – XTEM micrograph showing twins and slip 

bands in an S-phase layer created on a High-N 

stainless steel by carbonitriding at 430°C  for 15 h.  

 
In order to test for crevice corrosion we followed 

the ASTM F746 standard - "Standard Test Method 

for Pitting or Crevice Corrosion of Metallic Surgical 

Implant Materials". In our work we have followed 
this standard to the letter [5], but have subsequently 
diverged slightly to create our own test-rig designs 
[6]. Further information about these tests can be 
found in references [5, 6]. The modified test rig [5, 6] 
was also used in conjunction with ASTM G48 - 
"Standard Test Methods for Pitting and Crevice 

Corrosion Resistance of Stainless Steels and Related 

Alloys by Use of Ferric Chloride Solution". The latter 
test, unlike ASTM F746,  is not in-vitro, however 
because of its aggressiveness helps to rank the 
different treatments and untreated material. This 
ranking test, as shown in Figure 4, was highly 
aggressive on the untreated 316LVM austenitic 
stainless steel material. On the treated specimens, 
however, the amount of crevice corrosion has been 
reduced drastically, with some corrosion products on 
the dc carburised sample and no evidence of 
corrosion on the active screen carburised coupon.    

Results on potentiodynamic tests, ASTM F746 [5, 
6] and ASTM G48 [5, 6] have revealed that S-phase 
layers which are precipitate-free showed a remarkable 
improved pitting and crevice corrosion resistance 
when compared to the untreated material. This can be 
explained using a chemomechanical mode that was 
proposed by Heuer et al. [23, 24] which is applicable 
to both carbon and nitrogen interstitials.  

The potentiodynamic test conducted on S-phase 
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treated alloys is a very useful technique in the early 
identification of the first signs of intergranular 
corrosion. From our potentiodynamic studies a 
correlation could be found between current transients 
(or blips) and sensitization [11, 16].  

In order to further test these surfaces for 
intergranular corrosion resistance the Standard ASTM 
A262: “Practices for detecting susceptibility to 

intergranular attack in austenitic stainless steels” 
was followed. In this test  although the treated 
samples were attacked more aggressively than the 
untreated one, it was concluded that the treated 
samples were not suffering from intergranular 
corrosion, but from another type of corrosion which is 
intragranular. This type of corrosion is not of concern 
because since the S-phase surface is full of defects 
such as slip bands these are attacked preferentially. 
Refer to reference [5] for more detailed information.   

 
5. Tribological Testing  

Once the corrosion properties of the treated alloys 
was understood the research was then directed 
towards tribo-corrosion testing. The wear properties 
of the treated and untreated alloys were tested based 
on standard ASTM G133 - "Standard Test Method for 

Linearly Reciprocating Ball-on-Flat Sliding Wear". 
Similar to the corrosion tests Ringer's solution was 
used in order to mimic the body conditions during 
testing.  

 

 
 

Fig. 4 – Macrographs of corroded (a) untreated, 

(b) direct current and (c) active screen plasma 

carburised AISI 316LVM sample after a 72 h 

corrosion test (ASTM G48-03) in acidified ferric 

chloride solution. 

 
When reciprocating against a WC-Co ball an 

improvement over the untreated material that ranged 
between 50 to 100% was observed [9, 16]. Of course 
this result is highly dependent on the substrate 

material being tested.  It should also be indicated that 
in real implant applications it is very rare for stainless 
steel surfaces to be sliding against WC-Co 
composites. We are therefore currently conducting 
research on metal-on-metal sliding. In these tests we 
are researching the feasibility of the sliding of S-
phase tribopairs on both stainless steels and cobalt-
chromium alloys. Our preliminary results are very 
promising and  this research has a potential 
application in metal-on-metal hip joint articulation 
surfaces which are currently at the epicentre of 
controversy due to poor implant survival when 
compared with other options such as 
metal−on−polyethene and ceramic−on−ceramic [21]. 

There is a clinical concern which is related to 
wear debris generation in implants due to fretting-
wear [4]. This type of wear can occur at interfaces 
were micro-motion occurs. A typical example of this 
type of fretting-wear can be found at modular 
interfaces of used replacement joints. Together with 
our collaborators from China [7-9] we have studied 
this type of wear both on S-phase treated and 
untreated alloys. Most of the testing has been 
conducted in Ringer's solution in order to simulate 
better the real life scenario. The treated materials 
have showed an improved fretting-wear resistance 
when compared to their untreated counterpart.  

The increased corrosion-wear and fretting-wear 
resistance by S-phase treated alloys is a very 
promising result. The next step in this research is the 
testing of S-phase treated prosthetic components in 
hip and knee simulators.    

 
6. Biological Testing  

An implant material needs to be able to perform 
whilst producing an appropriate host response in a 
specific application. Previous studies based on the 
corrosion and tribological properties of S-phase 
treated materials have revealed that the material with 
this new surface can perform in an improved manner 
inside of the body [7, 8, 10]. The only way of 
knowing whether this new surface will have an 
appropriate host response within the body would be 
by testing in-vitro using a cell-line or primary cells.  

Because materials engineers are often unfamiliar 
with biological testing it is difficult to encounter such 
studies. Although the literature includes several 
studies on S-phase surface engineering which involve 
in-vitro corrosion [1, 10] and corrosion-wear testing 
[1], only three studies [12-14] were found describing 
the biocompatibility of S-phase layers. One of these 
three publications was published by our group [14], 
whilst the other two are by  Bordji et al. [13] and 
Martinesi et al.[12]. However, in the case of Bordji et 

al. [13] it is not clear whether nitrogen S-phase was 
formed or not as in this publication no reference was 
made to the S-phase. 

Together with the School of Dentistry at the 
University of Birmingham, and currently with the 
Department of Anatomy within the Faculty of 
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Medicine and Surgery at the University of Malta, we 
have developed an assay method for cytotoxicity 
testing for our treated and untreated coupons [14].  

 In our tests we use a MC3T3 (American Type 
Culture CollectionTM) E1 mouse osteoblast cell line. 
In general, cell lines that have been developed for 
growth in vitro are preferred to primary cells that are 
freshly harvested from live organisms because cell 
lines improve the reproducibility of the assays and 
reduce the variability among laboratories. 
Furthermore, cell lines maintain their genetic and 
morphological characteristics throughout a long life 
span [25].  

All testing is conducted according to the 
following two standards: ASTM F748 - "Standard 

Practice for Selecting Generic Biological Test 

Methods for Materials and Devices"  and ISO 10993-
5:2009 - "Biological evaluation of medical devices 

Part 5: Tests for in vitro cytotoxicity". In order to 
check for cytotoxicity we utilise an MTT test where 
cell numbers were compared based on the reduction 
of tetrazolium salt to formazan. This reduction is 
affected by both changes in cell number and cell 
metabolism [14]. 

Our biocompatibility studies [14] on nitrogen, 
carbon and nitrogen-carbon S-phase surfaces formed 
on austenitic stainless steels  have indicated that they 
are biocompatible under this specific testing 
condition. The results have shown that carbonitrided 
austenitic stainless steel had a higher proliferation 
rate when compared to the control, untreated and 
other treatments. This can be seen clearly in Figure 5, 
where the number of cells that are alive and are 
spreading on the metallic, treated and untreated 
coupons is always higher or comparable to the 
Thermanox control cover slip.   

 

 
 

Fig. 5 – Osteoblast proliferation kinetics on 

Thermanox (control), treated and untreated 

316LVM  after 1, 2, 3 and 7 days of culture 

 
To fully visualise the growth and spreading of the 

osteoblast cells on the treated and untreated stainless 
steel samples a Scanning Electron Microscopy 

technique is used. The cells are dehydrated using 
various concentrations of ethanol, and are then sputter 
coated and viewed under a scanning electron 
microscope [14]. Figures 6a and 6b show the cells 
growing on an untreated and carbonitrided  AISI 
316LVM stainless steel after 7 days of culture.  

Both samples permitted cell attachment and 
proliferation. After 7 days, in agreement with the data 
presented in Figure 5, the differences between treated 
and untreated specimens was not pronounced because 
the cells became confluent and metabolic activity 
slowed down. No evidence of changes in cell 
morphology or cell damage could be observed.   

 

 
 

Fig. 6 – Scanning electron micrographs of 

osteoblasts after 7 days of culture on a  AISI 

316LVM stainless steel in the (a) untreated and (b) 

carbonitrided at 430°C for 15 h condition.   

 
In order to fully understand the mechanism of this 

high proliferation rate an initial cell attachment test 
and angle contact measurements were performed. 
Figure 7 compares cell attachment on an untreated 
and carbonitrided sample. By statistically counting 
the cells, [14] these tests showed that there were no 
differences between treated and untreated.   

  
7. Future Research 

From our published results in the field of 
corrosion, characterisation and tribology, the carbon 
S-phase produced by low temperature carburising 
appears to give the most promising results [6, 11, 14]. 
Based on these results and an ongoing collaboration 
with Bodycote Hardiff GmbH (De), we are focusing 
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our research on carbon S-phase created by the 
Kolsterising® process [5].  

Furthermore, due to the fact that cobalt-chromium 
alloys, which are often used as orthopaedic implant 
materials, respond well to carburising [26] and 
Kolsterising®, we are concentrating our research 
efforts there. Unpublished work by Malcolm Caligari 
Conti et al. is already indicating very promising 
results.  

 

 
 
Fig. 7 – Scanning Electron Micrographs of initial 

cell attachment after 30 min incubation on AISI 

316LVM samples in the (a) untreated and (b) 

carbonitrided at 430°C for 15 h condition. 
 
Since the field of biomaterial science is an 

interdisciplinary one [15], we are combining efforts 
by means of inter-faculty and inter-university 
collaboration in order to be able to conduct research 
in parallel in the fields of corrosion, tribology and 
biocompatibility. 

We are increasing our research effort in the field 
of biological testing because the greatest lacuna of 
knowledge in S-phase surface engineering for 
biomedical application lies in this field [1, 14]. The 
biocompatibility studies of carbon S-phase on cobalt-
chromium alloys with MC3T3-E1 mouse pre-
osteoblast together with human osteoblast cell-lines is 
being studied.  

As wear on cobalt-chromium metal-on-metal 

implants is of a great medical concern [4, 21], 
research is also being directed towards use of the S-
phase versus S-phase tribopairs. These tribopairs will 
be created on cobalt-chromium discs and balls and 
will be tested under reciprocating sliding. The single 
aim here is to reduce the wear debris that is generated 
in artificial joints.  

Research which combines biological testing with 
corrosion and corrosion-wear is being considered, 
however this requires the mastering of the distinct 
techniques beforehand.                   
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ABSTRACT 
Clustering is an usual method to group similar objects into partitions. One of the key factors of 

clustering relates to the applied distance or similarity measure. A general requirement is to use a 

metric with low calculation cost. These requirements are not always met for example in the case of 

large time series in energy sector where  the forecasting of energy consumption is a crucial factor 

of efficiency. In this study, the efficiency of some standard clustering methods is investigated in the 

case of large data sets and of limited resources. Based on the analysis a special version of quality 

threshold clustering was developed to meet the efficiency requirements. The paper first describes 

the theoretical background of the proposed algorithm and then the results of the practical tests are 

presented to demonstrate the power of the developed method. 

Keywords: data mining, clustering, quality threshold clustering 

 

1 Introduction 

Nowadays, the application of automated meter reading 

technology is widespread in energy industry. The large 

amount of data from measure points can be used to 

improve the information management of the energy 

companies. Among the benefits can be listed the more 

accurate billing, efficient fault detection, improved 

forecast of energy consumption and a higher level of 

customer relation management (CMR). Technically, the 

tools of data mining (DM) provide a wide palette of 

methods for efficient processing of data, to convert data 

into knowledge. The application of data mining methods 

in energy industry has nowadays a significant 

importance. An important application area is the wind 

energy sector. In this domain, the DM methods are 

mainly used for control of equipment as the dynamic 

nature of the environment requires specific wind power 

prediction models. In [13], the DM is used to power 

optimization of wind turbines. The optimal control 

settings of wind turbines are calculated using data 

mining and evolutionary strategy algorithms. Data 

mining algorithms are used to identify a functional 

mapping between the power output and controllable and 

non-controllable variables of a wind turbine. An 

evolutionary strategy algorithm is applied to determine 

control settings maximizing the power output of a 

turbine based on the identified model. Another new area 

is the smart grid environment. For example, paper [14] 

shows the data mining application for lighting energy 

audit. The goal of the proposed methods is to support 

decision makers in auditing of building plants and in 

optimizing the use of energy.  Within the field of 

efficient energy resource management, an important 

potential is the discovery of usage patterns. Regarding 

the clustering as one the main method of pattern 

discovery, usually the traditional clustering methods are 

employed on the set of time-series data. The similarities 

of time-series are measured with Euclidean distance or 

with some correlation coefficients. In [15], a data 

mining method is presented to discover patterns in the 

form of subsequences of the daily complete sequences 

where also the date and time of pattern occurrences are 

determined. The preprocessing phase of the method 

quantifies the measure values in order to use discrete 

value domain. In the next step, frequent sequences are 

discovered and then the strings are clustered where the 

elements of a cluster share many approximately 

matching substrings. 

The paper [1] also focuses on consumer profile 

generation from quasi daily smart meter data.  For 

clustering, the SOM clustering method was employed as 

it provides an efficient visualization component. The 

SOM network can map the distance relationships among 

the elements in high dimensional space into a low 

OF LARGE VECTORS
EFFICIENT CORRELATION-BASED CLUSTERING

17 

 



 

dimensional representation space. The base SOM 

clustering method was extended to a SOM-Ward 

structure where the Ward component corresponds to the 

HAC method with the restriction that only adjacent 

clusters can be merged.. The work concludes that such 

visualization of deviations provides more detailed 

information for decision makers than the usual core data 

lists.   

 

2 Survey on QT Clustering Methods 

Data clustering is an important and widely used 

technique in data analysis and data mining.  The goal of 

clustering is to split the elements into subsets where the 

elements of the same group are more similar to each 

other than the elements from different groups. The 

process of clustering usually includes the following 

steps: select an appropriate representation form of 

objects; define an appropriate similarity function; 

determine the appropriate clustering algorithm and 

parameters; execution of the algorithm and 

interpretation of the results.  As the clustering problem 

uses an unsupervised learning algorithm, there are many 

subjective parameters in the process. One of the key 

parameters is the aspect of similarity: at which value of 

similarity can the objects be assigned to the same 

cluster.  There are many standard methods in the 

literature for clustering. The most widely used standard 

methods are the hierarchical clustering [6]; partitioning 

clustering [9]; hybrid method [10], incremental or batch 

methods, monothetic vs. polythetic methods [11]; crisp 

and fuzzy clustering[12]. 

Although, the literature on clustering is very rich, there 

is an aspect that did not gain much interest in the recent 

years.  The aspect in the focus is the similarity threshold 

within a cluster. Based on the informal definition of 

clustering, the elements within a cluster should be more 

similar to each other than the elements of different 

clusters.  Considering the standard methods it can be 

seen that these methods do not fulfill these requirements 

at an optimal level. The majority of standard methods 

use a greedy approach to build up a cluster: while the 

distance between the candidate element and the current 

cluster is below a threshold value, the cluster is extended 

with new elements. The threshold criteria are usually 

independent from the actual size of the current cluster. 

As a result, the similarity between two points of the 

same cluster may be arbitrary low. The HAC method 

[8], for example, can generate arbitrary large clusters 

where the distance between two element of the same 

cluster may be much higher than the distance related to 

an element of another cluster (see Fig 1). 

 

Figure 1.  Inter-cluster similarity is higher than 

the intra-cluster similarity 

Although there are many different clustering algorithms, 

the radius of the cluster is investigated only in the 

BIRCH and QT clustering algorithms. In BIRCH 

(balanced iterative reducing and clustering using 

hierarchies) [7], the radius of a cluster is defined on the 

following way: 

N

xx
R

N
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where 

N : number of elements in the cluster 

 x� : an element of the cluster 

 x� : the centroid of the elements 

 

If the radius is greater than a threshold, the cluster is 

split into two subparts.  In this approach the radius is 

defined as an average distance, thus the distance 

between two elements within the cluster may be larger 

than R.  In this sense, the BIRCH algorithm defines a 

weak threshold on the volume of the cluster.  

 

A much stronger constraint is given in the QT 

(Quality Threshold) clustering algorithm. The QT-

clustering [11] uses two input parameters: first 

parameter is the maximum distance diameter and the 

second is the minimum cluster size. The diameter is 

defined on the following way: 







 −= 2

,
)(max xxd i

ji  

The size of cluster denotes here the number of elements 

within the cluster.  The main steps of the QT-clustering 

are the followings: 
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1. Generating candidate clusters for each element 

where the candidate cluster is built up with a greedy 

algorithm. Taking an element D, the cluster 

contains all elements closer to D than the maximum 

radius.  

2. The candidate cluster with the maximum size is 

selected as true cluster. The elements of this cluster 

are removed from the pool, the membership of the 

remaining candidate clusters are updated. 

3. If the largest remaining cluster has a greater size 

than the minimum limit, go to step otherwise 

terminate the algorithm. 

The QT algorithm generates non-overlapping clusters 

where some elements remain outside of clusters as 

outliers. The output of the clustering is a set of clusters 

of limited diameter, thus the similarity values between 

the elements are above a given threshold. 

 

3 Description of the proposed QT Clustering 

method 

The main goal of the research project was to generate 

clusters where the elements of the same cluster have 

very similar description vectors and from the value at a 

given element the values at the other intra-cluster 

elements can be inferred. As this requirement can be met 

only with some kind of quality threshold clustering and 

the number of items is relatively large, the BIRCH 

Clustering algorithm was selected as a base clustering 

method. In order to apply a clustering algorithm on the 

given row data, some modifications of the base method 

should be performed.  An important constraint was 

given by the minimization of computation resources, i.e. 

the execution time of the algorithm should be minimal. 

The first question to be solved was to determine the 

representation format of the description data.  Two main 

alternatives were investigated. In the first case, the row 

data (like time series) is used as description data and the 

second approach transforms the row data into shorter 

feature data. The feature vector method is used among 

others in [1] where the following dimensions are 

defined:  average consumption, average peak load, 

electricity rate, housing type, seasonal consumption, 

day-of-weak consumption, time-based peak load and 

peak frequency. Although, the row data representation 

provides much more information, the required 

computational costs are significantly higher. Another 

parameter of the algorithm relates to the measurement of 

similarity. From the viewpoint of data implication, the 

traditional solution is the measurement of Pearson 

correlation coefficient  
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and the usual corresponding distance is 

YXcYXd ,1),( −=
. 

Unfortunately, this measure does not meet the triangle 

inequality. To get a real metric function, the following 

function should be used (see [16]): 

2
,1),( YXcYXd −=

 

As the computation of the distance value is very time 

consuming operation, the clustering should be 

performed with minimal number of distance 

computations. For the implementation, the combined 

tree structure was generated: 

1. Every internal node contains 2 pivot target 

elements and 2 pointers to child nodes 

2. Every leaf node contains one pivot target 

element and arbitrary number of slots for target 

elements  

This structure is the combination of the GHT [17] 

structure and of the QTC tree structure. The GHT tree is 

used to partition the objects in general metric space 

where only the distances between the elements are the 

only known information. A node with pivot elements 

P1,P2 separates the incoming objects into two groups. 

G1 contains the object located nearer to P1 than to P2. 

G2 contains the objects closer to P2 than to P1. The leaf 

node structure of the proposed tree differs from the GHT 

structure and it uses QTC-like node structure. There 

exists a threshold value, every element within a node are 

closer to each other than this threshold.  

The outline of algorithm for construction of the tree: 
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1. locating the position of the new element in the 

tree (it yields in a leaf node) 

2. if the distance to the pivot of the leaf is smaller 

than the threshold, the element is stored in the 

leaf. Otherwise, the leaf is transformed into an 

internal node, having the new object and the 

pivot element of the leaf as pivot pair. The 

elements previously in the leaf are separated 

and moved into the two new leaf nodes. The 

new element and the previous pivot element are 

selected as the pivot elements in the new leaf 

nodes.   

In important characteristic of this algorithm is that that 

the parent element is always inserted before the insertion 

of the child element.  The generated tree is usually 

unbalanced, there are large differences between the 

heights of the different leaf nodes.  As there is no total 

ordering among the elements, neither the known simple 

balancing algorithms (like AVL tree) can be applied.  

For that reason the proposed algorithm uses a different 

approach: if the difference between the heights of the 

sibling subtrees are larger than a threshold, the elements 

of the substrees are removed from the three and they are 

inserted into the tree again.  On this way, the balancing 

factor of the tree could be improved significantly.  

The cost of tree construction can be approximated with 

( )NNO log⋅⋅⋅ βα
 

where α denotes the cost of distance computation for a 

pair of element; β is the balancing factor.  Using the 

distance function based on correlation, the  α value had 

such a high value (the description vectors of the 

elements should be stored on disk in database) that the 

required execution time threshold could not be met. For 

that reason a pre-clustering phase was introduced. This 

phase is also employs the same clustering method, but 

the elements are described here with aggregated feature 

vectors. As the feature vectors are significantly smaller 

than the original row data, they could be stored in 

memory and the corresponding  α parameter is thousand 

times smaller.  The proposed feature vector contains 32 

aggregated components. The execution cost for 

generating the feature vectors can be approximated with 

( )NO ⋅'α
 

where α’ is much more smaller the α because it requires 

only linear scan of the  data instead of join matching. 

Using normalized vector representations and Euclidean 

distance metric, the correlation between the distances in 

feature vector space and in the row data vector space are 

strongly correlated (Fig 2.). Thus the proposed feature 

vector can be used as efficient pre-clustering vector 

representation if the Euclidean metric is applied. 

 

Figure 2.  Frequency of correlation values between 

raw vector and feature vector 

 

From the viewpoint of value approximation, the 

correlation-based distance is more efficient than the 

Euclidean metric. Unfortunately, the feature vector 

representation is weaker in representing the correlation 

than the Euclidean distance. For that reason, in the 

prototype implementation framework, another pre-

clustering method was applied to optimize the total 

clustering costs. In this step, a smaller row data set was 

selected. This cost reduction method is based on the 

following experiences: the calculated correlation 

depends significantly on the length of the investigated 

vector partition. For example, in the case of time series, 

the recent data items have larger significance than the 

older data items (see Fig. 3). Thus a shorter description 

vector could be used in the pre-clustering phase. 

 

Figure 3.  Frequency of optimum history length values 

(length in time units) 

Based on this pre-clustering elements, the cost of the 

clustering phase could be reduced below the given 
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threshold while the output provides a good quality 

threshold partitioning 

 

4 Conclusion  

In clustering of high dimensional data vectors, there are 

several difficulties to solve. The size of the row data is 

usually extremely large, so a well optimized method is 

needed. In the case of usual clustering methods the 

distance between two elements of the same cluster could 

be very large. The paper presented an approach to 

implement an efficient clustering method using a 

combined QTC algorithm.  
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ABSTRACT
This paper is part of a study for obtaining an experimental prototype of a large moving
machine tool structural part, by reducing its weight and increasing rigidity properties.
Weight reduction is necessary for better dynamic performance and energy efficiency .The
problem is that by reducing mass, rigidity and vibrations dampening are affected. The
developed method tries to eliminate this problem by applying alternative technologies
such as: using alternative materials, applying ribs and cut outs, obtaining a box type
shape, filling the interior space with metallic aluminum foam.

Keywords: Machine tool rigidity, mass reduction, FEM simulation, aluminum foam.

1. Introduction
In the context of a fast growing industry, is

important on global scale, to reduce the electrical
consumption of machine tools by keeping the
machining performance [1]. This can be done with
expensive hi performance servo motors such as linear
motors, or by redesigning the large structural moving
parts. It is demonstrated that on average CNC milling
machine tool, 60% [2] of the torque of the servomotor
is used on moments of rotary and linear inertia for
acceleration and decelerations of moving parts [3].

It is critical that those mechanical parts must be as
light as possible. The problem is that rigidity and
vibrations dampening are reduced considerably by
doing so [4]. Applying new designs, new
metallurgical alternative technologies, [5] rigidity and
vibrations amortization can be improved and mass
reduced below a classically obtained part [6].

A large, heavy, moving component is for example
the spindle motor carrier [7]. A classical CNC
machine tool center spindle motor carrier is the
component that moves usually along Z or Y axis. It
carries the spindle (milling) motor with tool clamping
mechanism and tool assembly (Fig 1.). Usually this
component is made from cast iron [8] because it’s
properties such as: good machining, mold poring,
vibration dampening and reduced cost [9]. Problem is
its mass and environmental processing issues [10].
Some manufactures construct structures by using

welded steel plates in different configurations. This
method is used and with good improving results [11].

a.                                b.
Fig.1 - Spindle motor carriers on: a. Vertical

machining center; b. horizontal machining center

Fig.2 - Examples of Al foam filed structures
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 A technique in its early stages, is filing hallow
structures with foam like materials [12] (Fig. 2.). The
most used material is metallic Al foam (Fig.3.).

Fig. 3 - Al foam mechanical characteristics [13]

2. Method used
The paper presents an alternative design of a large

mass, moving CNC milling machine tool component.
This component is an experimentally obtained spindle
motor carrier of a CNC milling machine tool center
(Fig.4.).

Fig.4 - Designed CNC milling machine tool center,
with the experimental spindle motor carrier part

The newly designed structure (Fig.5.) is improved
by applying several technics:

- Laser cut welded steel plates for constructing the
structural frame.

- Internal shape modification by applying ribs and
cut outs for stiffening and reducing weight.

- Obtaining a box type shape for increased
rigidity.

- Filling the interior space with metallic aluminum

foam for rigidity and vibration dampening.
This technics was assisted by FEM analysis, using

Autodesk Ansys module. The step by step results
from FEM simulation were used for improving the
design in weak points, or reducing weight were
unnecessary surplus of material.

Fig. 5 - New experimental designed structure of
the CNC milling machine spindle motor carrier.

3. Experimental results.
- 1st step was the design of an existent classic,

unmodified structure, from a performance
commercial, 2008 milling machine center.

This was made using actual measurement on a
real machine tool and remodeling the part in
Autodesk Inventor.

- The design and simulation of a new modified
part with kept functionality and size.

The design of the new part was according the
unmodified existing part, with added improved
features: other material (OL 44 instead of cast iron),
thinner walls, ribs for rigidity, cut outs for reduced
weight, plates for boxing the structure and filed
interior spaces with expanded aluminum metallic
foam.

- FEM analysis and remodeling for improved
performance in Autodesk Ansys.

Were the structure had weak points, high
amplitude deformations or points of increased
chattering frequencies, added material or
supplementary ribs were designed.

- Comparison analysis with the existing classic
unmodified structure [Table 1].

Correct materials were selected according to
production datasheets.

The metallic foam structural model and
characteristics was used from studies of MUSP Italy
and other specialty bibliography.

The controllable variables chosen for the
experimentation were stress, deformations and
several critical chattering fervencies.

The ranges of frequencies selected are found in hi
performance HSC milling machining, and covers the
whole range of CNC milling center operations.
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Table 1: Comparison analysis between the existing classic structure and the newly designed structure
Unmodified structure New designed structure

Simulation Result Simulation Result
Mass 226.3 kg 101.9 kg

Material Steel Modified structure with aluminum foam
Force 5000 N 5000 N

Stress
equivalent 13,813

Mpa
3,275 Mpa

Maximum
principal

stress
7,28
Mpa

3,78 Mpa

Maximum
deformation

0,0154
mm

0,018 mm

Other
deformation 0,159

mm
0,012 mm

Frequency
Mode 1 in

Range
0,044
mm

0.0195
mm

Frequency
Mode 2 in

Range
0,229
mm

0.179 mm

Frequency
Mode 3 in

Range
0,09
mm

0.071
mm

Frequency
Mode 4 in

Range
0,075
mm

0.05 mm
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4. Conclusions
Heavy moving machine parts means reduced

dynamic performance of the CNC machine tools.
This, in the context of increasing industrial demands
for beater surfaces, is an impediment by elongating
the time to machine the piece.

a.

b.

c.

d.
Fig.6 - Obtained improved spindle carrier: Laser

cut steel parts; b. ribs for rigidity; c. thermal
treatments and machining; d. finished structure.

The problem is that reduced mass means higher
vibrations and deformations. This paper studied a
method to reduce the mass by 50% and reduce the
stress equivalent from 13,813 Mpa to 3,275 Mpa.
Also deformations ware kept in acceptance limits,
and beater comportment at different chattering
frequency’s was achieved.

The method can be applied in other fields of
performance engineering such as automotive, bridge
constructions, ladders or other applications with good
rigidity properties and low mas.

The results were used in the end for producing
a high dynamic performance 3 axis CNC milling
machine, completed with the experimentally
improved spindle carrier (Fig. 6.).
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ABSTRACT
In this paper is studied and experimented a cheap method to improve static rigidity on
CNC machine tool beds or supporting structures, using poured concrete components. The
study is applicable on tubular steel frames constructions or other hollow type structures
made from steel or cast iron. The experimental prototype is a 3 axes CNC milling
machine tool center custom made from welded rectangular steel tubes. The test confirms
that were the weight is not an issue, the increased mass and rigidity improvement,
reduces vibrations considerably with the benefit of a very small investment.

Keywords: concrete filed structure, machine tool improved rigidity, vibration suppression.

1. Introduction
The construction of machine tools structures

should be economical [1] however, the characteristics
of strength, stiffness and vibration dampening must
satisfy the machining demands.

In recent years increasing interest has been shown
in the use of concrete as an alternative composite
structure to mild steel or cast iron for the structural
components of machine tools [2].

Several machine tool manufacturers supplied the
necessary parts to assemble complete machines on
concrete structures and thus made possible direct
comparison with corresponding machines having
cast-iron structures [3].

Concrete-filled steel tube columns combine the
advantages of ductility, generally associated with
steel structures [4], with the stiffness of a concrete
structural system. The advantages of the concrete-
filled steel tube column over other composite systems
include: The steel tube provides formwork for the
concrete [5], the concrete prolongs local buckling of
the steel tube wall, the tube prohibits excessive
concrete spelling, and composite columns add
significant stiffness to a frame compared to more
traditional frame construction [6].

Indirect cost reductions such as the reduced
amount of surface dressing and filling on the concrete
base by comparison with such costs on the metal base
may well increase overall cost savings significantly;

additionally [7], studies show that the cost of
producing concrete components prior to final
machining should be 30 to 50 percent below that of
the conventional cast iron components [8].

Fig. 1 - Example of concrete filled machine tool
structure [2]

Apart from strength and ductility, adequate bond
between steel and concrete at the interface is
important in concrete filled steel tubes columns to
ensure a composite action [9].
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 2. Method used
The paper studies the design and construction of a

milling machine structure (Fig.2.), using alternative
methods for static rigidity improvement.

Fig. 2 - Design of the experimental CNC milling
machine tool center prototype

Experiments try a cheap method to improve static
rigidity on CNC machine tools supporting static
structure, using poured concrete components. The
study is applicable on tubular steel frames
constructions, or other hollow type structures made
from steel or cast iron.

The idea comes from 60’ development of
America’s several institutes, to make machine tools
beds directly from concrete [10]. Also hi span modern
bridges uses this technique with good result.

Experimental prototype is a CNC milling machine
tool center custom designed (Fig.2.) and constructed
(Fig.4.) from welded steel tubes.

The material used for construction was tubular
steel with the following characteristics (Table 1):

Table. 1. Characteristics of the used steel
size 100 x 100

EN 10 210
80 x 80

EN 10 210
wall thickness 5 mm 4 mm

material OL 44 OL 44
mass/length 14,41 kg/m 9.22kg/m
The concrete was a quality B 300 standard

C18/22.5 type [11]. Because of the small quantity

used, approx. 1/2 cubic meter, even a quality type of
concrete was not expensive compare to the metal
[12].

Fig. 3 - Construction of the structure: a. length
catted steel; b. welding; c, d. finished cleaned

structure ready for filing.

Fig. 4 - Realized (partially assembled) CNC
milling machine tool center prototype

The method applies several techniques from
bridge and structural improvements engineering:

- Whole machine was designed and simulated
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 using CAD software in such way that the concrete
can communicate between the vertical and horizontal
tubular structure for a good bond (Fig.5.);

- Constructing the structure from tubular section
steel by welded joints (Fig.3.); Length of tubes was
catted (Fig.3.a.) and assembled (Fig.3.b.) according to
design by MIG and MMA welding. Perpendicularity,
parallelism and metal deformation from welds, were
the problems to take care with proper known
techniques.

- Assembly of other component that can influence
the results (Fig.4.).

- Filling the empty structure (Fig.6);
The hallow structure must be prepared for

concrete pouring in such way that the pour was made
in one step for beater results.

Fig. 5 - The empty structure before poring

Fig. 6 - Structure with poured concrete

Fig. 7 - Structure with poured concrete

- Concrete setting and drying period when no
actions were made to machine.

- Custom made test installation using swing
impact hammer and vibration sensors (Fig. 7);

- Comparative rigidity and vibration dampening
tests between hallow and filed structure;

- Processing and interpretation of the results.

3. Experimental
The hallow structure was impact tested using a

swing arm with mounted soft tip impact hammer.

Fig. 8 - Data processing path of the test method

The height of the suspended hammer was kept
during all tests (Fig. 7) for comparative same
conditions results.
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Fig. 7 - Structure testing method

After data acquisition of the hallow type structure,
the comparative tests were made with concrete filled
structure.

The observed frequencies ware low frequencies,
between 20 and 120 Hz. In this low frequency field
thee machine tool has more amplitude and chatter and
can influence the machined surface in use.

A diagram was obtained in each test. Overlapped,
the differences can be seen in (Fig. 8.)

4. Results and conclusions
The test confirms that were the weight is not an

issue, the increased mass, reduces vibrations
considerably with the benefit of a small investment.

Fig. 8 - Low frequency response

Regard of performance, differences was detected
between the concrete filled structures and the tubular
hallow steel structure (Fig.8).

Noise characteristics of the machine, deformation
affecting the distance between the tool and the work
piece were lower. Overall vibration characteristics of
the concrete filed structure were heavily damped than
those for only metal based structure. In low frequency
modes of vibration, the stiffness was greater in the
structure with concrete.

No limitation on material removal rate shod
accrues in use by using this method.

In this particular chaise the study shows that the
designed machine has improved performances by use
of concrete. Tests can be done concern the effects of
thermal inertia and the long-term stability.
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ABSTRACT
In order to use composites in cars parts design it is necessary the knowledge of their  
mechanical properties, so that loads can be calculated for conditions of use. The paper  
presents tensile properties of a few types of materials: low-density polyethylene (LDPE)  
reinforced with short fiberglass, polyester composite reinforced with fiberglass RT300  
(test  material  taken  from  the  warp  direction),  polyester  composite  reinforced  with  
fiberglass RT300 (test material from weft direction) as well as polyester composite type  
LDPE and HDPE reinforced with short fiberglass.

Keywords: RT300 glass fabric, tensile test, polymer matrix composites, high-density polyethylene

1. Introduction
Fiberglass  reinforced  plastic  materials  and 

composite  resins  are  frequently  used  in  car 
manufacturing. Their use requires knowledge of their 
mechanical properties. There are different theoretical 
methods  to  calculate  these  values  [1],  [2]  but,  in 
practice, it is seen that these methods give values that 
differ from real values. Therefore,  it is necessary to 
determine experimentally the characteristics of these 
types  of  composites.  Tensile  tests  allow  for  the 
determination of these values [3-6].

2. Types of specimens used
Specimens  were  used  in  accordance  with  ISO 

294-1  and  ISO  294-3  in  order  to  carry  out  tensile 
tests. Figure 1 shows a series of specimens of low-
density polyethylene (LDPE).

Fig. 1 – Specimens of glass fiber-reinforced low-
density polyethylene (LDPE)

A series of identical specimens have been carried 
out of high-density polyethylene (HDPE). They were 
grouped according to  the type  of  test,  each  sample 
being made of  ten specimens  with some spares  for 
each sample.  When the grip end broke, a spare has 
been  used  to  replace  the  specimen.  For  the  tensile 
test,  LDPE  and  HDPE  specimens’  sets  have  been 
used.

Specimens  were  also  made  of  fiberglass 
reinforced polyester  resins along the warp direction 
(FSU) (fig. 2) and on a weft direction (FSB) (fig. 3), 
for tensile tests in accordance with ISO 527-4.

Fig. 2 – RT300 glass fibers-reinforced polyester 
resin specimens along the warp direction

Tensile tests have been carried out on specimens 
cut at 45o to the warp direction (fig.4).

30 

 



 

Fig. 3 – RT300 glass fibers-reinforced polyester 
resin specimens along the weft direction

Fig. 4 – RT300 glass fibers-reinforced polyester 
resin specimens along the warp direction after 

tensile tests

3. Results
For  tensile  tests,  the  equipment  found  at  the 

Faculty of Materials Science as well as the one in the 
Materials Strength Lab have been used. The results of 
the series of tests T01 are shown in fig. 5. 

Fig. 5 – Experimental results for series T01

The mean values of the tensile tests of four types 
of  series  T01  –  T04  (ten  specimens  each)  are 
presented in tables 1-4. 

Table 1. Basic mean mechanical properties of glass 
fibers-reinforced LDPE series T01 in tensile tests

Feature Value
Load (N) 1036
Extension (mm) 9.17

Table 2. Basic mean mechanical properties of glass 
fibers-reinforced LDPE series T02 in tensile tests

Feature Value
Load (N) 826
Extension (mm) 9.72

Table 3. Basic mean mechanical properties of glass 
fibers-reinforced LDPE series T03 in tensile tests

Feature Value
Load (N) 887
Extension (mm) 9.28

Table 4. Basic mean mechanical properties of glass 
fibers-reinforced LDPE series T04 in tensile tests

Feature Value
Load (N) 697
Extension (mm) 8.53

For the four sample trials, following values have 
been obtained for the Young’s modulus on the length: 
ET01=271.145MPa;  ET02=203.951  MPa;  ET03  = 
229.396  MPa;  ET04  =  196.108  MPa.  Specimens 
made  of  RT300  glass  fibers-reinforced  polyester 
resins, (named FSU and FSB), cut on the warp and 
weft respectively have been subjected to tensile tests. 
They have  been  denoted  as  samples  T05 and T06. 
These specimens broke by explosion, demonstrating a 
good  bond  between  the  fibers  and  the  matrix. 
Regarding  the  RT300  glass  fibers-reinforced 
polyester specimens the failure mode is neat, which 
leads to the conclusion that the bond between matrix 
and fiber broke and the composite behavior is weaker. 
A  detail  of  the  tensile  test  is  presented  in  fig.  6. 
Aspects of the breaking section are presented in fig. 
7-11.

Fig. 6 –  Failure mode in the center of the RT300 
glass fiber-reinforced polyester specimens
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Fig. 7 –  Broken specimens of RT300 glass fiber-
reinforced polyester resins, cut on weft direction

Fig. 8 –  Broken specimens of RT300 glass fiber-
reinforced polyester resins, cut on warp direction

Fig. 9 –  Broken specimens of RT300 glass fiber-
reinforced polyester resins, cut at 45o to the warp

Fig. 10 –  Broken glass fiber-reinforced LDPE 
composite specimens

Fig. 11 –  Broken glass fiber-reinforced HDPE 
composite specimens

The geometric features of the test specimens are 
presented in table 5.

Table 5. Geometric features of test specimens 
Material 

Type
Width 
b (mm)

Thickness 
h (mm)

Area
(mm2)

FCM 16.4 4.5 73.8
FCT 10.5 4.5 47.25
FSMB 15.5 4.0 62
FSMU 15.5 4.5 69.75
FS 45o 10 4.3 43
FSB 10 4.5 45
FSU 10 4.5 45

4. Discussion
Fiberglass  reinforced  composites  type  RT300 

have good mechanical features and show good tensile 
strength  and  these  materials  are  suitable  for  big 
structures. Specimens cut from weft direction show a 
bending  strength  of  290  MPa  while  their  tensile 
strength is 220 MPa.

5. Conclusions
The calculations for  the analyzed  specimens [2] 

compared  to  experimental  results  show  that  for  a 
series  of  specimens,  the  measured  properties  are 
outside  the  margins  calculated  in  theory  in  ideal 
conditions.  It  can  be  seen  that  tensile  tests  are  a 
relatively cheap and quick method to determine the 
characteristics  of  fiber  reinforced  composite 
materials. Theoretical methods will generally need to 
be doubled by mechanical tests in order to determine 
mechanical constants experimentally.
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ABSTRACT
This paper presents some considerations regarding the extracting of geometrical data
from CATIA models with the aim of using this data to program computer numerical
control machine tools that do not have postprocessors integrated in the CATIA
environment. This data usually represents holes and plane contours defined by their
characteristic points. The paper defines how the information is organized in files and how
these files can be used  by postprocessor applications. A postprocessor that uses such
information is also presented.

Keywords: CATIA, AutoCAD, VB.NET, postprocessor, CNC, geometric data.

1. Introduction
The diversification of mechanical engineering

design and execution technologies has a great impact
on traditional companies that did not get to upgrade
their equipment and services. There are companies
with decent technical equipment, with older CNC
machines but sufficiently evolved and precise to be
successfully used. The programming of such
machines is done either with the machines own
software or with postprocessor applications written
by the company’s own specialists [11]. The
geometrical information needed for the programming
of these machines is usually obtained from paper-
drawn component execution drawings.

On the other hand modern design is not carried
out in the classic fashion anymore, with projections
and sections, but by the use of parameterized
geometrical modeling software such as CATIA,
Inventor, Pro/Engineer, SolidWorks, etc. These
software packages have special modules for CNC
machines with postprocessors for many of the models
on the market.

The ideal case is when the design is done with a
modeling software and this has a technological
module that incorporates postprocessors for the CNC
machines that will execute the designed components.
In this case the creation of CNC programs becomes
routine activity.

In real scenarios however very often the
company’s equipment consists of older but still good
enough and precise CNC machines. At the same time,
classic paper-drawn design is no longer used, being

replaced by CAD design. However, the fact that
modern modeling software packages do not offer
postprocessors for older machines creates a break in
the design-execution process. To program CNC
machines one needs the geometrical data of the
components - contours, defined by characteristic
points and holes, defined by centers and radii.

In this paper we present a case study which shows
a method for extracting the geometrical information
of plane contours and holes belonging to components
modeled in CATIA.

2. Case study. Extracting geometrical data
from CATIA models

CATIA (Computer Aided Three dimensional
Interactive Applications) is one of the best known
CAD/CAM/CAE integrated systems [2] [3]. More
and more companies in the mechanical field purchase
this product because of its increased performance,
especially in modeling curves and surfaces. It can
practically model any configuration of surfaces
making it very utilized in the auto industry and for the
design of dies and molds.

A project for a die created in CATIA contains all
the information needed to execute it. The parts that
raise execution problems are the die plate and the
punch die. These contain plane contours that can be
executed on CNC machines with 2 or 2.5 axes. The
only problem is having access to the plane contours
that need to be programmed on milling or wire
electroerosion machines. As it’s well known CATIA
does not offer the possibility to have access to its
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 geometric entities like for example AutoCAD does. It
is thus necessary to find other solutions.

The method we propose is to extract the
characteristic points of the plane contours belonging
to the components needed to be manufactured by
using a VB.NET program that inquiries directly
AutoCAD objects from a .dwg file [7]. These are the
steps involved in the process:
 Identify in CATIA the relevant contour by using

projections and sections inside the “Drafting”
module. Save the result in a .DRAWING file
[2];

 Save this file with the extension .DWG;
 Open the file in AutoCAD and  strip the

drawing of any useless elements;
 Transform the contour into an AutoCAD

Polyline entity.
It’s well known that AutoCAD offers the

possibility to access any drawing’s database,
including all objects and entities [4]. One such entity
is Polyline which can be analyzed using a VB.NET
program [1]. This is the reason the contour from
CATIA was transformed into an AutoCAD entity. It’s
this entity that the program will inquiry to extract the
characteristic points.

(1). The characteristic points of a contour
Reference [1] gives the definition of a

characteristic point. These points are situated at the
intersection of the elements from the outline, defining
the nature of those elements. Figure 1 presents the
characteristic points of a simple outline.

Fig. 1 - Characteristic points of a simple contour

A characteristic point is represented by 3 or 5
parameteres:

x, y - coordinates of the point;
+/-R - signed radius of the corresponding arc;
Cx, Cy - coordinates of the center of the arc;
Thus, there are two types of characteristic points:
P(x, y, 0) - for a point which is the origin of a line;
P(x, y, R, Cx, Cy) - for a point which is the origin

of an arc.
By convention, the 3rd parameter of the point is 0,

if it is the origin of a line. If the point is the origin of
an arc, the 3rd parameter represents the radius of the
arc, while the last two represent the coordinate of the
center of the circle, respectively.

The interpretation of the sign of the radius is:
+R - the arc is traversed counter-clockwise;
-R - the arc is traversed clockwise.

(2). The algorithm to extract the characteristic
points

Reference [1] presents the relations used to
calculate the elements of the characteristic points.
The coordinates of the starting point are extracted
directly from the drawing database.

Fig. 2 - Notations for geometric elements of an arc

The coordinates of the center (Cx and Cy) and the
radius (R) of the arc can be calculated using the
notations presented in Figure 2, with [1]:
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3. The design of postprocessors
The postprocessor presented in [6] is a program

that uses geometrical and technological data to
generate the commands for a CNC machine. Before
designing a postprocessor program one needs to study
the commands (codes) of the machine equipment the
program targets. It’s also important to know the
minimum radius of the contour in order to choose the
right tool and avoid the manufacturing errors caused
by interference (D < 2 * R_Min, where D is the
diameter of the tool and R_Min is the minimum
radius of the contour).

To exemplify we will consider the 2.5 axes
milling machine MIKROMAT 6A which uses a CNC
H646 equipment, produced by a German company.

In principle the contour that needs to be
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 programmed begins with a start and a stop point (end
of program), the two being possible to coincide. The
polyline needs to be prepared to contain these two
points as well before the extraction of the
characteristic points.

All the postprocessor program needs to do is to
read the characteristic points from a file and iterate
through them from start to end and generate the
commands of the NC program in text format, along
with technological elements - depth, advance,
revolution speed - all input by the means of a special
dialog box. The initial commands are standard
commands that are then modified and adapted
following the postprocessor logic, as can be seen
below:

%Prog. No.
N1 G32Z G54
N2 T01 M6 M17 M26 G32Y
N3 G0 G41/G42 G44 X x1 Y y1 M3
N4 G46 X x2 Y y2
N5 Z4
N6 G1 Z depth F advance S revolution speed
N7 G64 G45 X x2 Y y2
N8 G1 Xxi Yyi - straight line;

G2 Xxi Yyi Icxi Jcyi - CW arc (-R);
G3 Xxi Yyi Icxi Jcyi - CCW arc (+R);

Nn G32 Z M2
As can be seen the bolded parameters can be

taken form the input data of the postprocessor
program - characteristic points file and technological
data dialog box. Function of the characteristic point R
parameter it can be decided what geometric sequence
to execute:
 R = 0 - straight line segment;
 R = negative value - clockwise arc (-R);
 R = positive value - counterclockwise arc (+R);

Here is a short CNC program generated by a
postprocessor for the CNC H646 equipment:

%1234
N010 G32Z G55
N020 T01 M6 M17 M26 G32Y
N030 G0 G41 G44 X0 Y-20 M3
N040 G46 X-0 Y60
N050 Z4
N060 G1 Z-10 F80 S450
N070 G64 G45 X-0 Y60
N080 X45.072 Y95.214
N090 G2 G44 X84.968 Y84.989 I61.08

J74.726
N100 G3 G45 X130.53 Y70 I114.37 J97.62
N110 G1 X178.437
N120 G2 G44 X183.243 Y63.622 I178.437 J65
N130 G1 X165 Y0
N140 X-20
N150 G0 Z50
N160 M2

Fig. 3 - Sample generated CNC program

This program can be sent to the tool machine
using an external disk or through a computer network.
In this case the Internet was used.

4. Conclusions
This paper presented some aspects regarding

merging CAD/CAM modern technologies with using
older CNC machines many companies still own. We
presented a methodology for obtaining geometric
information from components modeled with CATIA
and using them to program CNC machines that do not
have postprocessors defined in modern modeling
software, such as CATIA. The concept of
characteristic points was defined along with how to
obtain them, via CATIA - AutoCAD - characteristic
point file.

After obtaining the characteristic points of a plane
contour, the approach in designing postprocessor
programs was presented as well as an example of NC
program obtained with such an application.

The information presented in this paper servers as
a good example of solving practical problems related
to working with CNC machines.
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ABSTRACT
The purpose of the paperwork is to determine, through experimental research, the
optimal process parameters needed to obtain a milled surface with the right roughness.
The results are based on a case study, the subject being a  section piece of  the active part
of an injection mold (the core), used in the automotive industry.

Keywords: CNC process, mould’s core surface, surface’s roughness, parameters

1. Introduction
The plastic injection molds are special devices

used for plastic mass production. These have a
specific construction according to every type of
section pieces.

The paperwork is focusing on the injection molds
used in order to obtain the reflector’s section pieces,
in the automotive industry. These   features refer both
to the constructive side and the technological one.
Regarding  the constructive aspect of the molds, we
can see that they have a unique feature, thus,
separating the section piece is possible from the
opposite side of the core in order to avoid fingerprints
left on the reflector side by the very own throwers.

Regarding the technological process of a mold,
the main problem occurs when obtaining the surface
of the core. This process has the role of shaping the
calculated surfaces for the reflector and to obtain the
minimal roughness possible on the active part. If we
have an incidental ray (fig. 1), on a surface with not
enough roughness, it will reflect other unwanted rays,
distorting the desired light spot, contrary to
homologation standards.   There are some elements
that can be highlighted regarding the technological
approach:
 The optical quality of the reflector is determined
by the quality of the injection mold’s core surface
related to the specific mark.
 The preliminary quality of the mold’s core surface
is determined by the roughness level of the obtained
surface through milling on CNC (due to complex
spatial configuration)

 The final quality for the core surface is obtained
through to hard-working manual polishing, that takes
a long amount of time

Rough surfaceSmooth surface

Incident beam

Reflecting beams

Incident beam

Reflective beams

Fig. 1 The influence of surface core quality

In order to make the manual polishing process
easier, a special milling is necessary as a preliminary
processing. There are also used some type of steels
that are designed especially for these injection shells.

The purpose of the paperwork is to determine the
optimal process parameters, using a material
dedicated to these kinds of section pieces needed to
obtain final cores used in manufactory for this type of
molds.

2. The core surface quality through cutting
processing

The quality of the surface processed through
cutting is determined by some micro roughness
formed due to generating process and represents
cutting traces on the section piece’s surface. Those
are distinguished by the recurrence of showing up, the
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 period being equal with the radial advance size or the
axial one.

Fig. 2 Surface micro geometry after the milling
process

The size of micro roughness can be exactly
determined. But there are some exceptions in case of
milling a core with a semi-spherical shape, the
parallel plan trails and the spherical shape of the tool
determines some irregularities having the height H,
which varies due to processed area (entrance element,
the φi angle) and the axial pitch Ap.

The practical meaning is represented by the
knowledge of height H of the irregularities that
determines the quality of the milled surface.

This height H is related to two types of data:
 φi – the angle position for the spherical head

tool
 Ap – the axial pitch  of processing
 r – the radius of the spherical head tool
 R – the radius of the processed core

Fig. 3 - The position of the mill in offset parallel
planes

Next specifications are
 O1 – the central part of sphere positioned at φi

angle
 O2 – he central part of sphere positioned at φ

angle
 I – the intersection of the two circle with r radius

(the radius of the milling machine)
 A –the middle of section O1O2

 B – the intersection  of AI with the R radius core
 C – the intersection  of AI with the R radius

circle (r + R)
 R – the radius for the processed core

The radial pitch can be determined using the formula
(1):

(1)

Where,
(2)

(3)

From these, there can be obtained the angles  φ and  θ
.

. (4)

. (5)

The roughness height, H, it can be obtained using:

. (6)

Fig. 4 - Geometry notation.

Where the BC, AC and AI elements can be
formulated as:

. (7)

. (8)

. (9)

(10)
Replacing these will result in:
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(11)

The formula (11) itself allows to assess the
theoretical quality of the obtained surface, due to
axial pitch, the milling machine’s position and its
diameter.

Other types of micro roughness that appears on
the piece processed surfaces are: the waved ones, the
scum, fissures, craters and porosities. The waved
roughness’s appear on the processed surface due to
certain vibrations that take place through the cutting
process. The scum appears as a harsh and shiny
protuberance. They are particles developed through
the deposits from the secondary cutting tool and they
are included in the piece compound.

The fissures are traces of a detached fragment
from the processed surface and appear due to a
process with negative release angle or in case of
fragile material processing, when the trace of plucked
fragment is situated below the processed surface.

The craters or porosities appear due to plucking
some harsh particles that were included in the main
structure of the piece.

However any real surface that delimits a sectional
piece, regardless of the method or technological
proceedings, represents an ordinary approximation
reported to an ideal geometrical surface.

Fig. 5 - Active area divided into 16 sectors

3. The Cam Design Process
Factors that influences the quality of a surface

obtained following a cutting manufacturing process
are:
 Cutting speed
 Feed rate

These parameters are offered by the tools
manufacturers, accumulated after a vast experience in
the field, but depending on the used material, on the
tool and specific conditions, they can be used only as
guideline.

The cutting speed is thus determined so we can
establish an economical cutting regime, considering it
as an unmodified parameter, at the value offered by

tool manufacturers’ catalog. The manufacturing
advance is in strong relationship with the loading
capacity of a tool, while the manufacturers
recommend the maximal value that it can work
without any problems. The cutting depth is also
recommended by the manufacturers, again at a
maximum level.

The roughening is a working phase that must
eliminate as much material as possible in the least
amount of time; therefore, for these phases is
recommended to use the maximum cutting depth
value and maximum feed rate.  The finishing phase
has the purpose to generate the final surface, which in
mould’s core for injected reflectors is highly sensitive
in terms of surface quality and form deviation. As
result, we build a CAM process to determine the
optimal manufacturing addition and the right axial
step suited for this kind of situations. The active
surface of the core was divided in four sections,
marked with a black line, each one of these sections
having four sub-division marked with white as seen
in Fig. 5.

Each zone has a name; from right to left we have
S1, S2 up to S16.

For every zone, it was established an additional
polishing process and an axial pitch. Those
parameters are available in Table 1. They were two
execution processes, one for a non heat treated core
with respective measures, and a second process for a
heat treaded core with HRC 46-48 hardness.

In order to measure the Ra parameter it has been
used the electronic roughness tester, made by Taylor-
Hobson, England. The devices measure the roughness
with precision of 1 μm using a perception head like in
image below (fig. 6).

Fig. 6 - Core roughness measurement

4. Conclusions

From the table 1 it is noted that axial step has the
largest influence on quality of manufacturing surface.
Thus, it is noted significant differences, almost
double between roughness Ra measured for a step of
0.035 mm and 0,125 mm. Another factor is cutting
depth, which don’t have a proportional influence. It is
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 noted that the best values are obtained with value of
cutting depth about 0.1 mm.

Table 1
Measurements regarding the roughness of the

milled core
Surface Machining

allowance
[mm]

Axial
step
[mm]

Without
Heat-
treated

With Heat-
treated

Roughness
measured
Ra

Roughness
measured
Ra

S1

0,05

0.035 0.29 0.25
S2 0.07 0.44 0.47
S3 0.1 0.41 0.34
S4 0.125 0.51 0.44
S5

0.1

0.035 0.25 0.50
S6 0.07 0.24 0.86
S7 0.1 0.27 0.42
S8 0.125 0.38 0.46
S9

0.15

0.035 0.20 0.31
S10 0.07 0.39 0.88
S11 0.1 0.36 0.75
S12 0.125 0.60 0.41
S13

0.25

0.035 0.26 0.30
S14 0.07 0.39 0.51
S15 0.1 0.46 0.71
S16 0.125 0.65 0.59

This study is established technological regime for
finishing processing of a non heat treaded core of an
injection mold used in automotive industry. These
are:
 Machining allowance       0.1 [mm]
 Radial step                  0.035 [mm]

In the charts below is observed variation of the
roughness according to the radial step and machining
allowance (fig. 7 and 8).

Fig. 7 - Roughness variation – non heat treaded
core.

Best cutting parameter for milling a heat treated
core is:
 Machining allowance       0.05 [mm]
 Radial step                  0.035 [mm]

Fig. 8 - Roughness variation – heat treaded core.
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ABSTRACT 
 

It’s possible to produce cans by using plastic laminated rolled steels as base stocks. It 

consists of pre-heated steel coils that are sandwiched between one or two sheets of 

polymer. The heated sheets are then immediately quenched, which yields a strong bond 

between the layers.  

 

A new multi-layer polymer coated steel has been developed for can manufacturing. This 

material presents an interesting extension to previous research on polymer laminated 

steel in ironing. 

 

This work shows a modelization for the ironing process (the most crucial step in can 

manufacturing) done by using a neural network. 

Keywords: neural network, modeling, ironing, sheet metal forming 

 
1. Introduction 

One hundred billion beverage cans are produced 

each year in the United States alone. The economic 

competitiveness of the industry is fierce and the 

manufacturing processes involved are extremely 

reliable. Can makers often calculate the cost of a can 

to millionths of a cent because of the high production 

volume. Process modifications which increase or 

decrease the cost per can even marginally can have a 

significant impact on the industry. 

 

Essentially all beverage containers in the United 

States are manufactured from aluminum, whereas 

beverage cans made in Europe and Asia are 

approximately 55 percent steel, and 45 percent 

aluminum alloy. Food containers are still mostly 

made from steel stock in both Europe and North 

America. 

 

Modern food and beverage cans are either two- or 

three-piece construction. An attractive alternative to 

the traditional manufacturing process is to use 

thermoplastic or thermoset laminated rolled steels as 

base stocks. Such materials consist of pre-heated steel 

coils that are sandwiched between one or two sheets 

of polymer. The heated sheets are then immediately 

quenched, which yields a strong bond between the 

layers. 

 

It should be noted that the polymers are only 

useful if they maintain their integrity during forming - 

any fractures or delamination can cause container 

corrosion and content spoilage. A cursory review of 

the metal forming steps in can making results in 

identification of ironing as the critical operation for 

polymer coating survivability. In ironing, the 

pressures are extremely large, the strains and strain 

rate are very high, and new surface is manufactured 

from the sheet bulk [1,2]. 

 

A new multi-layer polymer coated steel has been 

developed and is being considered for container 

applications. This material presents an interesting 

extension to previous research on polymer laminated 

steel in ironing.  

 

There has been a recent growing interest in 

applying artificial neural network (ANN) to 

engineering fields for solving complex problems. In 

this paper, the neural network model has been 

developed to predict the lowest force and the best 

surface quality in ironing. The neural network has 
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been trained with 46 sets of different process 

parameters. The predicted results have then verified 

with experimental values. 

 

2. Material 

The novel three-layered polymer coating 

considered in this paper has the following 

characteristics: 

 

- A three-layer system can be placed on both the 

punch and die sides of the sheet. 

- The layer bonded to the metal substrate is 

referred to as the Tie layer, followed by the Bulk 

layer and finally the Top layer. A typical thickness 

ratio for the tie/bulk/top layers is 1:3:1, with typical 

overall thickness of 12.5-25 µm.  

- The layers can be adjusted to meet specific 

customer requirements.  

 

There is significant flexibility in formulating this 

material, and many combinations of chemical and 

mechanical properties can be achieved. 

 

3. Experimental 

The experimented material displayed good 

ironability for a number of conditions. A design-of-

experiments matrix was prepared using the 

commercial software package Stat-Ease, and involved 

varying the die angle, speed, reduction in thickness 

and tooling temperature. Experiments can result in 

successful ironing or the removal or shaving off of 

one or more polymer layers.  

 

A Surface Quality Factor (SQF) was used as a 

qualitative measure of surface appearance after an 

experiment [3]. The Surface Quality Factor has been 

defined as: 

 

0. Shaving of the polymer coating.  

2. Partially survived/partially shaved coating; 

surviving coating displays significant roughening. 

4. Coating is partially intact, with local defects 

and roughening. 

8. Intact coating with minor surface defects. 

10. Successful ironing; intact coating with 

superior surface finish. 

 

4. Neural Network Modelization 

Experiment planning is a method used to organize 

the experiments and found, in a process, what 

variables are significant, how they interact among 

them, and what is the best condition to optimize the 

process. This provides a design of experiments 

(DOE) containing the factor identification (process 

variables) that produce changes in output variables 

(variable result of process). Between the different 

methods that exist to develop designs of experiments 

(factorial designs, fractional factorial designs, 

regression surface response, designs by blocks, d-

optimal...), d-optimal technique has been adopted.  

 

Table 1. Input variables. 

Variables  Units 

Die angle DA º 

Punch speed PS m/s 

Reduction RD % 

Temperature T ºC 

 

The four process variables shown in Table 1 have 

been used for DOE realization.  The variable levels 

are then shown in Table 2.  

 

Table 2. Process variable levels. 

 Levels 

Process variables      

Die angle º 2 4 6 8 1

0 

Punch speed m

/s 

0

.5 

0

.75 

1   

Reduction % 5 1

0 

1

5 

2

0 

 

Temperature º

C 

2

5 

1

00 

   

 

To achieve the proposed objective, a neural 

network has been built with the help of a special 

software. The training has been done through the use 

of the algorithm Back Propagation (BP), on the basis 

of the random establishment of initial weights 

between the neurons connections. 

 

The optimal neural network (Figure 1) design has 

been achieved after 76315 training cycles, and 

consists of an input layer with four process variables 

(Table 1), two hidden layers with 7 and 8 neurons, 

and finally, a layer of five considered output (Table 

3). There are 342 connections in total. The average 

error is 3.13·10
-3

 (Figure 2). 

 

Table 3. Output variables. 

Variables  Units 

SQF SQF  

Longitudinal Roughness LR µm 

Transversal Roughness TR µm 

Radial Force RF N 

Ironing Force IF N 
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Fig. 1 - The optimal neural network found.  

 

 
Fig. 2 - Learning cycles and final training error 

achieved. 

 

 

5. Conclusions 

It has been experimentally shown the validity of 

the model presented in this work, obtaining 

coincident results for both methods (theoretical 

modelization and experimental data), proving the 

statements held in this paper. 

 

Even the described model has been developed 

using 4 process variables, it is possible to extend it to 

the set of process variables that are needed to be 

considered, though it must be taken into account that 

the selected variables must be included in the process 

simulation.  
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ABSTRACT 
The cutting speed by shaving is currently estimated with the use of an approximate 
formula that is useful for the calculus of the technological parameters, but is far from 
giving adequate information about the cutting phenomenon. This is due to the fact that 
classical formula returns the scalar value of the velocity, in only one particular point, the 
tangent point of the rolling cylinders of the technological gear built up by the shaver and 
the shaved gear. This paper purpose includes the exact calculus of the contact curve of 
the workpiece and tools tooth flanks, the cutting speed vector direction and value on each 
contact point, and finally it performs an analysis of the cutting speed distribution 
depending on the axis crossing angle. The direction of the cutting speed vector returns 
very important information regarding the efficiency of the cutting. The angle between the 
cutting edge and cutting speed vector influences the quality of the chip forming process. 
This paper tries to estimate the best axis crossing angle for a given workpiece, 
considering the setting limits of the shaving machine. 

Keywords: gear shaving, cutting speed, relative velocity, contact curve, angle setting limits, cutting efficiency 

 
1. Introduction- the necessity of modeling. 
The gear shaving operation is a surface finishing 

cutting process where the shaver-tool and the shaved 
gear make a technological hyperboloid gear. Due to 
this, a relative sliding motion occurs between the 
contacting tooth flanks. This allows the cutting edge 
to remove the chip. The classical formula [1,2,3] 
returns the value of the relative velocity considered 
along the tooth direction line. This is far not enough 
to characterize the cutting process, due to the 
followings: 

 the relative velocity vector changes as the 
flank’s contact point moves by coupling; 

 the chip forming is influenced by the cutting 
edge inclination, which is the angle between 
the edge and the relative velocity 

Due to this, the build up of an adequate mathematical 
model is necessary to answer the following questions: 

 how variates the module of the relative 
velocity vector during the coupling of the 
tooth flanks; 

 which are the limits of the functional 
inclination angle of the edge during the 
contact; 

 if exist, which are the optimal axis crossing 
angle and helix angle of the shaver for a 
given machined gear? 

2. The geometrical model of the shaving 
The model of the gearing involves four 

reference frames:  00000 zyxOS  fixed frame, 
 11111 zyxOS  the shaver’s frame placed in the middle 

of it’s width,  22222 zyxOS  the shaved gear’s frame 
placed as before and finally  aaaa zyxOS 2 , an 
auxiliary fixed frame pointing on the zero position of 
S1. S2’s zero position coincides with S0.  

During the cutting process both shaver and gear 
rotate about their own z axis by angles 1 respectively 
2. Rotation angles are correlated by the 
technological gearing ratio. If the shaver feed’s 
direction follows the gear’s axis of rotation, the 
gearing ratio is given by 

2

2

2

1

1

2
21 sin 





s
zm

z
zi n   (1) 

where z1, z2 denote the teeth numbers of the shaver, 
respectively the shaved gear, s the feed value for one 
rotation of the shaver, mn the normal module and 2 
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the helix angle of the gear’s pitch cylinder. If 
applying the shaver diagonal feed the formula before 
became more complicated [4]. The current position of 
the shaver is denoted by the feed distance value. 
When all frames are standing in the zero position, it is 
considered that 0 . 

 

 
Fig. 1 – The frames of reference by shaving  

 
Considering the aims of this paper the shaving 
process can be treated as a perfect coupling between 
the elements of a hyperboloid pair of cylindrical 
gears. Some models [5] consider the corrected form 
of the shaver tooth, but here this is not necessary. The 
formula can be considerably simplified when using 
the equations of the involute helix surface, where the 
generators of the surface are straight lines. The 
parameterization is written in a manner that facilitates 
the following calculus. The difference between the 
flanks recommended in [5] and the theoretical 
involute helix surface produces negligible differences 
regarding the repartition of the cutting speed. 

 
Fig. 2 – The involute helix surface 

 
The meshing of the involute helix surface is 

presented in figure 2. When the plane [CFB] rolls 
without sliding on the basic cylinder, the line BC 
meshes the involute helix surface. The independent 
parameters of the surface are the angle u which 
measures the amount of rolling, and the length  of 
BC. plane (x1y1) of the shaver’s reference frame is the 
middle plane of the shaver, therefore the phase angle 
u0 become 10 2/ pBu s  where Bs is the width of the 
shaver and p1 its helix parameter. Using some matrix 
transformations described in [3], the parametric 
equations of the shaver tooth’s surface become: 

     
     
   













1011

01011

01011

cos,
oscsinsin,

sinsincos,

b

bb

bb

uupuz
uuuuruy
uuuurux





 

(2) 
The relative motion between the shaver and the 

gear is described by the following matrix equations: 
202011110202 , rMMMrrMMMr aaaa        (3) 

The analysis of the cutting velocity is possible 
only if the contact curve between the coupling tooth 
flanks is computed.  Here is to mention that between 
the coupling toothflanks come off a biparametric 
meshing [6, 8]. As a consequence two equations of 
gearing are to be written [7]: one for the rotations and 
the second for the linear feed of the shaver along the 
shaved gear’s axis. 
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First equation is written for a constant axial position 
of the shaver given by const  and a variable 1. 
The second fulfills the case when const1  and  is 
variable with ./ constdtd   Due to the helix effect, 
a simple translation of the shaver involves the gear to 
execute a corresponding rotation given by the self 
helix parameter p2. The expressions of the relative 
velocities calculated similarly as described in [7] are 
the following: 
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Expliciting the vectors in (5), and using the 
expression of the gearing ratio (1), system (4) became 
linear in unknown . It is to observe that by 
multiplying the first equation with  *2

2O , the second 
with i21 and subtracting the first from the second the 
system (4) reduces to the following canonic equation: 
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(6) 
The acceptable solution of this is 
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Using expression (7) of u the parameter  can be 
computed from any of equations (4). It is to remark 
that a single pair  ,u  exists for a given value of the 
cinematic parameter 1 that proves the fact that the 
instantaneous contact between the meshing flanks is 
pointwise. The locus of the contact point is the 
contact curve on the tooth flanks. These are the points 
where the computing of the cutting velocity makes 
sense.  
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3. The cutting velocity vector 
Theoretically, the cutting velocity vector is 

identical with the relative velocity vector of the 
contact point of the cutting edge related to the similar 
point on the cut workpiece. The cutting velocity 
vector is computed in the reference frame of the 
cutting tool. The expressions of the relative velocity 
vectors can be computed using the coordinate 
functions (2) of the shaver flank’s surface and the 
vector expressions (5). Omitting the complicated 
calculus, the results are the following: 
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The cutting speed vector results as 
    ,2,1

1
,2,1

11 vvv    (9) 
4. The domain of eligible values of the helix 

and axis angles 
The pitch helix angle value of a cylindrical gear 

with helical teeth is less than 45 . Based on 
experimental results the recommended axis crossing 
angle value is situated in the interval   20,5 . 
Considering that the crossing angle value is the 
algebraic sum of the pitch helix angles, it can be 
written that 

   
 













2;1,4545
20,55,20

21

ii


  (10) 

The calculus of the domain of eligible values is 
very simple if giving a geometrical sense the 
restrictive conditions (10). Figure 3 shows the plain 
of equation 021    and the limiting 
conditions given by the upper interval, represented 
here by the segments A1B1 and D1E1. 

 
Fig.3 – The limits of  

Due to the existence of negative values the domain of 
the eligible i values is the double of that represented 
above, through its part situated in the 3rd quadrant. 
The representation of the complete domain is given 
by figure 4. 
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Fig.4 – The domain of eligible  values 

The complete domain    FGEDDEGF   defines 
five intervals for the workpiece pitch helix angle 2.  
The value of the possible shaver pitch helix angles 
depend of the interval of 2 as follows: 
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With this the possible values of the shaver helix angle 
can be established. The next step is the study of the 
repartition of the cutting velocity in dependence with 
the shaver helix angle. 

5. The computing of the cutting velocities and 
significant parameters. 

For the case study presented in this paper is 
admitted that both shaver and gear present zero 
profile correction. The type of the workpiece is given. 
Using the intervals of possible values of the shaver 
helix angle, the calculus meets the following steps: 

 choosing the tool helix angle 1; 
 the characteristic geometrical parameters of 

the shaver; 
 the coordinates of the contact curve; 
 the module of the cutting velocity vector 
 the components of thr cutting velocity vector 

along the edge tangent line and along a 
perpendicular direction given by the 
generatrix line of the tooth surface 

 the angle between the cutting velocity vector 
and the perpendicular direction to the edge. 

The last two steps are useful to the analysis of the 
efficience of the cutting. If the angle between the 
edge tangent line and the cutting velocity vector is 
smaller than the minimal recommended value a rough 
surface results. If optimizing the shaver a condition 
must be the less possible variation of the angle above 
but this involves another geometry for the serrations 
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and implicitly for the form of the edge. 
6. Numerical investigation. 
In order to identiffy the repartition of the cutting 

velocity and its significant parameters a case study 
was performed with the following input data> 

 gear teeth number 252 z ; 
 gear pitch helix angle  302 ; 
 normal rack profile angle  20n ; 
 profile correction 0 tn  . 

For this, the interval of the possible shaver helix 
angle values is     45,3525,101 . In order to 
investigate the cutting velocity in this interval, the 
following values were chosen: 





45;5.42;40

;5.37;35;25;22;19;16;13;101  

For this correspond the following crossing angle set: 





15;5.12;10
;5.7;5;5;8;11;14;17;20
 

The speed of the shaver were chosen at rpm250n . 
The results of the calculus are presented in the 
graphics shown in figures 5-10. 
Figure 5 and 6 are showing the repartition of the 
cutting velocity vector module. For all graphical 
representations the abscissa contains the distances of 
the contact point of workpiece to the axis of rotation. 
All results must be reported to the workpiece to have 
a common basis of comparison evidently. The 
workpiece contact point coordinates were computed 
using the tool contact point coordinates and the 
matrix transformation (3). The distance of the point to 

the axis of rotation is evidently 2
2
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Fig.5 – The cutting velocity repartition for the first 

subinterval 

 
Fig.6 – The cutting velocity repartition for the 

second subinterval 

Analysing figures 5 and 6 it is to conclude that 
cutting velocity vector module present anytime a 
cvasi parabolic repartition with its minimum near to 
the pitch diameter. The values of the velocity increase 
with the axis crossing angle . It is very important 
that the variation of the velocity decreases with the 
crossing angle. 

Figures 7 and 8 present the repartition of the 
cutting velocity vector components perpendicular of 
the cutting edge. These components were obtained by 
the decomposition of the velocity vector. The unit 
vector of the edge and that of the generatrix line are 
obtained from the surface equations (2). 

 
Fig.7 – The repartition of the velocity component 

normal to the edge for the first subinterval 
 

 
Fig.8 – The repartition of the velocity component 

normal to the edge for the second subinterval 
 
Analysing figures 7 and 8 it can be observed that 

the variation of the efficient component is pretty 
acceptable. Evidently the efficiency of cutting 
increases with the axis crossing angle while this leads 
to bigger velocity values by the same rotating speed 
of the cutting tool. The negative values on figure 8 
appear due to the sign change of the crossing angle. 

Finally, figures 9 and 10 show the angle between 
the cutting velocity vector and the generatrix line of 
the tooth surface of the shaver. It is considered that 
the cutting process is as this angle smaller as better.  

Analyzing figures mentioned above it is to remark that 
the variation of this angle is very large. The variation 
value decreases with the increasing of the axis crossing 
angle. A minimum value, near to zero is obtained in the 
vicinity of the pitch diameter. The minimum point 
location changes with the axis crossing angle. This 
variation is more significant in the second subinterval. 
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Fig.9 – The repartition of angle  for the first 

subinterval 
 

 
Fig.10 – The repartition of angle  for the second 

subinterval 
 
7. Conclusions. 
Analysing the results presented before the 

following conclusions can be formulated: 
The cutting velocity vector value increases with 

the distance of the current edge point to the reference 
point situated on the pitch diameter in both directions; 

This increasing compensates the increasing of the 
 angle leading finally to an apparent constancy of the 
velocity normal to the cutting edge. This somehow 
uniformizes the chip forming conditions. 

The shaving process efficiency increases with the 
axis crossing angle. 

The optimizing of the cutting conditions involves 
the change of the edge form. The new execution must 
follow such a curve that the variation of the angle  
should be minimal. This will increase the manufac-
turing costs of the shaver.  
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ABSTRACT 
The paper presents some results of the project entitled “Develop open Operative system 

services for Smartphones that facilitate New Evaluation methods,  and enhance the use of 

Immediate feedback on evaluation” (acronym Done-IT), that is promoted by Sør-

Trøndelag University College of Trondheim in Norway and having partner “Petru 

Maior” University of Tirgu-Mures. The main deliverances of the Done-IT project are the 

Peer Learning Assessment System (PeLe) for Smartphones a general assessment system 

made for connecting assessments but with an approach targeting to the learning process. 

During the project we have tested the Peer Learning Assessment System. Conclusions of 

the survey in courses delivered for mechanical engineers are presented.  

Keywords: new learning technology, mobile technology, peer learning assessment 

system, elaborative feedback, assessment system. 

 
1. Introduction 

The role of electronic and teaching in the new  

knowledge civilisation era are to alleviate regional 

development disparities and digital as well as 

generational divides on one hand and to change the 

recording medium of the intellectual heritage of 

humanity on the other hand (Ando et al., 2007). 

Along with a socially urgent impetus for 

revolutionary reform of an educational environment 

appropriate to the 21st century society, constructivism 

is highlighted in various fields related to education as 

an alternative educational ideology and approach 

(Kang et al., 2007).  

Problems of education are always more complex 

than technology alone can solve (Parrish, 2004). 

Many of the limitations to human learning and 

processing identified by cognitive psychologists over 

the last 50 years still hold true, including 

computational constraints, low learning rates, and 

unreliable processing (Taraban, 2008). Numerous 

tools have been developed for supporting the 

collaboration between students in education, tools 

that mainly include facilities for sharing documents 

and enabling discussions. The eJournal developed by 

Fakas et al. (2005) enhances the traditional laboratory 

journal, by providing a group of students with Web-

based tools to collect, annotate, organize and share 

the data chunks necessary to complete their 

experimentation assignments. 

Computer Supported Collaborative Learning 

scripts facilitate cooperative learning, these can be 

adapted to learning groups and learning situations, as 

described by Haake et al. (2007). 

The main issues of e-learning network 

environments include the design of knowledge 

scenarios that can be integrated into knowledge 

environments yet to be built, as well as the design of 

knowledge networks dedicated to supporting these 

environments and enabling the retrieval of learning 

resources (Pierre and Paquette, 2007). 

The traditional way of teaching face to face in 

engineering does not allow participants in the 

teaching process: teachers and students to verify their 

learning achievements during partial or final exams in 

a short period of time and the results are published 

after a few days, usually 10 days. The current 

generations of engineering students, who have been 

described as ‘digital natives’, do however have 

immersive personal experience with digital 

technologies; and experiential learning theory 

describes how students learn ethics more successfully 

when they can draw on personal experience which 

give context and meaning to abstract theories (Voss, 

2012). 
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From another perspective, Smartphones with high 

resolution become more popular to the students, the 

access being conditioned by their price, which 

becomes cheaper. It is estimated that mobile device 

could replace in the very near future the access to 

evaluation tests instead of computer interface. 

 

2. Peer Learning Assessment System 

With this background, in order to have access to 

new learning technologies for education in 

engineering, “Petru Maior” University of Tirgu-

Mures Romania (UPM) has decided to participate in 

the Done-IT project “Develop open Operative system 

services for Smartphones that facilitate New 

Evaluation methods,  and enhance the use of 

Immediate feedback on evaluation” promoted by Sør-

Trøndelag University College in Trondheim  Norway 

(HiST) in partnership with other Vocational 

Education and Training and high education 

institutions from Norway, Hungary, Slovenia, 

Sweden and United Kingdom.  It is a KA3 ICT 

Lifelong Learning Programme, available online at 

http://histproject.no/node/167. 

The main deliverances of the Done-IT project are 

the Peer Learning Assessment System (PeLe) for 

Smartphones (Pein et al., 2011). The first prototype 

has been demonstrated at the International 

Conference Online Educa in Berlin from November 

30 to December 2
nd

 2012, by specialists’ from HiST. 

Also representatives of the UPM joined the 

presentations. It is an assessment system, which is 

designed to enhance students learning, with the 

architecture described by Lu et al. (2011a and 2011b). 

The PeLe assessment system is a general 

assessment system made for connecting assessments 

but with an approach targeting to the learning 

process. The assessment focus is to provide the 

teacher with enough information from the assessment 

part, to be able to perform an activity immediately 

afterwards, that targets problems identified from the 

assessment. The provided immediate feedback and 

the way a teacher decides to work with the results, 

provide an arena for learning using the results from 

the assessment. It is similar with the approach 

“learning from differences” applied within various 

management education programs by Krummenauer-

Grasser and Müller (2011). 

The PeLe application provides the following 

(Hansen-Nygård et al. 2011a):  

● an interface where the teacher can get an overview 

of assessments and administrate it; 

● a tool to create assessments that is interpreted by 

the server such that the students can respond to the 

assessment; 

● the assessment setup than can be saved or loaded 

from file locally; 

● an interface for close to live monitoring of an active 

assessment and consideration of the results while the 

students are responding; 

● an interface for considering the results and select 

what questions to work with in the Post Assessment 

Activity;  

● interface for performing a post assessment activity, 

displaying partly or completely results or sending the 

question back for a new second chance response;   

● an administration interface where the results are 

summarized and can be exported to Excel. 

 

3. PeLe employment 

The students have an intuitive interface where 

they can respond easily (Fig. 1). In order to answer, 

after a login to the system, they find easily the right 

question. Navigation between the questions is simple 

and intuitive. 

When a question has been answered, the interface 

confirms that the response is given. The interface 

works on different electronic devices: Smartphones, 

Pads, iPods, laptops or computers and hence a Web 

interface is an advantage. The idea is that students 

can use their own device. Submission is easy but in 

such a way that the students clearly understand when 

is the submission moment. Than follows the post 

assessment activity (Stav, 2011). 

 

 
Fig. 1 - Student interface 

 

The monitoring interface is able to show 

responses neutrally as the students respond (Thorseth 

and Stav, 2011). It is also possible to see what they 

answer and get an overview of the questions how 

many got each question right or wrong. This is the 

stage where the teacher can get an early warning 

about questions that caused problems and need more 

work.  

 

 
Fig. 2 - Teacher interface 
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Table 1. Responses obtained in a survey from the QA courses that used the SRS. The numbers represent number 

of students selecting that alternative. 

1) My first impression of the Peer Learning Assessment Software (PeLe) is: 

3  - Excellent 21 - Very good  6 - Satisfactory □ Not very good □ Bad 

2) Its fun to attend testing where the PeLe is used? 

4 - I totally agree 23 - I agree 3 - Neutral □ I slightly 

   disagree 

□ Sorry I feel  

    asleap  

3) What voting device did you use? 

7 - i Pod provided 

      by teacher 

5 - Private i Pod 

 

3 - Private cell  

     phone 

15 - PC 

 

□ Other device 

 

4) It was easy to use the voting device: 

8 - I totally agree 21 - I agree 

 

1 - Neutral □ I slightly 

     disagree 

□ I totally disagree 

 

5) How was the introduction of the PeLe, before you used it during the demonstration? 

3 - Excellent 23 - Very good 4 - Satisfactory □ Slightly  

       insufficient 

□ Insufficient 

6) Are you conformable with the log-in system? 

8 - Very comfortable 

 

4 - Slightly 

       comfortable 

18 - Comfortable □ Slightly  

      uncomfortable 

□ Very  

      Uncomfortable 

7) Are you comfortable with the PeLe system interface? 

5 - Very comfortable 

 

8 - Slightly 

       comfortable 

15 - Comfortable 2 - Slightly  

      uncomfortable 

□ Very  

      Uncomfortable 

8) Are you after this training session comfortable with using the PeLe system? 

6 - Very comfortable 

 

11 - Slightly 

       comfortable 

13 - Comfortable □ Slightly  

      uncomfortable 

□ Very  

      Uncomfortable 

9) To what extent do you think the system, as it has been used, may integrate as a natural part of an exam? 

4 - Excellent 19 - Very good 7 - Satisfactory □ Not very good □ Bad 

10) I prefer to revote the questions that were most problematic for the class? 

3 - I totally agree 16 - I agree 11 - Neutral □ I slightly 

   disagree 

□ Sorry I feel  

    asleap ….. 

11) By using PeLe I had a chance to learn from the mistakes: 

5 - I totally agree 18 - I agree 7 - Neutral □ I slightly 

   disagree 

□ Sorry I feel  

    asleap ….. 

12) By using PeLe I had a chance to learn from peers: 

6 - I totally agree 19 - I agree 5 - Neutral □ I slightly 

   disagree 

□ Sorry I feel  

    asleap ….. 

13) How would you grade the importance of the teacher spending time on explaining whether the alternatives are right or 

wrong, and why? 

4 - Extremely  

       important 

21 - Important 5 - Neutral □ Not that  

      important 

□ Waste of time 

14) To what extent do you feel that the PeLe engage and activate you during evaluation? 

3 - Very large 20 - Large 7 - Neutral □ Small □ Poor 

15) To what extent do you think the PeLe can aid students learning of the course curriculum? 

2 - Very large 20 - Large 7 - Neutral 1 - Small □ Poor 

16) PeLe should be used in all classes/lectures 

6 - I totally agree 

 

19 - I agree 

 

4 - Neutral 

 

1 - I slightly  

      disagree 

□ I totally disagree 
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When the assessment is delivered from the 

students, the teacher has a tool that provides complete 

overview of the results from the students (Fig. 2).  

The interface provides a picture of how did the 

students do in the assessment. It is easy to identify 

questions that caused more problems than other. The 

teacher is able to identify the students that have more 

problems than others and needs special attention. 

The interface is able to provide the tools to the 

teacher such that the next activity can be done as 

effective as possible. 

The teacher now has to select a subset of the 

questions and prepare for the most important part in 

the learning perspective, the Post Assessment 

Activity (Fig. 3). 

 

 
Fig. 3 - Post Assessment Activity 

 

In this stage a subset of the default section has 

been chosen and the teacher now works with the class 

and gets the learning activity started. The PeLe 

system can be used to reveal partly how the class did. 

But the system needs to be able to provide a certain 

freedom to do what the teacher want. 

Now the big question is for the teacher; what is 

the best way to use what you know, to get the 

students engaged in a process where they learn from 

the problems they have spent time trying to solve? 

(Nielsen et al., 2011). 

 

4. Results for PeLe employment 

The PeLe methodology for training of mechanical 

engineers was done for a course over a period of 4 

weeks at UPM. Students’ feedbacks (Table 1) on the 

system were collected from a survey given at the end 

of the test period. A selection of the results obtained 

from 30 students is displayed in table 1: number of 

participants: 30; male:  23; female: 12; period of 

evaluation: January 2012.  

From the survey we can conclude that most of the 

students have a very good impression about PeLe, 

they agree that it is fun to attend testing when PeLe is 

used, they agree that it is easy to use the voting 

device, the introduction of PeLe was very good 

before using it in the demonstration, they feel 

comfortable with the log-in system but also PeLe 

system interface, they feel comfortable with using the 

PeLe system after the training session and they agree 

that have a chance to learn from the mistakes and 

peers. 

This conclusion is similar with the high rate of 

student satisfaction in Blended Learning 

demonstrated by Sharafuddin and Allani (2011). We 

may remark that students generally like the new 

learning technologies and the attendance at the 

courses is higher as usual. 

 

5. Discussion and conclusions 

Sør-Trøndelag University College of Trondheim 

in Norway is coordinator of the project “Develop 

open Operative system services for Smartphones that 

facilitate New Evaluation methods,  and enhance the 

use of Immediate feedback on evaluation” (acronym 

Done-IT), financed by European Commission, having 

partner “Petru Maior” University of Tirgu-Mures. 

During the project we have tested the Peer Learning 

Assessment System (PeLe) in courses delivered for 

mechanical engineers. 

The evaluation system comprises an embedded 

automatic marking system, which helps teacher to see 

the participation degree of the students and results of 

the evaluation.  

During the post-assessment phase teacher 

analyses the results and provides explanation of the 

particular questions. Students are turned into an 

interactive, creative and collaborative peer learning 

process by use of immediate feedback (Hansen-

Nygård et al. 2011bc): 

 The teacher displays the results making an 

analysis and explanation to each question, 

which choices are correct and why the others 

are incorrect? 

 A peer learning discussion is following 

giving feedback on students’ performance 

that enables students to restructure their 

understanding and skills on evaluated 

subject. In this way students build 

immediately more powerful ideas and 

capabilities. 

 Depending on the teacher strategy of 

teaching, may invite the students to take part 

in a 2nd chance assessment. Each student 

decide if will accept or not the 2
nd

 chance, or 

to participate further in the learning process. 

During the learning process, the assessment 

system immediately recognizes and responds to 

students learning in order to enhance that learning. 

The feedback information generated by peer learning 

assessment is of benefit for students, as well as for 

teachers. 
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ABSTRACT 
This paper presents some results of the project entitled „Mobility learning methodology 

for European trainers and VET systems quality improvement” (acronym Global-SRS). 

The overall aim of the project is to implement Student Response System (SRS) 

methodology in partners’ countries in the project. During the project we have organised 

a transfer workshop of the SRS. The SRS provides user interfaces that are intuitive to use: 

session control, a flexible framework for generating questionnaires, easy to use interfaces 

for controlling the voting session by the teachers, and easy to use interfaces for voting on 

mobile devices by the students.  

Keywords: student response systems, mobility learning methodology, open mobile 

technology, teaching practice, iPod touch, Smartphone  

 
1. Introduction 

Classroom clickers, also called group response 

systems, represent a form of technology-enhanced 

learning. An instructor can pose a question to the 

class during a lecture, and students can use their 

clicker devices to submit their answers. 

The system immediately aggregates the submissions 

and presents feedback to the instructor (and possibly 

the class), as described by Hauswirth (2009). Most 

literature on Classroom Response System use fails to 

distinguish between technology and pedagogy, to 

define and justify a pedagogical perspective, or to 

discriminate between pedagogies (Beatty and Gerace, 

2009).  

An e-learning approach towards the education of 

process modelling is based-on requirements derived 

from related work on educating modelling and e-

learning (Neubauer, 2012). In most online social 

networks, relationships are lack of meaning labels 

due to various reasons. Understanding the formation 

of different types of social relationships can provide 

insights into the micro-level dynamics of the social 

network (Zhuang, 2012). Teachers who used the 

student response system most frequently and who 

employed broadest array of strategies were more 

likely to have received professional development in 

instructional strategies and to perceive the technology 

as more effective with students (Penuel et all, 2007).  

Audience response technology has been widely 

adopted on college campuses, and is especially 

popular among instructors of large lecture classes 

(MacGeorge et al., 2008). In using the response 

system technology the time limitations and question 

development difficulties are the most problematic as 

reported by Lee et al. (2011). 

Files and Marshall (2006) points to the need for a 

concerted research effort, one that rigorously explores 

conditions of use response system across diverse 

settings and pedagogies. 

A study to evaluate students’ perceptions of 

clickers as an instructional tool to promote active 

learning in a Physical Geography undergraduate 

class, done by Oigara and Keengwe (2011) shows 

that students were satisfied and gave high approval 

ratings for the use of clickers, particularly for 

enhancing their participation and engagement in class 

lectures. The study findings show that clickers 

promote student engagement in the teaching and 

learning process. The way in which a concepts 

question is written does not affect student responses 

and supports the claim that concepts questions are a 

valid formative assessment tool, as reported by Gray 

et al. (2012). 

The research problem that is the paper addressed 

is to improve training of students as part of the 

quality assurance teaching processes. 

The dedicated Information and Communication 
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Technology (ICT) and video infrastructure, services 

and training solutions improve the learning 

environment by enabling teaching of quality 

management. The paper contributes to solve the 

challenging problem of modernising the teaching 

process by disseminating and deploying successful 

state of the art large-scale skills upgrading solutions 

from Norway to Romania. It improves the quality of 

learning process, the promotion of the access to new 

and innovative methods and educational resources 

and the large implications of Information and 

Communication Technology. 

 

2. The Global-SRS project 

The Student Response System (SRS) for mobile 

devices is an online service that provides a just-in-

time training, learning and evaluation methodology, 

supported by the most recent mobile technology. SRS 

provides new pedagogical methods that enhance 

interactive and dynamic teaching models by 

enhancing communication and instructional feedback 

loops [http://histproject.no/node/594].  

The overall aim of the project „Mobility learning 

methodology for European trainers and VET systems 

quality improvement” (acronym Global-SRS) is to 

implement SRS methodology in partners’ countries 

and convince educational and training national 

authorities on these needs, specifically: a) By 

transferring from Norway innovative methodology, 

Student Response System to three countries: Sweden, 

Portugal and Romania; b) By adapting and 

incorporating SRS in each partner’s organisation and 

their Vocational Education Training (VET) networks, 

based on active piloting and feedback from VET 

teachers, trainers, promoters, experts and other 

stakeholders; c) By creating an European matrix for a 

“Training of Trainers” module in the SRS 

methodology based on the European Qualifications 

Framework (EQF) system (design of qualifications in 

units of learning outcomes, descriptors of knowledge, 

skills and competences, and definition of EQF levels) 

and the allocation of ECVET points and the 

development of a common guideline for the 

integration of the European SRS Training of Trainers 

module in existing national VET programmes 

[http://www.globalsrs.eu]. 

Additionally, the outcomes of the Global SRS 

project will in time be expected to be available further 

than the partner countries by disseminating and 

valorising these findings at national level and to 

wider European VET networks in other EU countries. 

 

3. SRS Overview 

At university level, classes are quite large (more 

than 60 students per class). Due to time constraints, 

it’s often not possible for the teacher to interact 

directly with the students during the lecture. Also 

many students find it difficult or embarrassing to ask 

questions in class; which reduces the level of student-

teacher interaction. 

Because of the lack of feedback during class, it’s 

difficult for the teacher to assess how many of the 

students actually follow and understand what’s being 

taught. From the students’ perspective, their 

understanding of the material is rarely put to the test 

during class – such tests usually take the form of 

written assignments and exercises which are corrected 

and returned weeks later. In other words, neither the 

teacher nor the students have a good “real-time” 

indicator of learning effect. 

Because of time constraints, the students are rarely 

given time to discuss and interact with each other 

during class. If a student finds it hard to understand 

what’s being taught in class, it is therefore difficult to 

gauge whether he or she is the only one who doesn’t 

follow the proceedings. 

A normal class lasts 50 minutes. Cognitive 

research indicates that attention wanes dramatically 

after about 20 minutes, which would indicate that 

unless the students are allowed some pause for 

thought, a significant portion of the curriculum is lost 

on the students during class. 

The main objective of the SRS is to address these 

issues; in particular (Nielsen et al., 2012abc): 

● Break the monotony of a lecture and allow the 

students to actively take part in the lecture; 

● Increase teacher-student interaction; 

● Give both teacher and students “real-time” 

feedback on learning effect. 

The SRS consists of three main components 

(Fig.1, Thorseth et al., 2012a and 2012b): 

1-The voting device, used the students to submit a 

response during a voting session. This device can be 

any HTML-compatible mobile unit: iPod Touch, 

iPhone, Smartphone; laptop or desktop computer; 

2-The control interface (SRS-Ci), which runs on a 

computer in the classroom and is used to set up and 

run voting sessions by the teacher; 

3-The SRS server, that is coordinating the 

communication between the control interface (SRS-

Ci) and the voting devices. This involves setting up 

the voting devices with the appropriate number of 

buttons (i.e. buttons “A”, “B”, “C” etc. corresponding 

to the selected vote type); collecting the response 

from each unit and to processes the data to create 

graphical representations of how the students voted. 

The server stores all the data of each individual voting 

session, so that the data can be analysed at any time 

(Pein et al., 2012). 

 

4. Transfer workshop 

The transfer workshop organised in “Petru Maior” 

University of Targu-Mures in March 2012 in the 

framework of the Global-SRS project, has initiated 

the transfer process of the SRS methodology in 

Romania by participating VET promoters, 

educational experts, local and national policymakers 

with focus on existing good-practices in UPM where 

it was applied already. It has been held by video 

connection between Trondheim and Tirgu-Mures. 
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The objective is to introduce the “SRS” 

methodology in Romania at regional scale, in the first 

phase in different Faculties and departments of UPM 

and then in use of various VET providers from the 

Mures County. As reported by Moldovan and Stav 

(2011) the methodology has been already tested in 

UPM (Fig. 2).  

 

 
Fig. 2 - Transfer workshop by video connection 

 

At the end of the transfer workshop organised at 

UPM has been organised a roundtable with the 

participants in the workshop, having a duration of 

1h25min, focused on the following main objectives: 

a) Overview about the importance and future use of 

SRS methodology and products for participants and 

their organisation; b) Contribute for the adaptation 

according national needs and cultural specificity; c) 

Promoting the creation of dissemination group and 

mainstreaming committee. 

At the workshop participated 12 people from 

various institutions: VET promoters, educational 

experts, local and national policymakers. 

Responses of the questionnaires collected after the 

transfer workshop held in Tirgu Mures, Romania 13-

14 March 2012, are the following (the numbers 

represent number of participants selecting that 

alternative): 

1. Gender: 8 – Male; 4 – Female; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Age:  24, 56, 58, 58, 50, 30, 49, 44, 60, 59, 49, 

53; 

3. What is your position? 11 – Teacher; 0 – 

Researcher; 1 – Student; 0 – Technician; 1 – 

Administrator; 3 - Decision maker; 0 – Other; 

4. How many years is it since you graduated? 1: 

1-5 years; 1: 6-10 years; 0: 11-15 years; 0: 16-20 

years; 5: 21-25 years; 5: More than 25 years; 

5. Field of teaching: 6 – Technical; 3 - 

Management/economics; 0 - Social sciences; 3 – 

Other: computers; 

6. How do you prefer to teach? 2 - I use a 

manuscript and don’t like to improvise; 7 - I use a 

manuscript, but may improvise when necessary; 3 - I 

improvise a lot based up on students feedback; 

7. How would you rate this course? 4 – Excellent; 

7 - Very good; 1 – Satisfactory; 0 - Not very good; 0 

– Bad; 

8. What’s your first impression of the student 

response system? 2 – Excellent; 8 - Very good; 2 – 

Satisfactory; 0 - Not very good; 0 – Bad; 

9. Does the system seem easy to use? 4 - Very 

easy; 5 – Easy; 3 – Neutral; 0 - Slightly complicated; 

0 - Too complicated; 

10. Did the use of SRS engage you in this training 

session? 3 - Yes, a lot; 6 - Yes, to some extent; 2 – 

Neutral; 1 - No, I don’t think so; 0 - Definitely not 

11. Do you think the system can be a positive 

contribution to an ordinary teaching session? 3 – 

Definitely; 9 - Yes, I think so; 0 – Neutral; 0 - No, I 

don’t think so; 0 - Definitely not; 

12. Do you think that the use of SRS may change 

student’s attendance, attention and motivation?  5 - 

Yes, a lot; 7 - Yes, to some extent; 0 – Neutral; 0 - 

No, I don’t think so; 0 - Definitely not; 

Wired or wireless network Wired or wireless network 
 

 
Laptop/PC running the SRS 

control interface used to run 

votes 

SRS server which collects 

votes, and processes and 

stores data 
 

Voting devices used by the 

students to cast votes 

 

Fig. 1 - A graphical representation of how the various components of the SRS work together 
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13. Do you think it is possible to use the SRS to 

provide real time evaluation of student 

comprehension?  4 - Yes, a lot; 7 - Yes, to some 

extent; 1 – Neutral; 0 - No, I don’t think so; 0 - 

Definitely not; 

14. Do you think it is possible to use SRS to 

localize problematic areas in order to let students 

immediately learn from their mistakes? 2 - Yes, a lot; 

10- Yes, to some extent; 0 – Neutral; 0 - No, I don’t 

think so; 0 - Definitely not; 

15. Could you estimate the deployment ratio of 

Smartphones among the students? 6 - Less than 25 %; 

5 – 26_50%; 0 – 51_75%; 1 - More than 75%; 

16. Could you estimate the deployment ratio of 

Smartphones among your colleagues? 6 - Less than 

25 %; 5 – 26_50%; 0 – 51_75%; 1 - More than 75%; 

17. Do you have access to a wireless network at 

your school? 11 – Yes; 1 – No; 0 - Don’t know; 

18.  Are the students allowed to use Internet when 

they are in class? 8 – Yes; 2 – No; 2 - Don’t know; 

19.  Are the students allowed to use their mobile 

phone at your school? 9 – Yes; 1 – No; 2 - Don’t 

know; 

20. What is a typical way at your school to 

provide feedback to students addressing their 

learning achievements? 3 - Traditional lessons with 

limited student interaction; 0 - Exercises that are 

marked; 1 - Exercises that are not marked; 2 - Group 

work on a regular basis; 5 - Through the final exam; 4 

- Intermediate tests during the semester; 0 - 

Assignments with discussions in groups; 

21. What do you think is the biggest limitation for 

you in adopting the SRS system? 1 - Lack of wireless 

Internet connection; 5 - Lack of devices; 2 - Lack of 

technical support; 2 - Lack of knowledge regarding 

methodology; 2 - To develop good questions; 1 - 

Lack of teacher collaboration; 

22. After today, can you use the student response 

system? 2 – Definitely; 10 - Yes, I think so; 0 – 

Neutral; 0 - No, I don’t think so; 0 - Definitely not; 

23. Is SRS adequate to your field of teaching?  10 

– Yes; 0 – No; 2 - Don’t know. 

 

 
Fig. 3 - Roundtable with transfer workshop 

participants 

 

These results together with interviews with 

participants in the transfer workshop show a clear 

positive picture on using the SRS during class. 

Participants agree that the SRS encourage students to 

be active during the lecture, and that using SRS helps 

them to learn the curriculum of the course. 

  

5. Conclusions and discussion 

The SRS methodology has been analysed by UPM 

in light of national requirements in order to define the 

fields of application in Romania. It has been 

concluded that in the first phase it is suitable to be 

applied in economic and managerial sciences, due to 

the easy way of formulating questions during courses. 

Then it will be applied in exact sciences and various 

fields in engineering. 

The methodology has been adapted in order to 

meet Romanian cultural and technical requirements in 

order to be applied for evaluation of training, of 

learning outcomes and trainers’ performance during 

various courses. 

The original methodology has been translated 

from English into Romanian, meaning that user may 

access a screen in Romanian language.  

Participating institutions and educational policy 

makers will organise demonstration sessions in their 

own institutions in order to inform other SRS 

potential users of the methodology.  

Based on existing collected data of previous tests 

of this technology and methodology of application, 

ISQ Portugal aims to introduce the SRS in its 

accredited Training of Trainers Course, contributing 

to an overall quality and satisfaction improvement 

and impact in the learning outcomes (Nunes and 

Miranda, 2012).  

The SRS provides user interfaces that are intuitive 

to use. This includes session control, a flexible 

framework for generating questionnaires, easy to use 

interfaces for controlling the voting session by the 

teachers and easy to use interfaces for voting on 

mobile devices by the students. The WI-FI based SRS 

has been designed such that it helps the instructor or 

teacher to: 

 Break the monotony of a lecture and allow the 

students to actively take part in the lecture, 

 Increase teacher-student interaction, 

 Give both teacher and students “real-time” 

feedback on learning effect, 

 Use modern, cheap and widely available devices, 

 Use devices that start fast within 2-3 seconds, in 

order to merge it into the course assessment. 
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ABSTRACT 
This paper presents several experiments performed to determine the proper features 

necessary for the welding processes used to manufacture the wind welded turbine 

(resistance seam welding process for the blades, submerged arc welding process for the 

tower and gas metal arc welding process and shielded metal arc welding process for the 

nacelle) 
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1. Introduction 

Electric power is the source of everything. In 

order to have a sustainable future we need to develop 

technologies for the renewable sources of energy. 

Wind energy is now the cheapest source of 

producing energy, regarding the other renewable 

sources. 

There are also many wind farms that are 

producing for more than 5-10 years, and we can know 

what problems are developed during the functioning 

of a wind turbine and what are the advantages of the 

actually produced wind turbines [1]. 

The possibility of making a wind turbine fully 

welded conducted us to perform researches on this 

direction. 

 

2. Materials and Methods 
In order to make a full welded wind turbine, first 

we have to think at the materials we use, so for each 

material we must adopt the appropriate welding 

process. For the blades we use a composite material 

(epoxy resin with fiberglass [2]) and for the tower and 

the nacelle a medium carbon steel alloy [3]. 

The blades are welded using under pressure 

welding process, and for the tower the welding 

process is tandem submerged arc welding because the 

thickness is above 30mm [4]. The nacelle will be 

welded using tandem metal inert gas welding and the 

thickness is around 15mm.The experiments were 

done in a plant and in the wind farm site in the 

Dobrogea area, Romania. 

The experiments consist in the variation of the 

welding parameters and after the welding session the 

samples were controlled and an analysis was made as 

shown in Table 2. 

The criteria of setting the first welding 

parameters: voltage, intensity, welding speed was 

correlated with the steel composition [5], dimensions 

of the joint and the mechanical characteristics that 

need to be accomplished of the piece. 

 

Table 1. Welding parameters for tandem 

submerged arc welding 
Sample Arc 

1  

[A] 

Arc 

2  

[A] 

Arc 

1 

 [V] 

Arc 

2  

[V] 

Wire  

feeding  

for arc 1 

Wire 

 feeding  

for arc 1 

1 210 0 40 0 31 95 

2 500 0 38 0 47 87 

3 650 0 36 0 66 93 

 

3. Results 

The results for the tandem submerged arc welding 

process are various for the faults like contraction of 

the welded joint [6], lack of melting, as shown in Fig. 

1 

Table 2. Data resulting from the welding of 

different material thicknesses 
Plate 

thikness 

[mm] 

Cant 

[mm] 

Root 

[mm] 

Total 

area of 

weld 
[mm2] 

Area  of 

deposed  

metal 
[mm2] 

Dilution 

of base 

material 
[%] 

5 3.83 -0.236 98.80 64.20 34.96 

8 3.60 1.50 188.12 105.80 43.73 

10 3.04 2.36 204.96 117.90 42.48 
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Fig. 1 – Fault: contraction of the welded joint 

 

Fig. 2 – Welded joint for 10mm thickness material 
  

The tandem metal inert gas welding features  

parameters data were reviewed in diagrams as shown 

in Table 1. 

 

 
Fig. 3 - Working frequency variation of the source 

f [Hz] with transformer volume V [dm
3
] 

 
 

Fig. 4 - Values of wire feed speed at 1 mm 

diameter depending on the type of arc used [6] 

 

Table 3. Cost comparison between the two 

processes: Tandem submerged arc welding for 

various thicknesses of material 
Welding 

process 

Flux cost Wire 

electrode cost 

Welding process 

cost 

Total 

cost 

[lei/cm] 

Time 

[min/ 

product] 

Personnel 

cost 

[lei/h] 

Metal  Cost  Speed Personnel 

cost 

5mm 0.5 236.5 0.33 7.5 0.57 236.5 6.7 

5mm 

tandem 

0.25 236.5 0.16 7.5 0.22 236.5 3.0 

8mm 0.5 236.5 0.55 7.5 0.75 236.5 9.07 

8mm 

tandem 

0.25 236.5 0.26 7.5 0.34 236.5 4.3 

 
Fig. 5 - Values of wire feed speed depending on the 

deposition rate 

 

4. Discussion 

Wind turbines are mounted in the wind farms 

respecting certain field geography. This arrangement 

aims to obtain the maximum advantages of the area 

for each wind turbine [7]. 

Performance materials are determined by the 

nature, composition and dispersion phases, the 

quantity and distribution of structural constituents and 

crystalline grain size. Parts surface is heterogeneous 

in terms of physicochemical characteristics. For this 

background manifests are operating requirements and 

residual stresses [6]. 

The attempt by torsion (using temperature), 

plasticity is characterized by the number of 

revolutions made by specimen before break. The data 

show that plasticity increases with increasing 

temperature in the 300...450/475 ° C and decreases at 

a given temperature, when the strain rate increases. 

Resistance to deformation of titanium alloys is 

higher than that of aluminum alloys, is comparable to 

steel 12NiCr180, with some even higher values, and 

molybdenum alloys occupy an intermediate position. 

Meanwhile, for all metallic materials analyzed, 

except molybdenum-based alloy, is found decreased 

resistance to deformation with increasing temperature 

[8]. 

Homogenizing annealing of blanks is necessary to 

cancel the tensions that arose during casting and 

removal of intergranular segregation which 

solidification occurs. It is necessary to remove 

surface film that develops during solidification, 

following this in the composition of these phases 

easily fusible alloys and eutectics. 

Resistance to deformation of composite materials 

is that these materials resist plastic deformation of 

concrete plastic processing pressure (conditions of 

friction, temperature, degree and rate of deformation, 

mechanical scheme of deformation). 

Through a fast switching transistor the DC voltage 

will be "crushed" (connected and disconnected) with 

a frequency of 100 kHz (100,000 times per second). 

After working voltage transformer desired result, 

which will be addressed and transmitted to the output 

terminals. A controller adjusts the current source 

characteristic for a preselected welding procedure. 

Welded seam is the resulting part of the 

crystallization of metal bath. Metal bath of molten 

metal is a mixture of material that can be added or 
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wire electrode and the molten metal from the edges of 

the piece combining or loaded. Due to the small size 

of the metal bath and strong agitation to which it is 

subjected during the welding process can be regarded 

as a homogeneous mixture is achieved between the 

filler material and base material. Following the 

chemical composition of stitching will be different 

from the filler material and the base material. 

The most important welding parameters that 

influence the penetration and dilution are: welding 

current and electrode feed rate. The latter can be 

improved by experience welder, but the first depends 

on the size and type of electrode and this can be 

improved considerably. 

Welding defects that occur in tandem arc welding, 

such the effect of contraction of the material after 

cooling of the weld seam, are marked in the standard 

of performance. Even when varying welding 

parameters or joint size this defect was not 

completely eliminated, but only reduced defect size. 

Arc type used in tandem metal inert gas welding 

process is chosen according to plate thickness and the 

specific application. Material transfer can be 

improved, especially in spring and the short pulse, 

designing and building power source transistor. 

The shielding gas protects the welding bath 

against air action, influence the processes taking 

place in the arc, separation and form droplets of 

molten material welded. 

Deposition rate increases with decreasing wire 

diameter (for a constant current intensity), because 

the smaller diameter wire has lower electrical 

resistance as shown in Fig. 5. Critical factor for the 

deposit rate is the wire feed rate. 

Loading a piece of steel at the lower values of 

welding current greatly influences the efficiency of 

loading as a decorative method. The trend of using 

higher welding currents lead to greater dilution of the 

alloy, respectively to obtain a low resistance to wear, 

for the alloy composition on, as shown in Fig. 3 and 

Fig. 4. 

The welding process suitable for welding the 

nacelle, considering static location due to height, 

material thickness ranging between 5 and 30 mm, is 

the process of protective gas welding. 

The welding process that can be used for welding 

blades, composite materials and considering the 

requirements of dynamic resistance welding is the 

pressure in line. 

Due to large thickness of material used to 

manufacture the tower, it is used the tandem 

submerged arc welding process. 

 

5. Conclusions 

To establish the minimum technical requirements 

for wind farms, the manufacturers take account of 

international standards, and the provisions of network 

codes which operating systems such plants. 

Plant installation is done in a precise order: 

foundation plant is done (at least a cube of side 16m 

concrete and reinforced concrete, embedded directly 

in the ground or by area) is made necessary wiring 

operation panel is mounted tower is mounted nacelle 

and rotor blades then, are the intermediate and final 

checks and then give in use for connecting to the 

national grid. 

Greater control over the weld bead, cause 

significantly higher deposition rates, thus improving 

productivity and reducing costs and, in addition, 

several energy sources can be used for multiple 

welding arcs and increase deposition rates and reduce 

the number of passes required to fill the point, as 

shown in Fig. 2 

An wind turbine manufactured using full welding 

processes (using steel for the tower and the nacelle, 

and a composite material made of epoxy resin 

reinforced with optic fiber for the blades) is more 

reliable as a long term functionality and has lower 

cost as the classic manufacturing as shown in Table 3. 

Impact studies show that during operation of wind 

farms no emissions or wastes are produced but there 

is a minimal impact on biodiversity. 
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ABSTRACT 
The research problem for this paper is to measure and align one fixture for a spot 

welding or riveting in a cell assembly for car body where this is done by one robot or 

more robots. The fixture can have several working positions, which means to find the 

fixture position according with the robot position. 

Keywords: fixtures, bodyside welding, measurements, robots, laser tracker 

 

 

1. Introduction 

 
The automotive industries are one of the most 

important industries in the world and are the largest 

companies. In recent years the automotive industry 

has increasingly improved the assembly line of the 

car body. Is desired to make an automatic process for 

spot welding / riveting of car body as much possible, 

but all along with this line was to be flexible, to be 

able to assemble different car models on it. [6] 

The robot is an automatic mechanism that can 

replace human to perform some operations, being 

able to change one execution cycle (by photoelectric 

sensing, actuators).  

Industrials robots are basic components of 

today's modern industry and especially of the future 

industry. Request for using industrial robots is 

particular for their potential for flexibility, as 

intelligent machines that can perform operations in 

repetitive mode, at low price of cost and high quality.  

Robotic welding is one of the most important 

and successful applications are used industrial robots. 

Many welding processes require assembling each of 

the components. 

Industry using the most industrial robots for 

welding is automotive industry using these robots for 

spot welding operations (riveted), loading / unloading 

parts etc. 

In next figure is a 6-axis robot with the 

notation of the axis (the example is ABB robot 

IRB6400 [5]). 

The ABB IRB6400 robot is a large six-degree 

of freedom open loop robot. The IRB6400 is used for 

a wide variety of applications, it is predominantly 

used for automotive applications such as body 

painting and welding. The robot is capable of 

carrying up to a 200 kg load at the end of its 3-meter 

maximum reach. Typically, the motors are 

constrained to have the tool center point (TCP) move 

at a velocity around 2 meters per second, although the 

robot can travel at greater speeds [5]. 

 

 
Fig. 1 - Axis notation for ABB robot IRB6400 

Each robot has a coordinate system which has 

the origin in center of the base of the robot. The robot 

can work in more than one coordinate system, but 

only one is active and the system can be changed 

during the work by program. The coordinate systems 
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for robot are shown in figure below. 

 

 
Fig. 2 – Coordinate systems for robots. 

  

In next figure (fig. 3) is presented a fixture 

used to assemble car parts trough spot welding or 

riveting. This fixture is on turntable and has more 

than one working position. 

 

 
Fig. 3 - Fixture used for spot welding/riveting [10]. 

 

2.  Materials and Methods 
 

The paper studies the specific measurements 

made to align one fixture with one robot in an 

assembly cell (fig. 4). I used one fixture which has 

more working position. The fixture (STN540) is 

mounted on turntable and the zero position for 

turntable is as show in figure 4. This fixture is 

working with on robot for riveting (R540) and is 

using another robot for loading (R520). The turntable 

is turn by a drive with high precision and accuracy 

which gives high repeatability to rich the working 

position. 

The working positions for this station (STN 

540) are: 

• POS 1 =  10 deg (rivet b stg1) 

• POS 2 =  75 deg (rivet c stg1) 

• POS 3 =  45 deg (rivet f Stg1) 

• POS 4 =  -30 deg (load with R520) 

 
Fig. 4 - Fixture mounted on turntable [10]. 

 

By ”cell alignment” we understand the position 

of fixture origin related to the origin of the base of the 

robot, in other words how far is the zero car system 

coordinate from the zero robot. This is important to 

know then we can know if robot can reach the points 

where robot has to weld or rivet. 

When I measure the ”cell alignment”, I 

measure the reference of the fixture and then I 

measure 4 points for the robot R540 on the tool 

flange according with car system coordinates. From 

RobCAD, software used to simulate the cell assembly 

and generate a theoretical work program, I have the 

distance from de origin of the robot (center of the 

robot base) to the origin of my coordinate system (car 

coordinate system). 

That 4 points measured are giving the actual 

position of robot R540 with the working position of 

fixture. For each working position is necessary to re-

measure the reference points to have the new distance 

between the robot R540 and fixture STN540. 

The same procedure we used to measure the 

loading position (POS 4 at -30deg) with robot R520, 

using the same reference point for the fixture and 

measure 4 points for the robot R520. 

In this case I had three measurements for 

riveting with robot R540 and one measurement with 

robot R520 for loading parts. 

The theoretical values (riveting data) for 

measuring from RobCAD were (table 1): 

Table 1 - Data riveting from RobCAD 

 
For measuring I used a laser tracker FARO 

ION (fig. 5) with Metrolog XG13. The program 
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Metrolog XG13 is made by Metrologic Group. 

Metrologic Group specializes in the design and 

manufacture of industry reputed 3D inspection 

software and electronics. 

Metrologic has developed more than 60 direct 

machine interfaces to connect its software to any 

controller including CNC CMMs, articulated arms, 

laser trackers and 3D optical Scanners [9]. 

 

 
Fig. 5 - FARO

®
 Laser Tracker ION™ 

The system specifications are[8]: 

Dimensions 
Head size: 311mm (W) x 556mm (H) 

Head weight: 17.7kg (19.5kg w/IFM option) 

Controller size: 282mm (L) x 158mm (D) x 

214mm (H) 

Controller weight: 5.2kgHorizontal Scale Bar 

Measurement (2.3 m) 

Range 
Horizontal envelope: ± 270° 

Vertical envelope: +75° to -50° 

Minimum working range: 0 meters 

Maximum working range:  
55m with select targets 

40m with standard 1.5” & 7/8” SMRs 

30m with standard 1/2” SMR 

Distance Measurement Performance (Agile ADM) 
Resolution: 0.5µm 

Sample rate: 10,000/sec 

Accuracy: 8µm + 0.4µm/m 

R0 Parameter: 8µm 

 

The measurements of the fixture are done with 

the 3D model of the car body. The measurements are 

done according with the car coordinate system. The 

touching points are measure as surface points and the 

locators are measure as cylinders (8 points are 

measure for a cylinder) [2]. For the locators is created 

intersection between cylinder and the plane of the 

hole in the panel. The tolerances for touching points 

are 0.13 mm and for locators is 0.1 mm. 

 

3. Results and Discussion 

In the picture below are represented the 

references (fig. 6) and values (table 2) used to align 

the fixture with 3D model used for inspection which 

is in car system coordinate [1]. The measurements 

units are millimeters. 

 
Fig. 6 - Fixture references in car coordinate 

system. 

Table 2- Value of fixture references 

 
 

In next figure is represented a surface point 

measured with the panel data. 

 
Fig. 7 - Touching points between tool and car part 
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Fig. 8 - Locator position in car part 

 
The theoretical model cannot be implemented 

in reality as in theory. Because of this it is important 

to find out the error position for fixture or turntable. 

For this is important to measure the robot position 

according with position of the fixture in car line. 

In table 3 we have the deviation for fixture 

alignment with the robot. This means that we have to 

compensate this deviation through program than the 

offline program match with what we have. 

 

Table 3 - Alignment deviation 

 
 

4. Conclusions 
 

Is important to have a layout where is present 

the position o fixture in the cell.  

It is important to use a laser tracker to put the 

fixtures and robots on floor in the cell. 

It is important to have a start point (zero point) 

for the assembly line and a start point (zero point) for 

assembly cell in relationship with start point of the 

assembly line. 

In case of having the fixture on the turntable is 

important to know the angles for working position 

and the turntable is able to rich every time this 

position. 
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ABSTRACT 
The research problem is to measure and align a cell assembly from an assembly line for 

spot welding or riveting for car body where this is done by one robot or more robots. The 

fixtures can have several working positions, which mean to find the fixture position 

according with the robot position. For one fixture can work several robots, which can be 

6-axis or 7-axis. 

Keywords: fixtures, bodyside welding, measurements, robots, laser tracker 

 

1. Introduction 

 
To meet the requirements on quality, cost and 

performance automotive experts concerns were 

directed towards practical exploitation of new 

technologies arising in their implementation in 

manufacturing and assembly, design and 

implementation of systems design, testing, repair and 

control computer assisted production. 

Thus, modern manufacturing faces two main 

challenges: high quality at lower prices and improved 

productivity. These are the requirements to keep the 

major manufacturers in developed countries which 

are in direct competition with countries with low-

wage. Other important features of production systems 

are flexible and agile manufacturing process because 

companies must answer a very dynamic market with 

products that have short life cycles due to fashion 

trends and global competition. [5] 

Therefore, robotic welding is essential for 

automatic welding in many industries. The fact is that 

25% of all industrial robots are used in welding 

processes. Robot welding is used to have a high 

quality level of welds in short cycle’s times [5]. 

Market demands are indicators which 

determine what kind of automotive types and variants 

has to be made, thus requires the development and 

implementation of production systems capable of 

processing small batches of parts in terms of quality, 

efficiency and high productivity. To fulfill these 

requirements is necessary to move from flexible 

manufacturing units to their integration into a flow of 

materials and information lead by computer. 

Flexible manufacturing system can be defined 

as a cyber system whose elements are coordinated by 

computer for self-regulation and optimization of me-

chanical processing. A flexible manufacturing system 

has two or more flexible manufacturing cells connect-

ed by an automated transport (conveyor). 

A flexible cell is used in body in white to 

assembly of a frame and panels, here the detachable 

components are fitted to the body [3]. 

During the last decades the layout of car 

manufacturing plants are changing very often, always 

adapted to the new demands and present conditions. 

Due to the fact that the terms lean production gains 

more importance and the minimization of non-value 

activities are taken in consideration, new plant have 

to be developed for the future as well [11]. 

The measurement system has a critical role in 

any dimensional evaluation process. In automotive 

industries, the measurement system is very important 

and his role is particularly influential. The fixture 

(tool) suppliers measure most part fixtures in absolute 

space (X, Y, and Z coordinates) rather than as relative 

distances between points. Absolute space measure-

ments are more complex, particularly for angled 

surfaces [1].  

The body coordinate system has been widely 

used in the automotive industry for drawing of body 

parts, product and process design. The origin of the 

body coordinate system (OX) is defined at the front 

center of a vehicle, its indicates a length of car and 

the coordinate system (OZ) is below its underbody 

indicates height of car and the coordinate system 
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(OY), its starting point is the center of car body 

indicates width of car. [1] 

In figure 1 and figure 2 we have one assembly 

line from Jaguar plant in Castle Bromwich, UK. 

 
Fig.1 - Production line for Jaguar 

 

 
Fig.2 - Production line for Jaguar 

 

2. Materials and Methods 
 

A flexible manufacturing cell made in GMAB 

Consulting is shown in the figure below (fig. 3) [11]. 

The flexible manufacturing cell is formed by: 

�  electrical cabinet 

�  robots and robots controllers (in our 

cell are 11 robots) 

�  Man/machine interface with operator 

panel 

� spot welding guns fixed on robot wrists 

or spot welding guns fixed on the 

platform 

� grippers for the finishing robots 

� tip dressers 

� geometrical tools (fixture), turntables 

� conveyor for part extraction 

� safety device for operation in front of 

the turntable 

� safety fences 

 
Fig.3 - A flexible manufacturing cell 

 
In a flexible manufacturing cell or line we can 

have one or more 7 axis robot. For the robots of the 

type IRB 7600, the track motion acts as an integrated 

seventh axis, as shown in figure 4.  

 
Fig.4 - Robot on track motion (7 axis robot) 

We used a track motion from ABB (fig. 5) 

model type IRBT 7003S. The illustration shows the 

principle layout of the track motion in the Compact 

design [12]. 

 
Fig.5 - IRBT 7003S compact. 

The component parts of the showing compact 

track motion IRBT 7003S are [14]: 1. Gear rack; 2. 

Linear guides; 3 & 8. End plates; 4. Side cover; 5. 

Motor; 6. Serial Measurement Box / Brake release 

box; 7. Carriage; 9. Cable chain; 10. Cable tray; 11. 

Gearbox. 
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The table below contains technical data 

performance for track motion IRBT 7003S (table 1). 

Table 1 - Technical specifications 

 
The illustration (fig. 6) shows the length mea-

surements of IRBT 7003S from the front. 

 
Fig. 6 - IRBT 7003S, length measurement [14] 

The length of track motion depends on travel 

length, in next table are showing how many stands 

(quantity N) we need for different travel length. One 

stand is 1000mm long.  

Table 2 - value of N for different travel lengths 

 
When a 7-axis robot is mounted, this can be 

mounted straight on the floor or on frame, if we need 

that 7-axis to reach highest points. First is necessary 

to fix plates under each stand or frame in the floor, on 

these plates the track/frame is welded or bolted. 

It is very important that before mounting the 

robot on track, this has to be level. It is recommended 

to use a laser level in the track motion’s direction of 

travel and a spirit level across this to obtain precise 

adjustment. Always the measurements are done on a 

machined surface such as the linear guide or gear 

rack. The accuracy must at least be ± 0,5 mm along 

the track length and ± 0,1 mm in height between side 

to side. 

Geometric leveling of track motion may be 

performed according to three different methods: 

Method 1: Leveling the track motion by using 

a spirit leveler for leveling the carriage horizontally 

along the complete travel length. 

Method 2: Leveling the track motion by using 

position measurement equipment for leveling the 

carriage horizontally along the complete travel length. 

Method 3: Leveling the track motion by using 

a laser leveling instrument based on available 

geometric system layout. 

We used method 3, using a FARO Laser 

Tracker ION as leveling instrument and Metrolog 

XG13 as measurement software. Also we place in 

position using de datum from layout a several roller 

beds, lifters and underbodies. 

Usual the origin of the assembly line is same 

with origin of the first underbody in line. First we 

place the underbody in line, then lifters and roller 

beds.  

 

3. Results and Discussion 

In the picture below (fig. 7) is represented one 

report after leveling the 7-axis. The length of the 

track was 6m. 

Below I will present the results from zone with 

framers where we had to align 3 robots 7-axis, 2 

robots 6-axis, and one underbody, one roller bed with 

lifter, 2 framers, one fixture for roof (figure 8 and 9) 

and one conveyor on track motion (figure 10).  

I used the same procedure which I presented in 

work paper called “The measurements and 

alignment of fixture in a cell assembly for car body” 
to align the fixture with robots. 

 
Fig. 7 - Leveling report for 7-axis 

 
Fig. 8 - Top view of alignment 

 
Fig. 9 - Left side view of alignment 
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Fig. 10 - Conveyor report for leveling 

I developed a procedure to align new fixtures 

in assembly line which was aligned before and now it 

running. In this case I couldn’t measure the flange of 

robot because it has mounted tools for rivet. The new 

fixtures were for different type of car, which was 

shorter than the first car. Because I had the same 

origin of the car I could use the old alignment to 

position the laser tracker with the old tool then create 

the reference for this tool. The robot already has the 

position for the old tool, so I could create relationship 

between 4 points from the robot in car line and the 

old reference. After this I created a new alignment in 

the reference of the new tool and generate de 4 points 

for the robot for the new fixture, with the new 

positions. 

 

4. Conclusions 
 

Is important to have a layout where is present 

the position of fixture in the assembly cell or line.  

For robots 7-axis is important to know where 

is located the origin of the robot coordinate system. 

The origin for 7-axis robot is located in manipulator 

base frame center (fig. 11). 

 
Fig. 11 - System coordinate for 7-axis robot 

When we align an assembly line is important 

to use same reference points to place the underbody, 

roller beds, lifters and framers. When I create the line 

for the middle of the car it has to be longer as 

possible, to not have errors put all line together. 

In case of having the fixture on the turntable is 

important to know the angles for working position 

and the turntable is able to rich every time this 

position. 
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ABSTRACT
Modern design is responsible for providing beautiful objects to customers. Usually, these
products are useful and practical, as well as beautiful. However, for the producer’s or
seller’s benefit design is economically predetermined.  Today many consumer goods are
designed so that they quickly become flawed, have low maintenance period and are
quickly thrown out. The paper presents a few technical solutions applied in assembly that
demonstrate the fact that wear will install sooner rather than later, making sure that the
legal warranty is respected.

Keywords: Industrial design, assembly, consumer goods, maintenance, repair, faults, recycling

1. Introduction
Judging by the enormous amount of books

dedicated to it, industrial design seems to be a
universal solution for any economic problem.

According to Henry Petroski [1] "A design is a
manifestation of a technological concept, but a
designed thing or system can also be neglected,
misused, and mishandled by its owners, managers,
operators, and users". John Heskett [2] think of
design that "is one of the basic characteristics of what
it is to be human, and an essential determinant of the
quality of human life". Also, in the opinion of David
Seth Raizman [3], "Design is a visible expression of
values and attitudes". John Bowers [4] believe that
"Design is a form of expression and communication.
It also provides a way to organize our environment,
understand relationships, shape routines, and derive
meaning".

Should product sales be dropping, designers are
called in. They will have to redesign the product so
that it becomes attractive, even irresistible to the
consumer. In the opinion of Charlotte Fiell and Peter
Fiell [5] "[The designer's] innovative solutions strike
the best possible balance between the intellectual,
functional, emotional, aesthetic and ethical
expectations of the user/consumer and the influences
and factors bearing upon the design process".

About the designers, Karl Aspelund [6] think that
"You [The designer] have the ability - and the
responsibility- to inform and educate your clients,

collaborators, and anyone else involved with your
projects".

Overnight, the product will become more
intelligent, more compact, it will have more functions
and aesthetically it will have shapes and colors that
are in fashion. It will also be cheaper. This is what the
advertising campaign tells us about the renewed
product. What more could a customer want?
According to Nigel Cross [7], "The quality of design
effort profoundly affects our quality of life".

The great Raymond Loewy [8] believed that
"Industrial design exists within the marketplace and
helps define it. But I have always liked a phrase
someone else once used in a slightly different context,
"the shaping of everyday life".

If the situation was repeated the following year,
with the same arguments in favor of the
multifunctional product, would the customer wonder
how something like that was possible? In full global
economic crisis, as prices for materials and energy are
on the increase, how can one offer to the public better
and at the same time, cheaper products? Michael F.
Ashby and Kara Johnson [9] think that "Consumers
now expect delight as well as function in everything
they purchase. Creating it is a central part of design".
According to Donald A. Norman [10], "Complex
things may require explanation, but simple things
should not. When simple things need pictures, labels,
or instructions, the design has failed".

We looked for a simple and straightforward
explanation to this dilemma and we reached the
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 conclusion that everything is possible by applying
measures that will affect the product’s utility in a
negative way. The product can be more attractive to
the consumer if we refer to its obvious features (price,
aesthetics) but they are possible at the expense of the
product’s life span.

Donald A. Norman [11] also said that "The
objects in our lives are more than mere material
possessions. We take pride in them, not necessarily
because we are showing off our wealth or status, but
because of the meanings they bring to our lives".

The modern product is better than its predecessor
only from a distance. When the consumer starts using
it, its hidden flaws will come to light. The faults may
be blamed on the deficient and irresponsible
application of design working principles. In the
opinion of Geoffrey Boothroyd, Peter Dewhurst and
Winston A. Knight [12], "Designers should give more

attention to possible manufacturing problems has
been advocated for many years".

We tried to find arguments for this kind of
appreciation of the features of design and its
contribution to our well-being. We stopped on the
technical arguments and not an the aesthetic ones.
According to John Heskett [13], "Design should be
the crucial anvil on witch the human environment, in
all its detail, is shaped and constructed for the
betterment and delight of all".

2. New technical solutions
Let us look at some examples regarding the

contribution of industrial design on the quality of
certain consumer goods. In Figure 1.a. we can see a
juice squeezer made in the 1970s. As we can see, the
fruit is grated with a toothed disk on the lower side,
and then the pulp is collected on the side pad of the
cylinder.

a b
Fig.1. Juice machine

By the centrifugal effect, the juice goes through
the fine holes on the pad and exits to be collected.
The disadvantage of this machine consists in the fact
that it must be stopped periodically to remove the
waste. The same product (see Fig. 1.b) is redesigned
so that this stop is no longer needed, the grated pulp
goes on the con-shaped pad that has fine holes and
here the centrifugal force causes it to leave the area,
being collected in an outside tank. The machine can
no doubt work without being stopped to remove the

waste (they automatically flow into the external tank)
but the juice – whose extraction the machine was
built for – will not be completely extracted from the
pulp. Indeed, the time it takes the pulp to cross the
cone-shaped sieve on the pad is insufficient for the
complete squeeze of the juice. In a large proportion,
the juice remains with the waste that will be
eliminated by the machine. Is this the purpose?
Today, all producers of household appliances use this
solution.

a b
Fig. 2. Mobile camping chair

Another example is a mobile camping chair, made
of a metal frame and a material attached to it, with
hand support made of wood (see Fig.2.a). We wish
for a modern chair (the wooden part looks a bit old)

and we buy one with material over a metallic frame
where the support is made of modern and elegant
platic (see Fig.2.b). Very quickly we find that we are
wrong: after a few times we use it, the plastic bends
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 under our weight, rendering the chair useless. Did we mean this when we chose a new chair?

a b
Fig. 3. Fastening with clamps

We bought an electrical appliance. An electric
soldering machine. The old one had an ebony casing
classically mounted with nut and screw (see Fig.3.a)
and looked a bit out of fashion. The new machine (see
Fig.3.b.)  has a much more modern shape and the
casing is not classic but has elastic clamps cast from

the material the casing is made of. The casing is
assembled using this modern solution, which is quick
and aesthetic as no mounting screw is visible.
Attention must be paid to the clamps so as not to
break them when disassembling the casing. The old
machine seemed to be tougher!

Fig.4. Self-tapping screw assembly

We thought that clamps were an unlucky and bad
solution used for household appliances. It is not so.
Nowadays it is trendy to assemble casings with
screws without nuts. The special-shape screw enters
the material of the case, on condition the material is a
plastic one (see Fig.4). We bought a modern plug
assembly made of plastic. The old socket was built in
such a was as to assemble it with classic screws with
metallic nuts embossed by casting into the body of
the casing. The shape was a bit out of fashion.
Unfortunately, the new socket turns out to be a

single-use one in terms of its assembly screws (may
be used twice or thrice the most) as the thread line the
screw makes in the plastic casing quickly destroys the
plastic, which is understandable, considering that the
steel the screw is made of is obviously more resistant
than any common plastic. Is this modern solution
viable? If we study the principle of a self-tapping
screw inside a plastic casing, it is obvious that it will
quickly go out of date, so this solution is clearly not a
good one.

Fig.5. Assembly by soldering

If something can go wrong, it will. We recently
bought a charger for a lantern. At one point the
charger started to become „tired” refusing to perform
its duty. We deduced it was a mere case of oxidation
of electric contacts inside and tried to open up the
casing. Because it was a modern, new generation
device, we assumed it was assembled using elastic
clamps. With great difficulty we inserted the blade of
a knife between the two sided of the casing and tried
to force it to open. It did not open, as the casing was
not mechanically fastened, but rather it was glued
together! Needless to say that the glue cracked

together with part of the casing. We couldn’t take
apart the electrical components or the contact plate, as
they were also glued. It looked like a single use
electrical device. Once broken, it had to be tossed into
the garbage (to be recycled, naturally).

Unfortunately, there are numerous examples of
adopting dubious technical solutions in the technical
conception of household goods. Everyone who is a
consumer has frequently come across situations
where design was double-edged. On one hand, the
visible side which is attractive and aesthetic, while on
the other side, the interior which is hard if not
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 impossible to be seen when purchasing the item in a
store, tp which side technically inadequate solutions

are applied. These are solutions that shorten the
product’s life cycle or make it hard to use.

Fig.6. Jointed boards Fig.7. Packaging Fig.8. Joining

Let us look at some other examples: we bought a
plastic box for storing lightweight objects, a box
whose lateral walls presented some joints (see Fig.6)
made of the same material as the walls themselves,
which made the object easy to fold. It looked good,
but after a few times of folding them, the joints broke
as the plastic material wore out. All that was left for
us to do was to throw out the object that had so soon
become useless.

Upon buying a tent (see Fig.7) and a pneumatic
mattress for trips, we open the plastic packaging and
start assembling them. Everything goes well but the
following day when we want to continue our trip, the
packaging of both the tent and the mattress shrink: we
can no longer pack them in their original wrapping.
The explanation is simple: the two objects were
inserted in the packaging in the factory, using
adequate technological machines (presses). If the
packaging was designed taking into account camping
conditions, the products would have been more
useful. We buy furniture, wardrobes, shelves, etc all
of which look nice and have a good price, After a
while we see that the furniture is not solid and it starts
to shake loose. No wonder this happens, as the boards
used to assemble them are joined by small and frail
screws. Classic joining techniques (see Fig.8) such as
the dovetail, which offer a solid assembly, have been
abandoned.

We note that technical solutions adopted in the
design of modern products are inadequate and subject
to criticism. They are not in the customer’s favor but
the maker’s. The product that looks so promising
today will soon rest with the garbage so the maker
will sell a new model, which is much better and
cheaper than the previous one. According to Richard
Morris [14] "Great designers are always ready to
tackle new challenges, work with new people and try
new things".

3. Conclusions
The examples presented above are not isolated

cases that could be considered to fall in the category
of "bad design". They are everywhere. They are proof
that utility, the main feature to be considered in
product design falls behind others. Now, the looks

and a small price catch the eye. But they do not serve
the customer’s best interest.

References
[1] Henry Petroski (2012) To Forgive Design:

Understanding Failure. Harvard University
Press, USA.

[2] John Heskett (2002) Toothpicks and Logos:
Design in Everyday Life. Oxford University
Press, New York, USA.

[3] David Seth Raizman (2003) History of Modern
Design. Laurence King Publishing Ltd.,
London.

[4] John Bowers (2008) Introduction to Two-
Dimensional Design: Understanding Form and
Function. John Wiley&Sons, Hoboken, New
Jersey, USA.

[5] Charlotte Fiell and Peter Fiell (2003) Industrial
Design A-Z (Klotz). Taschen GmbH,
Hohenzollenring 53, Kolhn.

[6] Karl Aspelund (2010) The Design Process (2nd
Edition). Fairchild Books, New York, SUA.

[7] Nigel Cross (2011) Design Thinking:
Understanding How Designers Think and Work.
Nigel Cross Berg Publishers, Oxford, UK.

[8] Raymond Loewy (1979) Industrial Design.
Overlook Press, New York, SUA.

[9] Michael F. Ashby and Kara Johnson (2002)
Materials and Design, Second Edition: The Art
and Science of Material Selection in Product
Design. Elsevier Ltd., UK.

[10] Donald A. Norman (2002) The Design of
Everyday Things. Basic Book, New York, USA.

[11] Donald A. Norman (2004) Emotional Design:
Why We Love (or Hate) Everyday Things. Basic
Books, New York, USA.

[12] Geoffrey Boothroyd, Peter Dewhurst and
Winston A. Knight (2009) Product Design for
Manufacture & Assembly Revised & Expanded.
Taylor&Francis e-Library, New York.

[13] John Heskett (2002) Toothpicks and Logos:
Design in Everyday Life. Oxford University
Press, New York, USA.

[14] Richard Morris (2009) The Fundamentals of
Product Design. AVA Publishing SA,
Lausanne, Switzerland.

74 

 



 

The 6
th

 edition of the 

Interdisciplinarity in Engineering International Conference  

 “Petru Maior” University of Tîrgu Mureş, Romania, 2012 

 

 

 

 

 

 

 

NOVEL COATINGS FOR HIGH PERFORMANCE CUTTING 

AND DRY MACHINING  
 

Gabriela STRNAD
#1

, Paul CHETAN
#2

  

#
Faculty of Engineering, Petru Maior University of Tirgu-Mures 

N. Iorga st., No. 1, Tirgu-Mures, 540088, Romania 
1gabriela.strnad@ing.upm.ro, 2paul.chetan@ing.upm.ro 

 

ABSTRACT 
A comprehensive study and analyze of the state of the art types of coatings for high 

performance cutting and dry machining in hard materials offered today by leading global 

manufacturing tools producers was realized. 

A practical study on how the novel multilayer TiAlN and CrN coatings improve the 

performance of the manufacturing process in the case of a specific mechanical 

component was performed using several types of tools (not coated or coated). The cutting 

parameters, the manufacturing time and manufacturing cost were evaluated. 

Keywords: PVD, coatings, high performance cutting, tool lifetime, cutting data 

 
1. Introduction 

The properties of PVD coatings for tooling are 

constantly improved in order to meet the 

requirements of new materials and applications. All 

tool manufacturers can handle cutting materials and 

tool geometries, but the competitiveness will be 

decided by the used coatings.  

Advances in manufacturing technologies 

(increased cutting speeds, dry machining, etc.) 

triggered the fast commercial growth of PVD 

coatings for cutting tools. On the other hand 

technological improvements in coating types (TiAlN, 

AlTiN, AlCrN, multilayer coatings, nanocomposite 

coatings, DLC and OXI coatings) enabled these 

advances in manufacturing technologies. 

In manufacturing industry a 30% reduction of tool 

costs, or a 50% increase in tool lifetime results only 

in a 1% reduction of manufacturing costs, studies 

have shown. But an increase in cutting data by 20% 

reduces manufacturing costs by 15% [1].  In order to 

achieve higher productivity different approaches such 

as high performance cutting (HPC), high speed 

cutting (HSC), minimum quantity lubrication (MQL), 

dry machining can be chosen.  

PVD coating processes have the fastest market 

growth in the latest years, replacing the CVD 

technologies. This is due to their certain advantages 

upon other surface engineering technologies. 

 

2. Methodology 

In present paper a comprehensive study and 

analyze of the state of the art types of coatings for 

HPC and dry machining in hard materials offered 

today by leading global manufacturing tools 

producers was realized. 

A practical study conducted at Petru Maior 

University CNC Machine Laboratory on how the 

coatings improve the performance of the 

manufacturing process in the case of a specific 

mechanical component was performed using several 

types of tools (not coated or coated). The cutting 

parameters, the manufacturing time and 

manufacturing cost were evaluated. 

 

3. Results and discussion 

The first PVD coating material that have a 

commercial application on cutting tools was TiN in 

the early 1980s and since the 1990s most cutting tools 

are PVD coated, particularly in applications where 

sharp edges are required (threading, grooving, end-

milling) and in cutting applications that have a high 

demand for a tough cutting edge (drilling). In solid 

carbide cutting tools (end-mills and drills) PVD is the 

standard coating technology. The TiAlN PVD coating 

is currently the most widely deposited PVD coating 

for cutting tools, but other coatings such as TiCN and 

CrN offer better solutions in certain applications. 

The development of PVD coatings followed the 

steps: 

•••• first generation (1970): pseudo ceramic 

materials based on binary compounds (TiN, 

TiC, TiB2, etc.); 

•••• second generation (1985): ternary and 

quaternary interstitial solid solutions (Ti-Al-N, 
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Ti-Al-N-C, etc.); 

•••• third generation (1990): multilayer structures, 

superlattices (M/MN/M and MN/MC/MN, 

etc., where M – metallic component); 

•••• fourth generation (2002): nanolaminated 

structures and nanocomposite structures, 

nanostructures doped with solid components 

as dry lubrifiant; 

•••• present generation (2008-2012): DLC and OXI 

coatings. 

Monoblock coatings. The first generation of hard 

PVD coatings was single metal nitrides such as TiN, 

CrN and ZrN. They have been commercially 

exploited since the middle of the 1980s in cutting 

applications (because of their higher hardness 

compared to high speed steel and cemented carbide) 

and for decorative purposes because of their attractive 

appearance: TiN has a distinctive yellow gold color, 

CrN looks like silver, ZrN has a white gold color. 

Alloyed coatings improve hardness, wear resistance, 

toughness and oxidation resistance by introducing 

other elements such as C, Al and Cr into the TiN 

lattice. The three basic coatings - TiN, TiCN and 

TiAlN - currently make up more than 70% of the 

world's coating market. 

Multilayer coatings. Further improvements of the 

properties of hard PVD coatings were achieved by the 

deposition of multilayer structures [2]. By selecting a 

suitable combination of materials for the multilayer 

structure it is possible to improve the resistance 

against wear, corrosion, and oxidation. Multilayer 

structure has higher toughness and lower hardness 

comparable with monoblock coatings. The 

“sandwich” structure absorbs the crack by sublayers, 

therefore a multilayer coating is usually preferred for 

high dynamical load, e.g. for roughing. 

Nanocomposite coatings. By depositing different 

kinds of materials, the components (like Ti, Cr, Al, 

and Si) are not mixed, and two phases are created. 

The nanocrystalline TiAlN or AlCrN grains become 

embedded in an amorphous Si3N4 matrix. 

Nanocomposite coatings are commercially available 

since 2003 and they have outstanding properties and 

applications [3-12]. 

DLC coatings. Diamond Like Coating (DLC) is a 

metastable form of amorphous carbon with a high 

percentage of cubic sp
3
 elements. DLC coatings 

improve the running-in characteristics of chip 

removal and forming tools and play an important role 

in the treatment of soft and adhesive materials which 

cause built-up edges. Today, DLC coatings are 

mainly used in component mass production to protect 

against wear through less friction. 

OXI coatings. Oxide and oxinitride coatings 

serve to separate tool/component and workpiece and 

to achieve a low affinity between the two, especially 

in dry cutting processes where high temperatures are 

reached [13].  

High-speed cutting and dry machining generate 

considerable heat. Thanks to the thermal stability, hot 

hardness and oxidation resistance of the coating, the 

heat is dissipated via the chip. Table 1 presents some 

state of the art types of coatings for HPC and dry 

machining in hard materials offered today by leading 

global manufacturing tools producers [14]. 

 

Table 1. Coatings for HPC and dry machining in hard materials 

 

Coating 

 

Color 

 

Hardness  

H [GPa] 

 

Friction 

coefficient µ 

Maximum 

usage 

temperature 

T [°C] 

 

Application 

TiN 

 

 

gold 24…28 0,4…0,5 500 General purpose coating for cutting, 

forming, injection, moulding, 

tribological applications; 

TiAlN 

 

 

violet-

black 

28…35 0,3…0,6 700…900 High performance coating for cutting 

(drilling, milling, reaming, turning); 

suitable for dry machining; also for 

moulds and dies; 

AlTiN 

 

 

black 38 0,7 900 For dry high speed machining; 

machining of hard materials >52HRC 

(titanium alloys, inconel); 

AlCrN 

 

 

blue-grey 30…32 0,3…0,6 1100 For coating on carbide and HSS end 

mills; gear cutting tools; CBN 

indexable inserts for turning; Al die 

casting; punching, hot forging; 

TiAlN/ 

AlCrN 

 

 

blue-grey 33 0,35...0,4 >1100 For solide carbide tools used in 

roughing and finishing of hardened 

steels and difficult to machine 

materials (>60HRC). 

nc-AlTiN/ 

a-Si3N4 

violet-blue 40…45 0,45 1100…1200 For high performance machining; 

decorative blue top layer; 
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Oerlikon Balzers, the world leading company in 

the field of coatings, developed a complete range of 

TiAlN coatings under the name of Balinit: Futura 

(TiAlN multilayer), Futura Nano (TiAlN 

nanostructured), X.CEED (AlTiN monolayer). Balinit 

X.CEED has a high aluminium content which leads to 

a very high heat resistance. Its hardness, oxidation 

resistance and thermal stability were optimised for 

use in hard and high-speed machining. Figure 1 

presents a comparison of tool wear in the case of five 

tools, two with a standard TiAlN coating and three 

tools coated with Balinit X.CEED. The aplication is a 

contour milling of a workpiece made from 

X38CrMoV5-1 (1.2343) 54-56 HRC, with cemented 

carbide insert, cutting parameters: vc = 200 m/min, ft 

= 0.1 mm/tooth, ap = 0.2 mm, ae = 5 mm, dry cutting. 

 

 
Source: Balzers 

Fig. 1 – Tool wear comparison for standard TiAlN 

and Balinit X.CEED coatings 

 

Recently a new generation of coatings was 

introduced, based on the Al-Cr-N system. It was 

shown by a wide range of cutting tests, that the Al-

Cr-N coating system has a big potential at 

conventional cutting parameters, but also at high 

performance and high speed cutting conditions. 

Balzers combines the excellent properties of TiAlN 

and AlCrN coatings, offering Balinit Aldura, a dual 

structure solution: a perfectly adapted TiAlN base 

coating that ensures excellent adhesion and affords 

great mechanical strength and a nanocrystalline 

AlCrN-based coating that features excellent hot 

hardness, resistance to oxidation and thermal 

insulating properties. The cross section of a Balinit 

Aldura coating is presented in figure 2.  

In figure 3 is presented a crosscheck with actual 

market standards, made by Oerlikon Balzers Cutting 

Laboratory, in the case of a milling, with a ball nose 

end mill, Ø 10 mm, material X153CrMoV12 

(1.2379), 60 HRC, cutting parameters: vc = 200 

m/min, ft = 0,15 mm, ae = 0,5 mm, ap = 0,3 mm, in 

dry condition. We can observe that a wear of VB = 0,1 

mm is reached only after at least a double cutting 

length in the case of tools coated with Balinit Aldura, 

in comparison with standard coatings. 

 
Source: Balzers 

Fig. 2 – Cross section of Balinit Aldura coating 

 

 
Source: Balzers 

Fig. 3 – Crosscheck of Balinit Aldura coating with 

actual market standards 

 

Platit, another leading company in tool coating 

business, offers nACo, a nanocomposite coating, 

consisting in TiAlN nanograins embedded in an 

amorphous Si3N4 matrix. Tests that were run for 

milling of  X40CrMoV5 (1.2344),  Rm = 1100N/mm
2
, 

using d = 12mm solid carbide end mill with corner 

radius r = 2mm with different coatings, cutting data: 

ap = 0.5mm, ae = 8mm, emulsion 7%, showed that the 

tool life is improved with more than 40%  by using 

nACo coating, at high cutting speeds (figure 4). 

 

 
Source: Platit 

Fig. 4 – Tool life for tools with different coatings in 

end milling of heat treated steel 

 

Starting with the year of 2007, combining 

multilayer and nanocomposite approaches, Platit 

developed so call triple coatings. The most advanced 

one, nATCRo3, consists on: a TiN adhesion layer, a 

AlTiCrN core layer with high heat resistance and a 

top nanocomposite nc-AlTiCrN/a-Si3N4 layer for high 

wear and thermal protection. In the case of dry 

hobbing of gears made from 100Cr6 (1.3505) 

material, the nATCRo3 offers the best tool life 
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allowing a production of 5300 gears with more than 

15% than in the case of nACo, nACRo, AlTiCrN, 

AlCrN and  more than double in comparison with 

standard TiAlN (figure 5).  

 
Source: Platit 

Fig. 5 – Tool life for tools with different coatings in 

dry hobbing 

 

Another approach in order to design the coatings 

to allow intensive cutting regimes is to apply a DLC 

layer on the top of the coating. The value of DLC 

coatings come from their abilities to provide some of 

properties of diamond to surfaces of almost any 

material. The primary desirable properties are 

hardness (up to 80 GPa), wear resistance and 

slickness, DLC coefficient of friction against polished 

steels ranges from 0,05 to 0,2. 

At Balzers they deposit different kind of DLC 

coatings using plasma assisted chemical vapor 

deposition (PACVD). For minimum quantity  

lubrication (MQL) and dry cutting they developed 

Balinit Hardlube, a double layer coating consisting in 

a tough TiAlN layer, providing effective wear 

protection for cutting edges, and a wolfram 

containing hydrogenated amorphous carbon film a-

C:H:W (WC/C), with outstanding frictional and 

lubrication properties allowing a smooth chip flow.   

Recently DLC coatings were applied on 

nanocomposites resulting high performance coatings 

which are the first choice for tapping for steels and 

aluminium alloys with more than 12% Si. Platit’s 

nACVIc is a nanocomposite coating with 

nanogradient structure, consisting in a nACRo layer 

(nc-AlCrN/ a-Si3N4) and a DLC top coating.  

 
Source: Platit, Swiss Watch Industry 

Fig. 6 – Tool life for tools with different coatings in 

precision sawing  

 

Figure 6 presents the results of a test for precision 

cutting of 3 mm profile, in stainless steel 

X1NiCrMoCu 25-20-5 (1.4539), using a coated 

circular carbide saw blade Ø 80 x 0,8 mm, z = 200, 

cutting data: n = 400 rot/min, vf = 64 mm/min, oil 

lubrication, life time criterion: burr formation on 

workpiece. NACVIc coating offers the best life time, 

almost double in comparison with other 

nanocomposite, and almost four times more than a 

AlCrN monoblock coating. 

Table 2 presents the specification and application 

for the coatings that were presented here. 

An experimental study was conducted at Petru 

Maior University CNC Machine Laboratory. The aim 

was to compare the working regime, the 

manufacturing time and manufacturing cost in the 

case of milling of a mechanical component with 

uncoated and coated tools. 

Figure 7 presents the work piece that was 

manufactured, an accelerator pedal, made from 

AlCu4SiMg (3.1255), one piece production. 

 
Fig. 7 – Accelerator pedal manufactured at Petru 

Maior University CNC Machine Laboratory 

 

The CNC machine tool was a Mori Seiki 

DuraVertical 5080. The manufacturing process was 

modeled using Catia V5 R20. 

Two manufacturing scenarios were analyzed. 

Both versions of the manufacturing process imply 

two major milling operations, one of the front side of 

the work piece, one of the backside of the work piece.  

In the both cases the roughing was made using a 

coated tool supplied by Franken: N type end mill, 

VHM, long, z3, ϕ 20, TiAlN-T4 coating, DIN 6527-

AL - 1818A. The coating is a multilayer one with 

very good heat resistance and a high degree of 

hardness. For this end mill the cutting parameters 

were: cutting depth ap = 0,5 mm,  feed speed vf = 3...6 

m/min and speed n = 5000 rot/min. 

The differences were in the semifinishing and 

finishing stages were the two versions supposed: 

- first version: using a Franken W-cut end mill, 

uncoated, VHM, long, z3, ϕ 6, DIN 6527-AL - 

1933; 

- second version: using a Franken W-cut end 

mill, CrN-T1 coating, VHM, long, z3, ϕ 6, 

DIN 6527-AL – 1933R. The coating is a 

multilayer one, with very good sliding 

properties and medium hardness, very useful 

to avoid cold welding effects that can occur 

when aluminium alloys are manufactured. 
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Table 2. Commercial coatings for HPC,  MQL and dry machining in hard materials 

 

Coating 

 

Producer/ 

commercial 

name 

 

Hardness  

H [GPa] 

 

Friction 

coefficient µ 

Maximum 

usage 

temperature 

T [°C] 

 

Application 

AlTiN Oerlikon  

Balzers/ 

Balinit 

X.CEED 

33 0,4 900 Machining of materials that are 

difficult to work (titanium alloys, 

Inconel); 

Hard machining > 52 HRC; 

HSC. 

AlTiN - 

AlCrN 

Oerlikon 

Balzers/ 

Balinit 

Aldura 

33 0,35...0,4 1100 HSC of difficult to machine 

materials. 

nc-AlTiN/ 

a-Si3N4 

Platit/ 

nACo 

40…45 0,45 1100…1200 For high performance machining. 

TiN- 

AlTiCrN- 

nc-

AlTiCrN/a-

Si3N4 

Platit/ 

nATCRo3 

34...40 0,35 900...1100 All-in-one coating for universal 

use; 

For all cutting tools. 

TiAlN- 

a-C:H:W 

Oerlikon 

Balzers/ 

Balinit 

Hardlube 

30 0,15...0,2 800 MQL or dry machining of 

difficult to machine materials. 

nc-

AlCrN/a-

Si3N4- 

DLC 

Platit/ 

nACVIc 

25...30 0,1 450...1100 Outstanding for HSS cutting in 

high alloyed materials. 

 

For the semifinishing stages the cutting regime for 

uncoated tool 1933 was: ap = 0,125 mm, vf = 1 m/min 

and n = 10000 rot/min. The same regime was adopted 

for the coated tool 1933R. 

The cutting parameters for uncoated tool 1933 

were: for the countouring stages: ap = 0,45 mm, vf = 

0,85 m/min and n = 8500 rot/min and for the finishing 

stages: ap = 0,75 mm, vf = 0,85 m/min and n = 8500 

rot/min. 

The CrN coated tool 1933R allows more intensive 

cutting regime: for the countouring stages: ap = 0,2 

mm, vf = 1,5 m/min and n = 10000 rot/min and for 

the finishing stages: ap = 0,75 mm, vf = 1,5 m/min 

and n = 10000 rot/min. 

Figure 8 presents the finishing stage of the back 

side of the work piece, using a W-cut end mill, long, 

z3, ϕ 6. 

The modeling of the manufacturing process using 

the cutting parameters shown above has the following 

results: 

- for the version using uncoated tool the total 

manufacturing time is 27 hours and 20 minutes; 

- for the version using coated tool the total 

manufacturing time is 23 hours; 

- for the version using uncoated tool the  

manufacturing cost is 683 euro; 

- for the version using coated tool the 

manufacturing cost is 575 euro; 

 
 

Fig. 8 – Finishing stage of the back side of the 

work piece, using a W-cut end mill 

 

 

4. Conclusions 

In the past years the coating industry developed 

new and highly advanced type of coatings for cutting 

tools, allowing the manufacturing industry to improve 

the processes by increasing the life and productivity 

of production tools, reducing downtime due to cutting 

tool replacement and reducing the need for cutting 

fluids. 

Today state of the art microstructured/ 

nanostructured monoblock or multilayer TiAlN and 

AlCrN offers toughness, hardness, hot hardness, 
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oxidation resistance and chemical stability. 

Using the nanocomposite approach the producers 

embedded hard nanocrystalline phases (TiN, TiAlN, 

AlCrN) in a soft amorphous matrix (Si3N4). The 

results are high hardness, toughness and outstanding 

hot hardness. 

Recently there become commercially available 

coatings with an innovative design that combines the 

multilayer and nanocomposite approaches. In such a 

coating each layer is especially design to resolve a 

certain requirement raised by the manufacturing 

process. For example a triple coating TiN – AlTiN -

nc-AlTiN/a-Si3N4 provides very good adhesion by 

TiN layer, tough TiAlN core with high wear and heat 

resistance and a top nanocomposite nc-AlTiN/a-Si3N4 

layer with extremely high nanohardness and heat 

resistance. 

DLC coatings allow intensive cutting regimes, 

minimum quantity lubrication or even dry cutting, by 

lowering the friction coefficient between tool, chips 

and working material. 

Combining multilayer, nanocomposite and DLC 

approaches new coatings are under intense study in 

research laboratories. State of the art coatings with 

outstanding properties and high value for 

manufacturing industry and offered today by the 

leading companies in the coating industry (Oerlikon 

Balzers, Platit, Sulzer Metco, Cemecon, Gencoa, 

Kolzer, Teer Coatings, Bodycote). 

At Petru Maior University CNC Machine 

Laboratory a comparative study on how using coated 

tool can improve manufacturing time and cost was 

conducted. In the case of a accelerator pedal, the 

manufacturing process was modeled in two version. 

By using coated end mills with advanced multilayer 

coatings (TiAlN and CrN) in the CNC production 

process the manufacturing time was decreased from 

27 hours and 20 minutes to 23 hours and the cost was 

cut from 683 euro to 575 euro. This is an 

improvement of 15% in terms of manufacturing time 

and cost, showing the value and the advantages of 

using coated tools in manufacturing processes. 
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ABSTRACT 
WC-Ni cermet brazing coatings were prepared by on the mild steel substrates by high-
temperature vacuum brazing. The microstructure of the brazing coatings was 
characterized by the scanning electron microscopy (SEM). The chemical composition was 
determined by energy dispersive X-ray spectroscopy (EDS). The corrosion behaviors 
were investigated by using electrochemical impedance in 0.5M HCl solution. It shows 
that the WC/Ni cermet brazing coatings have good corrosion-resistance property in 
acidic chloride media. The anodic polarization process reflects mainly the behavior of Ni 
binder. 

Keywords: Tungsten carbide; Vacuum brazing; Corrosion; Cladding coatings; Electrochemical test 

 
1. Introduction 
Engineering materials usually lose their materials 

properties due to the wear of surface under complex 
combined environment effect and load. We can 
extend the life span of materials by applying coating 
techniques [1] – [3]. Cladding processes, such as 
spraying, surfacing and laser cladding, are suitable for 
preparing relative thick coatings, which possess the 
properties of abrasive and erosive wear resistance, as 
well as corrosion resistance [4].  

Composite coatings with WC as the hard phase 
and Ni-base alloys as binders are used extensively for 
numerous wear-resistant applications [5]. The WC-Ni 
cermet brazing coatings are also characterized by a 
higher corrosion resistance compared with the more 
traditional WC/Co systems [6]. The improved 
corrosion resistance is important in coatings 
applications such as flue gas desulphurization, sea 
water cooling and slurry transportation, especially 
power plant tubes. However, little research work has 
been done on the corrosion performance of the brazed 
WC composite coatings. 

In this paper, WC-Ni cermet coatings were 
prepared by vacuum brazing. The surface 

morphology and chemical compositions were 
investigated by scanning electron microscopy (SEM) 
with energy dispersive X-ray spectroscopy (EDS). 
The corrosion properties of WC-Ni cermet brazing 
coatings in HCl solution were investigated by 
electrochemical polarization test. The corrosion 
behaviors of the WC-Ni cermet brazing coatings on 
the steel substrate in acidic chloride medium were 
discussed. 

 
2. Materials and Methods 
(1). Materials 
Coating materials were made by WC powders 

with the size range of 1μm and a Ni–Cr–Si brazing 
alloy powder with the size range of 5μm with the 
average composition of 8% Cr, 4.5% Si, 3% Fe and 
the rest of Ni. Organic binders were mixed with their 
materials using ball milling and rolled into a flexible 
sheet before vacuum brazing, which was then piled 
up on the surface of substrate. The substrate was a 
mild steel specimen cut into rectangular plates. The 
flexible sheet of Ni-base alloy was on the top layer.   
Then, the flexible WC sheet was attached with the 
surface of substrate.  
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The brazing was conducted in a vacuum furnace 
with the chamber of  50mm in diameter and 600mm 
in length. The brazing process was carried out as 
follows: First, the assembled specimen as illustrated 
in Fig. 1 was placed in the chamber. Then, the 
chamber was evacuated with vacuum level of 1.0 × 
10−3 Pa and heated by heating rate of 15ºC/min. 
During this process as shown Fig. 2, the binders in 
the WC and the Ni flexible sheets were evaporated at 
almost 400ºC. Small porosities were formed by 
evaporation in the WC layer, which helped the 
capillary action of the liquid Ni-base alloy into the 
WC layer [7]. The Ni-base alloy began to melt at 980 
ºC, and infiltrate into the WC layer. As temperature 
reached at 1100 ºC, it was hold during 240 min. 
Finally, the furnace controller was off and cooled 
down to room temperature.  

 
Fig. 1 – A schematic of an assembled specimen 

cross-section before brazing. 
 

 
Fig. 2 – Heating process of WC-Ni cermet 

brazing coating 
 
(2). Microstructure characterizations 
WC-Ni cermet brazing coatings surface 

examination was investigated by SEM (JEOL JSM-
5600) under an accelerating voltage of 20 kV. The 
compositional analysis was carried out by EDS 
during SEM measurement. A Microspec 6 xstal 
wavelength dispersive X-ray detector was used for 
light and trace element analysis. Distribution of each 
element was analyzed using EPMA (JEOL JXA-
8900R).  

 
(3). Electrochemical measurement 
Electrochemical measurements were performed in 

a three-electrode cell using a Solartron 1287 
Electrochemical Interface coupled with a 1260 
Impedance/Gain-Phase Analyzer, and Zplot and 

CorrWare software packages. The cell was open to air 
and the measurements were conducted at room 
temperature. The cladding coatings material with a 
substrate of mild steel was used for the working 
electrodes (WEs). Platinum foil was used as the 
counter electrode, and the saturated calomel electrode 
(SCE) as a reference electrode. The WEs with an 
exposing area of 1cm2 were mechanically polished, 
rinsed with deionized water, and degreased with 
ethanol. The degreased WEs were then inserted into 
0.5M HCl solution. During the measurement, the 
solution was not stirred or deaerated. All potential 
values were reported in mV (SCE). Polarization 
studies were carried out in the potential range -0.5 
V~1V versus corrosion potential (Ecorr) at 1 mVs−1. 
The EIS experiments were performed at open circuit 
potential over a frequency range 0.02 Hz–100 kHz. 
The sinusoidal potential perturbation is 5 mV in 
amplitude. At least two sets of measurement were 
made for per sample to ensure reproducibility of the 
results. 

 
3. Results 

 (1). Microstructure characterization 
During the vacuum brazing process at high 

temperature, the Ni based binder melts and infiltrates 
into the porosities of WC particles caused by 
debinding. Diffusion and metallurgical reaction 
occurred at the interfaces of the WC and Ni based 
sheet. The substrate is also wetted by the binder 
metal. A metallurgical bonded composite coating of 
WC is formed after brazing. Microstructures of the 
WC-Ni cermet brazing coatings are shown in the 
optical microscopy (OM) image in Fig. 3. The 
specimen for SEM observation was etched with the 
Murakami’s etchant. After that, the specimen was 
etched again with etchant consisting of 30 vol.% HF 
and 70 vol.% HNO3 to reveal the microstructure of 
the coating. 

 

 
 

Fig. 3 – The OM image of WC-Ni cermet 
brazing coating  
Fig. 4 is shown SEM images of the WC-Ni cermet 
brazing coatings to high resolution analysis. 
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Fig. 4 – SEM images of the WC-Ni cermet 
brazing coatings as polished (a) X330; (b)X2000; 
(c) X3000 

 
(2). EIS measurements 
The impedance measurements were conducted on 

the WC-Ni cermet brazing coatings electrodes with a 
substrate of mild steel in 0.5 M HCl solution. Nyquist 
plots for different immersion time are shown in Fig. 
5. The shape of measured impedance loops were like 
pressed semicircles. The center points of loops were 
below the real axis. 
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Fig. 5 – Nyquist plots of the WC-Ni cermet 
brazing coatings electrode on the mild steel 
substrate in 0.5 M HCl solution after different 
immersion time. 

 
At the initial stage of immersion, the WC-Ni 

cermet brazing coatings acted as a barrier layer, and 
the equivalent circuit models employed for this 
system are presented in Fig. 6 [8], [9]. 

 

 
Fig. 6 – Equivalent circuits of the impedance 

spectra for the WC-Ni cermet brazing coatings 
electrode in 0.5 M HCl solution 
 

4. Discussion 
 (1). Microstructure characterization 

During the vacuum brazing process, WC and Ni 
based alloy sheets were melted when brazing 
temperature reached at 980 ºC. As the temperature 
kept increasing, the Ni-based alloy liquid wetted and 
infiltrated into the WC sheet, then was spread on the 
substrate surface after infiltrating to the 
coating/substrate interface. Finally, a metallurgical 
bonded coating was produced [7]. The interfacial 
bonding zone (bonding line) on coating/substrate 
interface was formed well as shown Fig. 3.  

The WC-Ni cermet brazing coatings have a rough 
surface with visible grains of the incorporated WC 
powders. It is obvious that the WC particles were 
cemented by the Ni-based alloy matrix. The 
distribution of WC particles is not homogeneous. The 
surface of the brazed coatings has some crevices. 
When the melted Ni-based binder is not enough to fill 
the interspaces of WC particles, the clearance 
between the WC particles is exposed on the brazed 
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coating surface to form these porosities. The WC 
particles in the brazed coatings show generally sphere 
shapes in the matrix but irregular shape, such as 
globular or angular grains on the surface. The sizes of 
the WC grains vary from 1μm to 10μm within the 
brazed coating. The WC particles have a tendency of 
agglomeration. During the brazing process, Ni-based 
alloy sheet on the surface was dissolved so that the 
fine WC particles were detached from the large WC 
particle surface. At the same time, the fine WC 
particles were wetted and moved downward with the 
liquid Ni-base alloy while the liquid Ni-base alloy 
infiltrated into the coating/substrate interface. 
Therefore, the fine WC layer was formed beneath the 
top layer [10]. 

Chemical composition analyses by EDS on 
different spots, marked as “A” to “D” in Fig. 4, are 
shown in Table 1. Elemental compositions of the “B” 
spot and the “C” spot in Figs 4 (b) and (c) suggest a 
Ni-based matrix, while the “A” spot in Fig. 4 (b) is 
found to be WC phase for its higher W content. A 
higher Cr concentration is also observed for the “A” 
spot. This shows the Ni-based filler melts and 
infiltrates the surface of WC grains during the brazing 
process [11]. The “D” spot is sited at the bottom of 
the surface cavity of the brazed coatings. The higher 
Ni content in the “D” spot indicates the liquid Ni-
based alloy spreads on the brazed coating. 

 
Table 1. Results of the EDS analysis of 

chemical composition for the WC/NiCrSi cladding 
coating 

Composition 

(wt.%) 
A B C D 

C 18.26 12.65 7 6.56 

O 12.85 14.72 6.52 4.59 

Si 5.87 1.54 0.58 0.62 

W 46.78 6.98 19.56 42.62 

Cr 4.59 2.7 8.58 8.45 

Fe 4.33 3.26 3.78 4.13 

Ni 7.32 58.15 53.98 33.03 

  
Fig. 5 shows the microstructure and distribution of 

elements at the interface of coating/substrate analyzed 
by using EPMA. EPMA line-scan was performed as 
shown in Fig. 5 (a). Distribution of each element was 
shown in Fig. 5 (b).  There exists a top layer, a fine 
WC layer, a 20μm thick brazing seam and a diffusion 
zone in the substrate. It shows that Ni and Cr diffused 
into the substrate and Fe dissolved into liquid NiCrSi 

alloy. 
 

 
 
 

 
 

Fig. 4 – Microstructure and distribution of 
element at the interface of WC/NiCrSi cladding 
coating/substrate (a) scaing line on 
microstructure; (b) distributions of each element 

 
 (2). EIS measurements 

These circuits generally fall in with the classical 
parallel capacitor and resistor combination with the 
solution resistance. In the circuits, R represents a 
resistor (Rs represents solution resistance; Rct, 
coating resistance) and Cc is the coating capacitor.  
Since the electrochemical systems show various types 
of inhomogeneities, Cc can be better substituted by a 
constant phase element (CPE, Qc). The admittance of 
CPE is described as: 

 
( )0

nQ Y jw=                      (1) 
 

(a) 

(b) 
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where j is the imaginary root, ω the angular 
frequency, Y0 the magnitude and n is the exponential 
term [12]. The ZSimpWin software is used for 
impedance data analysis and the fit parameters are 
listed in Table 2. 

 
Table 2. Electrochemical impedance 

parameters for the WC-Ni cermet brazing 
coatings in 0.5 M HCl solution after different 
immersion time 

Time 
(h) 

Rs CPE Rct 

(Ω•cm2) Y0 
(S•sncm-2) n (Ω•cm2) 

2h 2.687 0.0002605 0.9113 2824 

4h 2.572 0.0002595 0.9146 3586 

8h 2.491 0.0002626 0.917 2926 

16h 2.473 0.0002764 0.9143 5637 

24h 2.592 0.0002765 0.9232 3226 

30h 2.628 0.0002862 0.9222 3828 

48h 2.66 0.000309 0.9188 8237 

72h 2.566 0.0003126 0.9148 7303 

96h 2.445 0.0003294 0.8996 6867 

 
 It is obvious that the Rct values increased 
greatly during the initial 16 h immersion, and get to 
its maximum value of 5.637 kΩ•cm2. Afterward it 
remained slightly decreasing to 3.226 kΩ•cm2 after 
24h immersion. It means that the spontaneous 
passivity exists for the WC-Ni cermet brazing 
coatings in 0.5M HCl solution. This behavior was 
also observed by Tomlinson and Aw [13], [14]. They 
reported that the Ni binder in the WC composite 
coatings had an excellent passivity property. In 
addition, the Rct value increased dramatically to 
8.237 kΩ•cm2 and decreased slightly again to 6.867 
kΩ•cm2 after 96h immersion. It means the passive 
film foamed by Ni binder was damaged from acidic 
chloride medium and recovered. The EIS results 
suggest that the WC-Ni cermet brazing coatings have 
good corrosion-resistance in acidic chloride medium. 

 
5. Conclusion 
The WC-Ni cermet brazing coatings shows good 

corrosion-resistance performance in acidic chloride 
media reflecting mainly passivity property of Ni 

binder. 
The corrosion degradation of the WC-Ni cermet 

brazing coatings generally presents a preferential 
dissolution of Ni binder. WC also dissolves at a lower 
dissolution rate.  

Oxidation products accelerated the dissolution of 
Ni binder exist on the WC-Ni cermet brazing coatings 
surface.  

A spontaneous passivity is observed for the WC-
Ni cermet brazing coatings in 0.5M HCl solution. 
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ABSTRACT 
The main components of the molds the cavities and inserts, which gave the final shape of 
the part, have a life time limited to a number of cycles due to the wear caused by the 
temperature of the injected aluminium in the mould, due to the thermal fatigue, due to the 
cracks which appears mainly in the ingate area and due to the undercuts or under washes 
caused by the aluminium injected with high pressure in the cavities. 
 

Keywords: Mold, Aluminium, High Pressure Die Casting, Surface Treatment, Hard Surface 

 

 
1. Introduction 
In order to increase the lifetime of the molds and 

in order to increase the resistance of the ingate areas 
with the aim to diminuate the under washes caused by 
the flux of the aluminium a thin ceramic material can 
be applied on the surface of the active elements of the 
moulds usually tungsten carbide or titanium carbide 
with the method named rocklinizer. 

 
2. Materials used for hard surface treatment 

in case of moulds 

 
Fig. 1 - Tungsten carbide structure 

Tungsten carbide or wolfram carbide, WC, or 

Tungsten semicarbide, W2C, are chemical 
compositions which contains tungsten and carbide, 
similar to titan carbide. 

Figure 1 shows the structure of the tungsten 
carbide. The carbon atoms are in gray and the blue 
atoms are the wolfram atoms. 

Tungsten carbide (WC) is an inorganic chemical 
compound containing equal parts of tungsten and 
carbon atoms. Colloquially, tungsten carbide is often 
simply called carbide. In its most basic form, it is a 
fine gray powder, but it can be pressed and formed 
into shapes for use in industrial machinery, tools, 
abrasives, as well as jewelery. 

Tungsten carbide is approximately three times 
stiffer than steel, with a Young's modulus of 
approximately 550 GPa, and is much denser than 
steel or titanium. It is comparable with corundum (α-
Al2O3 or sapphire) in hardness and can only be 
polished and finished with abrasives of superior 
hardness such as silicon carbide, cubic boron nitride 
and diamond amongst others , in the form of powder, 
wheels and compounds. 

In the table 1 are presented the physical properties 
of the tungsten carbide. 
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Table 1. Physical properties of the tungsten 
carbide 

Molecular formula: WC 
Molar mass 195.86 g·mol−1 
Appearence grey-black lustrous solid 
Density 15.8 g·cm−3 in solid condition 
Melting point 2870 °C, 5198 °F (3143K) 
Boiling point 6000°C, 10832 °F (6273K) 
Solubility in water insoluble 
Cristal structure hexagonal 
Hardness 8.5–9.0 Mohs scale 

22 GPa Vickers hardness 
Electrical resistivity  (1.7–2.2x10-7 ohm-m) 

comparable with metals like 
vanadium 1.99×10−7 Ohm·m 

 
The chemical properties of the tungsten carbide 

are described bellow. There are two well 
characterized compounds of tungsten and carbon, WC 
and tungsten semicarbide, W2C. Both compounds 
may be present in coatings and the proportions can 
depend on the coating method.  

WC can be prepared by reaction of tungsten metal 
and carbon at 1400–2000 °C. Other methods include 
a patented fluid bed process that reacts either tungsten 
metal or blue WO3 with CO/CO2 mixture and H2 
between 900 and 1200 °C. Chemical vapor deposition 
methods that have been investigated include:  

- tungsten hexachloride with hydrogen, as 
reducing agent and methane as the source of carbon at 
670 °C (1,238 °F)  

WCl6 + H2 + CH4 → WC + 6 HCl  
- reacting tungsten hexafluoride with hydrogen as 

reducing agent and methanol as source of carbon at 
350 °C (662 °F)  

WF6 + H2 + CH3OH → WC + 6 HF + H2O 
At high temperatures WC decomposes to tungsten 

and carbon and this can occur during high 
temperature thermal spray, e.g. high velocity oxygen 
fuel (HVOF) and high energy plasma (HEP) methods.  

Oxidation of WC starts at 500–600 °C. It is 
resistant to acids and is only attacked by hydrofluoric 
acid/nitric acid (HF/HNO3) mixtures above room 
temperature. It reacts with fluorine gas at room 
temperature and chlorine above 400 °C (752 °F) and 
is unreactive to dry H2 up to its melting point.  

WC has been investigated for its potential use as a 
catalyst and it has been found to resemble platinum in 
its catalysis of the production of water from hydrogen 
and oxygen at room temperature, the reduction of 
tungsten trioxide by hydrogen in the presence of 
water, and the isomerisation of 2,2-dimethylpropane 
to 2-methylbutane. It has been proposed as a 
replacement for the iridium catalyst in hydrazine 
powered satellite thrusters.  

Carbide cutting surfaces are often used for 
machining through materials such as carbon or 
stainless steel, as well as in situations where other 
tools would wear away, such as high-quantity 

production runs. Carbide generally produces a better 
finish on the part, and allows faster machining. 
Carbide tools can also withstand higher temperatures 
than standard high speed steel tools. The material is 
usually called cemented carbide, hard metal or 
tungsten-carbide cobalt: it is a metal matrix 
composite where tungsten carbide particles are the 
aggregate and metallic cobalt serves as the matrix.  
Titanium carbide, TiC, is an extremely hard (Mohs 9-
9.5) refractory metallic material, similar to tungsten 
carbide. 

 
Fig. 2 – The molecular structure of the titan 

carbide TiC 
It is commercially used in tool bits. It has the 

appearance of black powder with NaCl-type face 
centered cubic crystal structure. It is mainly used in 
preparation of cermets, which are frequently used to 
machine steel materials at high cutting speed. 

The resistance to wear, corrosion, and oxidation 
of a tungsten carbide-cobalt material can be increased 
by adding 6-30% of titanium carbide to tungsten 
carbide. This forms a solid solution that is more 
brittle and susceptible to breakage than the original 
material. 

Tool bits without tungsten content can be made of 
titanium carbide in nickel-cobalt matrix cermets, 
enhancing the cutting speed, precision, and 
smoothness of the work piece.  

This material is sometimes called high-tech 
ceramics and is used as a heat shield for atmospheric 
reentry of spacecraft. The substance may be also 
polished and used in scratch-proof watches. 

It can be etched with reactive-ion etching. 
The mineralogical form is very rare and called 

khamrabaevite - (Ti,V,Fe)C. 
In the table 2 are presented the physical properties 

of the titan carbide. 
 

Table 2 - Physical properties of the titan carbide  
Molecular formula TiC 
Molar mass 59.89 g/mol 
Appearance black powder 
Density 4.93 g/cm3 
Melting point 3160 °C 
Boiling point 4820 °C, 5093 K, 8708 °F 
Crystal structure cubic 
Hardness Mohs 9-9.5 
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3. The rocklinizer coating method 
The method consists in applying of a hard and 

wear resistant surface of tungsten carbide, titanium 
carbide and rockhard electrode material on the active 
surface of the tools and dies with the aim to prevent 
wear or to repair. The method is possible to be 
realized by using of the rocklinizer equipment, 
according the rocklinizing process. 

The rocklinizer electronically impregnates and 
deposits wear-resistant material both underneath and 
on top of metal surfaces.  Unlike welding or metal 
spraying, no appreciable heat is generated, and the 
electrode material will not separate or flake off the 
work piece.  After rocklinizing, no heat treatment, 
grinding or other surface treatment is necessary.  

The end result of this surface treatment is to 
increase productivity and reduce costs.  When the 
tools and dies remain in operation without 
replacement due to wear, there will be less machine 
downtime, operator idle time, and expense of new or 
resharpened tools and dies.  These savings justify the 
efficiency of the rocklinizer method. 

The portable rocklinizer allows wear prevention 
and maintenance to be easily performed.  

The rocklinizer Beamed Thunderbolt Gun is 
automatically triggered when the electrode is placed 
in contact with the workpiece, or manually triggered 
by the operator.  Deposits are available from .0001" 
to .004" in a single application, controllable within 
.0001" by machine dial setting.  Typical deposits are 
obtained from rocklinizing hardened tool steel.  

Rocklinizing is applied to new or reground and 
resharpened surfaces. 

The Rocklinizer device applies electronically the 
material of the electrode into the work piece with a 
spark deposition method, where the work piece 
represents the anode and the ceramic electrode is the 
anode. 

 
4. Equipments for coating  
There are four different models of Rocklinizer 

equipment which can be chosen in function of 
specific needs.  Each model is equiped with:  power 
supply, applicator, electrode package and operating 
instructions. 

In the table 3 are presented the equipments for 
coating. 

Table 3 – Rocklinizer equipment models 

MODEL / WEIGHT DESCRIPTION 

800/800E - Deposits up to 
.007"  
(approx.) 29 lbs. (13.2 kg.)
 

Faster Application  
Rotary Applicator  
Digital Readout  
Touch Panel Controls  
Portable 
Model 800 Rotary 
Applicator is 
automatically triggered 
when electrode is placed 
in contact with work 

piece, or manually 
triggered by the operator.

600/600E - Deposits up to 
.004"  
(approx.) 49 lbs. (22.3 kg.)

Model 600 Applicator 
Gun is automatically 
triggered when electrode 
is placed in contact with 
work piece, or manually 
triggered by the operator.

500/500E - Deposits up to 
.002"  
(approx.) 33 lbs. (14.5 kg.)

Model 500 Applicator 
Gun is automatically 
triggered when electrode 
is placed in contact with 
work piece, or manually 
triggered by the operator.

380/380E - Deposits up to 
.001"  
(approx.) 26 lbs. (11.8 kg.)

Model 380 has variable 
discharge positions. 

The Rocklinizer uses three types of electrodes to 
apply a hard and wear resistant surface:  

- Tungsten carbide is applied to high speed steel 
and other metal surfaces to prolong useful life and 
reduce wear.  

- Titanium carbide alleviates structural drawbacks 
of carbide tools and inserts.  This seals the 
compressed carbide and binder particles for a 
homogeneous and longer lasting surface.  

- Rockhard electrodes build up materials, reclaim 
undersized tools by restoring tolerances, provide 
gripping on collets and clamping blocks, and 
maintain dimensions on bearings, shafts, and other 
metal surfaces.  

In the tables 4, 5 and 6 are presented the electrode 
and mini electrode models used for coating and the 
main accessories of the equipment. 

 
Table 4 – Rocklinizer electrode models 

ROCKLINIZER 
ELECTRODES 

DIAMETER 

8210 Tungsten Carbide 3/16" dia.  x 2" 

8211 Tungsten Carbide 1/8 " dia.  x 2" 

8212 Tungsten Carbide 3/32" dia.  x 2" 

8213 Tungsten Carbide 1/16" dia.  x 2" 

9251 Titanium Carbide 3/16" dia.  x 2" 

9252 Titanium Carbide 1/8 " dia.  x 2" 

9253 Titanium Carbide 3/32" dia.  x 2" 

9312 Rockhard 1/8 " dia.  x 4" 

9314 Rockhard 3/16" dia.  x 4" 
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Table 5 – Rocklinizer mini electrode models 
ROCKLINIZER MINI ELECTRODES 

8335-A Mini Electrode Holder  

8235 Tungsten Carbide .020" dia.  x 2" 
8236 Tungsten Carbide .030" dia.  x 2" 
8237 Tungsten Carbide .040" dia.  x 2" 

 
The end result of this surface treatment is to 

increase productivity and reduce costs.  When tools 
and dies remain in operation without replacement due 
to wear, there will be less machine downtime, 
operator idle time, set-up, inspection time, and the 
expense of new or resharpened tools and dies. 

 
Table 6 – Rocklinizer accesories 

ROCKLINIZER ACCESSORIES 
9250-A Applicator Gun (for use with Models  380 / 
500 / 600) 

9207-A Tool Post Gun w Mounting Assembly (for 
use with Models 380 / 500 / 600) 

800-400 Rotary Applicator (for use with Model 
800) 

800-460 Magnetic Ground (for use with any 
Model) 

 
5. Common applications of the rocklinizer 

coating method 
The Rocklinizer applies tungsten carbide, titanium 

carbide and Rockhard electrode material to metals, 
tools and dies.  The Rocklinizer can be used with 
many tools and materials, from punches to drills to 
bearings, etc. 

In the table 7 are presented the main applications 
of the Rocklinizer method. 
 
Table 7 – Applications of the Rocklinizer methods 

 
Punches & Dies 

 
Die Casting 

 
Collets & Chucks

 
Knives & Shears 

 
Saws 

 
Hobs 

 
Drills 

 
Taps 

 
End Mills 

 
Broaches 

 
Chasers 

 
Form Tools 

 
Cutoffs 

 
Bearings 

 
Carbide Inserts 

 
Reamers 

 
Milling & Thread 

Cutters 

 
Tool Bits 

 
6. Applications of the rocklinizer coating 

method in case of moulds 
In the case of die casting dies and cores the hard 

coating apply has the following method: The 
electrode is applied to metal surfaces which come in 
contact with hot metals. The gate channel has to be 
coated with heavier Rocklinizer electrode deposit of 
0.002". On cores has to be applied a coating of  
0.0003" up to 0.0005" on areas where draw is made. 
Sometimes Rocklinized cores draw better than highly 
polished cores. Rocklinize heavier coatings have to 
be applied on areas which tend to solder to dies. 

In the case of Die Casting the method helps to 
restore parting lines, to prevent heat checking, 
soldering, seizing of cores and protect gates and 
runners. 

 

 
Fig. 3 – Coated  areas in the case of a HPDC 

mould for a gearbox suspension bracket  

Coating has to 
be applied on 
the ingate area 

Coating has to 
be applied 
also on the 
opposite 
surface to the 
ingate area 

Cavity of 
the mold 

High pressure 
diecast 
gearbox 
suspension 
bracket 
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In the fig. 3 are presented the areas where 

rocklinizer coating is applied in the case of a mould 
for a gearbox suspension bracket. 
 

 
Fig. 4 – Orientation of the molten aluminium to 

the steel of the mould  
 

 
 

Fig. 5 – Coated  areas in the case of a HPDC 
mould for a pinion housing  

 

 
 

Fig. 6 – Coated  areas in the case of a HPDC 
mould for a pinion housing  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig.  7 – Coated  areas in the case of a HPDC 
mould for an engine oilpan  

 
In the fig. 4  can be observed that the way of the 

molten aluminium is orientated directly to the steel of 

Coating has to 
be applied on 
the ingate

Molten 
aluminium 
660°C - 

Cavity of 
the mold 

Angle of the 
runner with the 
steel 

Coating has to 
be applied on 
the ingate area 

Coating has to 
be applied 
also on the 
opposite 
surface to the 
ingate area 

Cavities of 
the mold  
mobile side 

High 
pressure 
diecast 
Engine Oil 
Pan

Runner & 
Ingate 

Cavity of 
the mold  
fix side 
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the mould, which at high speed of second phase can 
cause soldering of the aluminium to the steel of the 
mould. 

By applying the ceramic treatment the effect of 
soldering is minimized or eliminated. 

In the fig. 5 and fig. 6 are presented the areas 
where rocklinizer coating is applied in the case of a 
mould for a pinion housing. 

In the fig. 7 are presented the areas where 
rocklinizer coating is applied in the case of a mould 
for an engine oil pan. 
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ABSTRACT 
Lately people have become more aware of the environment problems reflected in climatic 
changes, material price endearing, environmental laws tightening etc. Medical area 
showed an increased concern regarding this issue due to its main interest which is health 
and life quality of people. Related to this aim, in this article were made some FE 
simulations for a pre-established medical part using a pure Aluminum and AlMg3 
material in order to investigate the materials behaviour during the cold hydroforming 
process and to find out which are the advantages of using these types of materials in 
comparison with those already used in this field.  

Keywords: Medical device, sheet hydroforming, FEA. 

 
1. Introduction 
Similar to the industry’s concern regarding the 

global warming, greenhouse gases and pollution 
effects, medicine area has the main preoccupation of 
materials and energy consumption reduction as for 
the used medical devices. The necessity of the 
product sustainable designing which offers several 
opportunities: environmentally friendly materials 
choosing, wastes minimization, energetic efficiency 
etc., is only one of the possible approached strategies 

[1]. The medical domain has also presented a real 
interest in the lightweight materials which besides the 
advantage of the pollutant emission level reduction 
have also the benefit of having products / devices up 
to 40-70 % lightweight in comparison with the 
conventional steels. 

The kidney shape part presented in the below 
figure is a medical tray which normally is made of a 
stainless steel material.  

 

Fig. 1 – Medical design shape 
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The encountered problems with this type of 
material are those related to the acquisition high costs 
and to the high technology machines and proper 
techniques that are required for its manufacturing. 

In order to eliminate or to decrease these forms of 
inconveniences, other materials will be analyzed in 
this article. 

The technology used for forming the shown 
medical device was cold hydroforming. 

The hydroforming processes were accepted 
largely by industry for their advantages of being able 
to obtain good quality parts, high precision, an 
increased forming coefficient and of course the 
possibility of manufacturing complex shape parts [2], 
[3]. Among the advantages of the hydroformed parts 
there can also be specified those regarding the 
reduction of the parts or subassemblies number, the 
part height reducing through a more efficient part 
design, the high part resistance related to the weight 
and so on.  
 

2. Materials and Methods 
In the last years FE simulations have been 

increasingly used as a preliminary step in the forming 
processes. 

The correct simulation prediction in terms of 
material behaviour during the sheet hydroforming 
processes is an important phase for finding the best 
experimental solutions. FE simulations are used 
mainly to displace the laborious and expensive 
experimental work with the quick and cheap 
simulations carried on the computer [4].  

Developing in good condition of the 
hydroforming processes requires a correct 
establishment of the operation parameters, especially 
of the pressure variation diagram. The empirically 
level pressure determination would lead to an 
increased number of tests and wasting of blanks. In 
the case of complex geometry parts the success of 
such an approach is very unlikely. Numerical 
simulation of the hydroforming process is a much 
more efficient variant, both in terms of time 
consumption and quality results. 

FE simulations are a very used tool in industry not 
only for testing the reliability of some parts but also 
for testing their working performances. 

For the FE simulation of the hydroforming 
process, DYNAFORM program has been used [5]. In 
order to reduce the simulation calculated time during 
the carried out simulated experiments the axial 
symmetry of the part has been taken into 
consideration. 

Before starting the FEA, tensile tests have been 
made firstly for the chosen materials in order to found 
out exactly which the mechanical properties are. 

The chosen materials for this part forming 

simulation were highlight materials, AA1050 – O in 1 
mm and AlMg3 in 0.6 mm.  

Due to the fact that Aluminum with its alloys 
present low density values, they can also assure good 
performances related to resistance by increasing the 
blank thickness, which is possible without affecting 
the weight performances [1]. 

   
Table 1. Mechanical properties 

Material AA1050-O AlMg3 
Thickness  
[mm] 

1 0.6 

Yield strength 
[MPa] 

35 113 

Young modulus  
[MPa] 

67*103 70.8*103 

Elongation A80 

[%] 
20 18 

Hardening 
model 

nKεσ =  nKεσ =  

K 
[MPa] 

110 383 

n 0.24 0.26 
 

Besides the above information provided by tensile 
tests, the other input data required by simulations 
were the maximum inner pressure and the cushion 
force value specific to every single material.  

For AlMg3 the calculated maximum inner 
pressure was 23.5 MPa and 90 kN was the force value 
developed by the cushion. In the AA1050 - O case the 
resulted data were 14.3 MPa for the inner pressure 
and 98 kN for the cushion force.  For obtaining the 
above results, the following equations were used: 

 













=
2min,1min,

r
max

2
,max

r

s

r

s
p rσσ

                        (1) 

 
Where: s - nominal thickness of the blank; 
              σr  -  tensile strength of the blank 

material; 
              rmin,1 - minimum radius of the 

hydroformed part’s simple curvature zone; 
              rmin,2 - minimum radius of the 

hydroformed part’s double curvature zone. 
 
Equation (1) has its origin in the membrane 

theory, shown by [6]. 
 

fpfph qAAAApF +−−= )(max            (2) 
 
Where: A - whole blank area; 
             Af - flange area of the blank; 
              Ap - area of the cross sections pistons 
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from the lower plate; 
              q – retaining pressure in MPa specific to 

the material type. 
 
3. Results 
The outstanding problem met for the pre-

established part design using the process of 
hydroforming was the high thinning level resulted. In 
order to decrease this inconvenient as much as 
possible for each material in part, there has been used 
a PTFE foil between blank and hydroforming die. In 
this way the friction coefficient was reduced to 0.01 
and the obtained results were much better [7]. 

For obtaining correct data regarding the above 
mentioned problem and to facilitate the analyzing 
process of the numerical results provided by the 
simulation, there has been used the DYNAFORM 
postprocessor which is eta/POST [8]. The eta/POST 
provides some useful information regarding to: 

• Part thickness distribution at the final stage 
of the hydroforming process (fig. 2, 4 – 
without PTFE foil and fig. 3, 5 with PTFE 
foil);  
 

 
Fig. 2 – Thickness distribution in mm for AA1050-

O – without PTFE foil 
 

 
Fig. 3 – Simulation results regarding the AA1050-

O thickness [mm] – with PTFE foil 
 

 

 
Fig. 4 – Thickness distribution in mm for AlMg3 -

without PTFE foil 
 

 
Fig. 5 – Thickness distribution in mm for AlMg3 – 

with PTFE foil 
 

• Safety level analysis of the reached 
deformations [9], [10] (fig. 6, 8 – without 
PTFE foil and fig. 7, 9 – with PTFE foil); 

 

 
Fig. 6 – AA1050-O FLD diagram –without PTFE 

foil  
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Fig. 7 – Deformation results provided by the 
simulation for AA1050-O –with PTFE foil 

 

 
Fig. 8 – AlMg3 FLD diagram –without PTFE foil 

 

 
Fig. 9 – AlMg3 FLD diagram –with PTFE foil 

 
• Analysis of the material die filling rate at the 

end of the forming process (fig. 10, 12 – 
without PTFE foil and fig. 11, 13 – with 
PTFE foil). 

 

 
Fig. 10 – Distance between tool and blank for 

AA1050–O – without PTFE foil 
 

 
Fig. 11 – Die filling rate in mm for AA1050-O – 

with PTFE foil 
 

 
Fig. 12 – Die filling rate in mm for AlMg3 – 

without PTFE foil 
 

 
Fig. 13 – Die filling rate in mm for AlMg3 – with 

PTFE foil 
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• Edge movement (fig. 14, 16 – without PTFE 

foil) 
 

 
Fig. 14 – Diagram of the blank material die filling 

for AA1050-O – without PTFE foil 
 

 
Fig. 15 – Distance between hydroforming die and 

formed medical device for AA1050-O – with PTFE 
foil  

 
In fig. 15 and 17 is shown the edge movement – with 
PTFE foil. 
 

 
Fig. 16 – Distance between hydroforming die and 
formed medical device for AlMg3 – without PTFE 

foil  

 
Fig. 17 – Distance between hydroforming die and 

formed medical device for AlMg3 – with PTFE foil 
 

4. Discussion 
As it can be seen in the above diagrams the 

obtained results after the friction coefficient 
decreasing were better for both two materials. 

In the AA1050-O case with no PTFE foil 
utilization, the material thinning after the process 
simulation was around 36 % (fig. 2) much more 
comparable with 14 % thinning reached along with 
PTFE foil application (fig. 3). Either for AlMg3 the 
met phenomenon related to the material thinning was 
the same: 38 % - without (fig. 4) and 16 % with PTFE 
foil (fig. 5).  

The maximum reached thinning was met in the 12 
bottom radius area of the medical device, where the 
material was last deformed.  

The advantages of using a PTFE foil can be also 
observed in the figures which describe the material 
behaviour during the hydroforming process 
simulation. In the case of using a 0.09 coefficient 
friction for AA1050-O there is the risk of cracking 
and also that one of necking in the flange zone (fig. 
6). Another inconvenient could be the insufficient 
stretch of the material from the flange area which 
leads to the increased thinning of the material in the 
zone that is ultimately formed (fig. 2). 

When the PTFE foil is used all these 
disadvantages are borne away (fig. 7). The material 
deformations are in the safe domain and the flange 
material is uniformly stretched. 

When it comes to AlMg3, the problems of high 
friction can be noticed in fig. 8 because of the 
occurred crack and insufficient stretch of the flange 
material. 

The distance values between the already formed 
part and hydroforming die for those two variants are 
pretty closed ones to others. Both of them are roughly 
1 mm in maximum.  

Considering the material flowing rate during the 
forming process, it can be seen by far that in the 0.01 
friction coefficient cases (fig. 15, 17) the material 
flowed much more than in the other cases (fig. 14, 
16) because of the decreased friction between blank 
material and hydroforming die.  

 
5. Conclusions 
Analyzing the results provided by the FE 
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simulation it can be stated the fact that using these 
types of materials would be a good solution for the 
medical devices manufacturing due to the uncritical 
material thinning obtained, no risk of cracking or 
necking in the important areas and the material 
forming properties.   

The obtained results using an Aluminum material 
(AA1050 – O with a 1 mm thickness or AlMg3 in 0.6 
mm) for forming the pre-established medical device 
shape showed that using lightweight materials offers 
the possibility of forming parts as good as from 
stainless steel materials and the chance of utilizing 
less polluted materials during their lifecycle and thus 
being more environmentally friendly. It was proved   
that by replacing only one kilogram of steel with 
aluminum, between 13 and 20 kg of greenhouse gas 
emissions [1] are prevented from getting into the 
atmosphere. 
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ABSTRACT 
The stamping of parallelepiped parts represents a complex process of cold plastic 

deformation. The internal tension and deformation of the material along the part contour 

is uneven, showing big differences from one area to another. The unevenness of 

deformations is bigger as the height of the part is bigger and the radiuses at the corners 

are smaller. The parallelepiped parts that can be stamped with one operation have the 

ratio between height and width smaller than 0.5, parts that are considered short.  The 

present paper studies the optimal shape and dimensions of the semi-finished part for 

stamping the parallelepiped parts that are short with small corner radiuses, so that after 

the pressing the height of the walls will be uniform and eliminate the later trimming 

operations. 

 

Keywords: stamping, parallelepiped parts, small corner radiuses, unevenness of 

deformations, optimizing shape   

 

1. Introduction 

Determining the shape and dimensions of the 

semi-finished parts is realized according to the law of 

constant volume. When the pressing is done without 

the intentional thinning of the parts wall, the changes 

of the thickness are neglected, and  the dimensions of 

the semi-finished part result from it's surface that is 

equal to the surface of the finished part [8], [9], [10]. 

If the shape and dimensions of the semi-finished parts 

are not properly established, the side walls will result 

with uneven height (fig. 1)  and will require an extra 

cutting operation. 

 

 
 

Fig. 1. - Part with side walls that have an uneven 

height 

  

Determining the shape and dimensions of the 

plane parts necessary for obtaining the parallelepiped 

parts is done with the assumption that in the corner 

areas, a pressing process takes place, and in the plane 

wall areas the deforming process is similar to a 

bending process.[2], [3],  [5], [7].  

The bigger the relative height of the parts is, the 

flowing of the material will be more intense from the 

corner areas to the plane wall areas. That is why, 

when determining the shape and dimensions of the 

semi-finished parts, the distinction has to be made, 

between the pressing of the short parts ( 5,0
b

h
〈 ), 

which can be realized in the majority of cases with 

one single operation, the pressing of the middle-

height parts ( 7,0...5,0
b

h
= ) and the tall ones 

( 7,0
b

h
〉 ),which are realized with several operations 

[4], [6]. 

The present paper wants to optimize the shape and 

dimensions of the semi-finished parts for pressing the 

short parallelepiped parts with small corner radiuses 

(domain I, fig. 2), in which case the shape and 

dimensions of the plane parts can be determined 

exactly, so that after the pressing, cutting of the edges 

will no longer be necessar. [4], [11]. 
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Fig. 2 - The domain of short parts with relatively 

small corner radiuses 

 

In this case, the shape and dimensions of the semi-

finished parts are determined by the present graph, 

with the equality of the areas method [4],   [6].  

The contour configuration for the semi-finished 

part for the short parallelepiped parts with relatively 

small (
b

rc
) corner radiuses, is established in this way 

(fig.3): 

• the total length of the side walls is determined 

"l", as in the case of the bending, using the 

equation: 

 

g215,0r57,0hl −+=
  (1) 

 

and parallel lines are drawn for the part's edges 

at the distance of "l"; 

• the dimensions B and L of the semi-finished 

part will be determined with the help of these 

equations: 

 
l2)gr(2bB ++−=
;  (2) 

 
l2)gr(2aL ++−=

;  (3) 

 

• the R radius is calculated, as in the case of 

pressing the cylindrical part with the diameter 

of 2 rc and the height h, formed by the four 

corners of the parallelepiped part, using the 

equation: 

 

 

 
 

Fig. 3 - Establishing the contour of the semi-

finished parts for the pressing of short parts with 

relatively small corner radiuses  

 

• from point O, two perpendicular lines are 

drawn on the part's edges, that intersects the 

parallel lines drawn on it's edges in points a and 

b, and then an arc with the radius of  R and 

center O is created, that intersects the two 

perpendicular lines in points c and d; 

• the middle of ac and bd segments are marked 

with n and p, and through these two points 

tangents to the circle (R radius) are created; 

• the angles created by the two tangents with the 

parallel lines of the part's edges are rounded 

with arcs that have the radius of R and that is 

how the contour of the plane semi-finished part 

is created. 

 

2. Optimization calculations 

A study has been made of a parallelepiped part 

with the height of h=30mm, width of b=100mm and 

the round radius that varies between rc= 2…12mm. 

With these values, the part is accordingly to fig. 2, in 

the category of short parts with small corner radiuses.  

The unevenness of the flow is bigger as the 

difference between ac and bd increases (fig. 3), 

between the total unfolded length "l" of the plane 

walls and the R radius. Because of this, the way that 

the values "l" and R varies according to the 

geometrical parameters of the part has been studied. 

From the equations 1 and 4 results that "l" and R 

depends on the thickness of the semi-finished part (g), 

the bottom radius of the part (r) and the corner radius 

(rc).  

In fig. 4 the variation of the length l and the radius 

R can be observed accordingly to the bottom radius of 

the part, while the other parameters can be considered 

constant, rc=6mm, h=30mm, g=2mm. It can be 
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observed that the bottom radius doesn't influence 

significantly the studied values, the difference 

between l and R remains approximately constant with 

the increase of r . 

  

 
 

Fig. 4 - The variation of "l" and R parameters 

accordingly to the bottom radius r 

 

In fig. 5 the variation of the length l and the radius 

R can be observed accordingly to the thickness of the 

semi-finished part, while the other parameters can be 

considered constant, rc=6mm, h=30mm, r=3mm. It 

can be observed that the thickness doesn't influence 

the length l but it brings a slight increase of the radius 

R and the decrease of the difference l-R. So in 

conclusion, once the thickness of the semi-finished 

part increases, the unevenness of the material 

deforming on the pressing process decreases. 

 

 
 

Fig. 5 - The variation of "l" and R parameters 

accordingly to the thickness of the semi-finished 

part (g)  

 

In fig. 6 the variation of the length l and the radius 

R can be observed accordingly to the corner radius of 

the part while the other parameters can be considered 

constant, g=6mm, h=30mm, r=3mm. It can be clearly 

seen that the corner radius influences significantly the 

difference between the length of the edges and the 

radius of the plane semi-finished part. The smaller the 

corner radius is, the bigger the difference between l 

and R is, meaning that the deformation in the pressing 

process is more uneven. Because of this, when 

designing the short parts with relatevly small corner 

radiuses, realized by only one operation, it is 

recommended to choose the relative corner radius  

rc/b at the upper limit of the domain I from fig. 2.   

 

 
 

Fig. 6 - The variation of "l" and R parameters 

accordingly to the corner radius rc 

 

3. Experimental results  

The experimental check of the theoretical 

considerations has been made with the stamping die 

from fig. 7. 

  

 
 

Fig. 7 - Stamping die for pressing parallelepiped 

parts  

 

The semi-finished parts that have been used have 

the shape obtained with the equations 1…4, but also 

the semi-finished parts with simpler shapes, like the 

oval one or the with the radius R equal to the length l. 

It has been notices that any other shape, even similar 

to the one obtained by the equations 1…4, will result 

in the unevenness of the pressed part's walls. If the 

radius R is smaller than the one calculated with 

equation 4 the corners of the part will be shorter than 

the side walls (fig. 8.a), and if R is bigger, the resulted 

corners will be taller (fig. 8.b) 
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Fig. 8 - Different shapes of the semi-finished part 

and the resulted pressed parts 

 

4. Conclusions  

After the theoretical and experimental research the 

following conclusions result: 

• the bottom radius of the part r influences 

insignificantly the shape and dimensions of the 

semi-finished part, because the difference 

between l and R remain approximately constant 

with the increase of r; 

• the increase of the thickness g brings a small 

decrease in the difference between l-R. So, the 

unevenness of the deforming on pressing 

decreases and the resulting walls are more 

uniform; 

• the corner radius rc influences significantly the 

difference between the length of the edges and 

the radius of the plane semi-finished part l-R. 

The bigger the corner radius, the smaller the 

difference between l and R is, meaning that the 

resulting walls have a more uniform height;   

• when designing short parts with relatively small 

corner radiuses, realized from a single 

operation, it is recommended to choose the 

relative corner radius rc/b at the upper limit of 

the domain I from figure 2; 

• at the taller pressed parts, because of the 

anisotropy of the material and the imprecision 

of the semi-finished parts positioning, the side 

walls do not have an uniform height. If a higher 

precision is required, the edge of the part will 

be cut, and in this case the dimensions of the 

semi-finished part will have to be determined 

accordingly also to the necessary material to be 

cut. 
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ABSTRACT 
The pressing of parallelepiped parts represents a complex process of cold plastic 

deformation. The internal tension and deformation of the material along the part contour 

is uneven, showing big differences from one area to another. The unevenness  of 

deformations depends of  the height of the part and of the radiuses at the corners.The 

parallelepiped parts that can be stamped with one operation have the ratio between 

height and width smaller than 0.5, parts that are considered short.  The present paper 

studies the optimal shape and dimensions of the semi-finished part for stamping the 

parallelepiped parts that are short with big corner radiuses, so that after the pressing the 

height of the walls will be uniform and eliminate the later trimming operations. 

 

Keywords: stamping, parallelepiped parts, big corner radiuses, unevenness of 

deformations, optimizing shape   

 

1. Introduction  

Determining the shape and dimensions of the 

semi-finished parts is realized according to the law of 

constant volume. When the pressing is done without 

the intentional thinning of the parts wall, the changes 

of the thickness are neglected, and  the dimensions of 

the semi-finished parts result from it's surface that is 

equal to the surface of the finished part [8], [9], [10]. 

If the shape and dimensions of the semi-finished parts 

are not properly established, the side walls will result 

with uneven height (fig. 1) and will require an extra 

cutting operation. 

Determining the shape and dimensions of the 

plane parts necessary for obtaining the parallelepiped 

parts is done with the assumption that in the corner 

areas, a pressing process takes place, and in the plane 

wall areas the deforming process is similar to a 

bending process.[2], [3], [5], [7].  

The bigger the relative height of the parts is, the 

flowing of the material will be more intense from the 

corner areas to the plane wall areas. 

That is why, when determining the shape and 

dimensions of the semi-finished parts, the distinction 

has to be made, between the pressing of the short 

parts ( 5,0
b

h
〈 ), which can be realized in the majority 

of cases with one single operation, the pressing of the 

middle-height parts ( 7,0...5,0
b

h
= ) and the tall ones 

( 7,0
b

h
〉 ),which are realized with several operations 

[4], [6]. 

 

  
 

Fig1. – Stamping part with side walls that have an 

uneven height 

 

The present paper wants to optimize the shape and 

dimensions of the semi-finished parts for pressing the 

short parallelepiped parts with big  corner radiuses 

(domain II, fig. 2), in which case the shape and 

dimensions of the plane parts can be determined 
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 exactly, so that after the pressing, cutting of the edges 

will no longer be necessar. [4], [11]. 

For simplifying, the bottom radius r will be 

considered equal to the corner radius rc.  

  

 
 

Fig. 2 - The domain of short parts with relatively 

big corner radiuses resulted from a single 

operation 

 

In this case, the shape and dimensions of the semi-

finished parts are determined by the present graph, 

with the equality of the areas method [4],    [6].  

When pressing with a single operation of the short 

semi-finished parts with relatively big (
b

rc ) radiuses, 

the flow of the material from the corner area to the 

plane walls area is sensitive, with the length of the 

edges increasing, this resulting in the shortening of 

the part's height in the corner area. In this case, 

determining the configuration of the plane semi-

finished parts is done this way (fig. 3): 

• the total length of the side walls is determined 

"l", as in the case of the bending, using the 

equation: 

 

g215,0r57,0hl −+=
  (1) 

 

and parallel lines are drawn for the part's edges 

at the distance of "l"; 

• the R radius is calculated, as in the case of 

pressing the cylindrical part with the diameter 

of 2 rc and the height h, formed by the four 

corners of the parallelepiped part, using the 

equation: 

 
,g5,0)rh(ghr2R 2

cc −−+=
 (2) 

 

 
 

Fig. 3 - Establishing the contour of the semi-

finished parts for the pressing of short parts with 

relatively small corner radiuses  

 

• a contour is drawn in steps from the corners to 

the plane side walls; 

• a bigger radius is determined at the corers R1 = 

x R, for compensating the flown material from 

the corner to the side walls area. The coefficient 

x is determined with the equation: 

 

;982,0)
gr2

R
(074,0x

2

c

+
+

=

  (3) 

 

• the width of the strips ha and hb determined, 

and these are substracted from the side areas, 

staright and unfolded, beeing compensated by 

the material that is flowing from the corner 

areas during the pressing. Dimensions ha and 

hb are determined by making equal the area of 

the material added at the corners of the plane 

part with thee area of the material that has been 

substracted from the straight edges zone. For 

this purpose, the following equations are used: 

 

)gr(2a

R
yh

c

2

a
+−

=

  (4) 

 

)gr(2b

R
yh

c

2

b
+−

=

  (5) 

 

The y coefficient has values shown in Table 1. 
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 Table 1. Values of  “y” coefficient 

 
 

• the unfolded contour is corrected, by increasing 

the radius R to R1 and decreasing the 

dimensions l with  ha and hb resulting: 

  La = l-ha   and   Lb = l-hb;        (6) 

 

• with the resulted values for the length, width 

and radius of the unfolded part, a contour is 

drawn with the arcs Ra and Rb tangents  to the 

straight side walls and to  the arc with the R1 

radius.  

This method of determining the shape and 

dimensions of the semi-finished parts applies to the 

parallelepiped parts with the relative dimensions 

a/b=1,5…2 and for parts that have an square shape in 

the transversal section, with long edges. 

 

2. Optimization calculations 

A study has been made of a parallelepiped part 

with the height of h=80mm, width of b=200mm.The 

length a=300mm, thickness g=2mm and the round 

radius varying between rc= 40…65mm. With these 

values, the part is accordingly to figure 2, in the 

category of short parts with relative big corner 

radiuses, that result from a single operation.  

The unevenness of the flow is bigger as the 

difference between the unfolded lengths La & Lb 

increases (fig. 3), between the plane walls and the R1 

(fig. 3). Because of this, the way that the values La, Lb 

and R1 varies according to the corner radius rc of the 

part.  

In Fig. 4 the variation of the lengths La, Lb and 

radius R1 can be observed accordingly to the bottom 

radius of the part. 

It can be clearly observed that the corner radius 

influences significantly difference between the length 

La, Lb and the radius of the plane semi-finished part 

R1.The smaller the corner radius is, the bigger the 

difference between l and R is, meaning that the 

deformation in the pressing process is more uneven. 

Because of this, when designing the short parts 

with relatively big corner radiuses, resulted from only 

one operation, it is recommended to choose the 

relative corner radius rc/b at the upper limit of the 

domain II from Fig. 2. 
 

 
 

Fig. 4 - The variation of La, Lb şi R1 parameters 

accordingly to the bottom radius rc 

   

3. Experimental results  

The experimental check of the theoretical 

considerations has been made with the stamping die 

from Fig. 5. 

  

 
 

Fig. 5- Stamping die for pressing parallelepiped 

parts  

 

The semi-finished parts that have been used have 

the shape obtained with the equations 1…6, but also 

the semi-finished parts with simpler shapes, like the 

oval one. It has been notices that any other shape, 

even similar to the one obtained by the equations 

1…6, will result in the unevenness of the pressed 

part's walls. If the radius R is bigger than the one 

calculated, the corners of the part will be taller than 
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 the side walls (fig. 6.a), and if  R is smaller, the 

resulted corners will be shorter (fig. 6.b) 

 

 
Fig. 6 - Different shapes of the semi-finished part 

and the resulted pressed parts 

  
4. Conclusions  

After the theoretical and experimental research the 

following conclusions result: 

• the difference between  La-Lb increases with 

the increase of rc but it does not influence the 

pressing process and the evenness of the walls 

height; 

• La, Lb and R1 increases with rc, in order to 

obtain the same height of the walls; 

• the corner radius rc influences significantly the 

difference between the length of the edges La, 

Lb and the radius of the plane semi-finished 

part  R1. The bigger the corner radius, the the 

smaller the difference between R1  and La,, Lb 

is, meaning that the resulting walls have a more 

uniform height;   

• when designing short parts with relatively big 

corner radiuses, realized from a single 

operation, it is recommended to choose the 

relative corner radius rc/b at the upper limit of 

the domain II from figure 2; 

• at the taller pressed parts, because of the 

anisotropy of the material and the imprecision 

of the semi-finished parts positioning, the side 

walls do not have an uniform height. If a higher 

precision is required, the edge of the part will 

be cut, and in this case the dimensions of the 

semi-finished part will have to be determined 

accordingly also to the necessary material to be 

cut.  
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ABSTRACT 
The purpose of this study is to create a friendly and innovative environment by means of 

which all entities and businesses should aim to improve and create a more sustainable 

economy.   

The development of the innovation strategy for the Central Region in the entrepreneurial 

field mainly serves to sustain small and medium enterprises (SME’s). This research has 

the purpose of creating a partnership which should bring together representatives of 

private enterprises, organizations which promote businesses, the research, development 

and education sector, local authorities and non-governmental organizations. 
Through this analysis I created an inventory of the national and regional policies which 
are relevant for SME development, for the support structures and for the service supply 
that contribute to a better adaptability and development of companies. 

Keywords: innovation, entrepreneurship, small and medium enterprises 

 
1. Entrepreneurial innovation in SME’s  
In a market economy based on competition and 

risk, developing the entrepreneurial sector is a 

priority. The focus of increasing discussions in recent 

decades is the entrepreneurial economy in which 

growth is sustained by small and medium enterprises, 

these being the result of concretization of 

entrepreneurial initiatives. 

In the Romanian economy, the development of the 

entrepreneurial sector is an important component of 

the economic restructuring policies that positively 

influence the growth rate of sustainable economy 

[11]. Through their characteristics: innovation, close 

ties with the community, highly dynamic, making 

best use of local resources, creating jobs, small and 

medium enterprises influencing development, 

especially at lower levels, ie at local and regional 

level. So the size and dynamics of entrepreneurship is 

one of the indicators that emphasizes the development 

prospects of a community. 

Entrepreneurship initiatives are actually the result 

of ideas and projects that illustrate the determination 

and entrepreneur attitude towards identifying and 

exploiting opportunities arising at a time. Motivation 

to create a new business is a prerequisite for the 

emergence of entrepreneurial initiative and 

receptivity to a product or service is one that inspires 

success[8]. Most times, the contractor has neither the 

means nor the skills necessary for the value of these 

ideas, but has the unique tools willingness to assume 

risk, need for independence, and feature his 

generation. 

The genesis and structure, entrepreneurship occur 

mostly in "prosperous environments with sufficient 

resources to transform the idea into action and ensure 

its sustainability" and "local contexts where 

specializations are valuable legacy and current 

generations are extended or alternative to them "[9]. 

Creation of space respectively entrepreneurship will 

bring changes more or less visible in that space, 

depending on how you will achieve integration in 

their territory. 

In a report on the situation of SME’s in the EU 

[1], the EIA developed at the request of the 

Directorate General for Enterprise and Industry of the 

European Commission have been reported following 

conclusions: 

- Of the 20 million existing EU companies, over 

99% are SME’s. Within the SME sector the vast 

majority (92%) consists of micro. 

- Between 2002 and 2009, the number of SME’s 

increased by over 2 million, while the number of 
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large enterprises increased only by 2000. New 

Member States recorded higher rates of enterprise 

creation and disenfranchisement than old EU 

members. Most newly created firms are micro 

enterprises and in the services sector. 

- Approximately 2/3 of the workforce in the 

private sector are SME’s. Micro hold 30% of the 

workforce in the private sector. 

- The contribution of SME’s to employment 

growth between 2002 and 2009 (84%) was much 

higher than their share in total employment (67%). 

- SME’s have lower labor productivity than large 

enterprises. In consequence, SME’s have a lower 

contribution to gross value added (58%) than their 

share in total employment (67%). Lowest labor 

productivity is recorded in micro. 

- Micros have a propensity to investment higher 

than the overall average. 

- SME’s are a very important source of job 

creation 

- SME’s serve as a mechanism - key in facilitating 

technology transfer. 

 

2. European policies and national research 

and innovation  

Recent years have seen a significant convergence 

in the European Union as regards SME policy design 

and practical aspects of implementation. An 

increasing number of Member States are based on the 

measures taken by other countries in developing and 

implementing policies on SME’s. 

Policy to support SME’s was clearly outlined by 

the European Charter for Small Enterprises (adopted 

by the General Affairs Council on 13 June 2000) [7] 

which states that small businesses are the backbone of 

the European economy. They are, for the purposes of 

the European Union, a key source of jobs and a 

breeding ground for business ideas. 

The Lisbon Strategy set the goal of making the 

EU the most competitive and dynamic world, based 

on the accumulation of knowledge, capable of 

sustainable economic growth and to provide more 

jobs and better and greater social cohesion. Smaller 

enterprises are to be seen as a main drivers of 

innovation and employment, and European social and 

local integration. 

By signing the Charter, Member States have 

pledged to support small businesses in Europe 

through: education and training for entrepreneurship, 

legislation and better regulation, provision of skills-

training, improving online access, taxation and 

financial strategies, consolidation of the technological 

capacity of small firms, using successful e-business 

models and ensuring quality care for small, 

developing a stronger, more effective representation 

of small enterprises' interests at national and at EU 

level. 

In order to align to European policies of 

supporting the SME sector, ANIMMC made a series 

of commitments on the harmonization of legislation 

and adoption of relevant European documents by [5]: 

- Ensuring the participation of Romania in the 

multiannual program for enterprise and 

entrepreneurship, particularly for SME’s 

- Increasing capital National Credit Guarantee 

Fund for SME’s 

- Furthering the improvement of the business 

environment to stimulate economic growth and 

increase the ability to withstand competitive pressures 

- Achieving full definition of SME’s 

- Implementing the European Charter for Small 

and Medium Enterprises 

- The connection of actions and measures under 

the Charter implementation of EC revised Lisbon 

objectives. 

2.1. Policies at the European level 

The EU has adopted a number of strategies and 

programs to stimulate interest in research 

development and innovation. A substantial part 

thereof is for SME’s to increase their competitiveness 

and boost innovation [12]. Entrepreneurs and small 

businesses are key players in innovation and therefore 

the Commission's political efforts in innovation 

focuses on two areas: 

- First, the European Commission aims to increase 

awareness of the need for innovation and the benefits 

it brings, by funding a range of initiatives that 

demonstrate the importance of innovation for many 

enterprises. 

- The second objective of European innovation 

policy is to encourage public authorities and central 

Member States to create conditions where innovation 

is welcomed, supported and maintained. Authorities 

must allow small businesses to react quickly - a 

prerequisite for innovation, share ideas and 

information and, more generally, to reduce 

administrative burdens and financial burden for them. 

To achieve the Lisbon objectives, the most 

important program for SME’s is Research Framework 

Programme - FP7 [3]. 

2.2. National policies aimed at education, 

research and innovation  

In order to support the SME sector to encourage 

investment in research and development and 

innovation, the Government of Romania, together 

with  national institutions representing the SME’s, as 

well as various European organizations representing 

SME’s interests, have taken a series of measures 

through national and European programs [2]. From 

these, the most representative of the SME sector 

nationally in terms of research development and 

innovation are the following: 

- The governmental strategy for the support of the 

development of SME’s  

- The National Plan for Research, Development 

and Innovation 

- CIP – The Competitiveness and Innovation 

Framework Programme, 2007-2013 

- The Sectoral Operational Programme (SOP) The 

Increase of Economic Competitiveness 
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In order to implement all the measures and 

programs designed for SME’s, on May 24, 2007, the 

Romanian Government, Ministry of Education and 

Research and the National Authority for Scientific 

Research approved the National Plan for Research 

[4], Development and Innovation (RDI) for 2007 - 

2013, hereinafter National Plan II (PN II). PN II is the 

main instrument through which the National 

Authority for Scientific Research (ANCS) National 

Strategy for RDI [6]. In designing PN II, it was the 

role of the national R & D and innovation, which is to 

develop science and technology for economic 

competitiveness, improve quality and enhance 

awareness of potential social recovery and broaden 

action. With support from the European Regional 

Development Fund [10], the Romanian authorities, 

represented in this case by MIMMCTPL, Ministry of 

Education (MEC), Ministry of Communications and 

Information Technology (MCIT) and the Ministry of 

Economy has developed Operational Plan (SOP) 

Priority Axis 2 - Research, technological 

development and innovation for competitiveness. 

 

3. Proposals to increase support for business  

Of those presented and analyzed, we draw some 

ideas on the necessities  of the business sector in 

relation to services research, development, innovation 

and technology transfer. 

3.1. Creation and expansion of business support 

- Development of regional infrastructure and local 

business support by creating new industrial parks, 

business incubators, etc., and improving and 

expanding the services offered by the  existing 

business support structures. 

- Policies to stimulate the integration of 

enterprises in supply chains and clusters. 

- Creation of regional and local technology 

transfer. 

3.2. Facilitating SME’s' access to finance 

- Increasing SME access to European funding by 

assisting their efforts to  developing quality projects 

that can obtain grants.  

- Increasing access to financial support for SME’s 

by creating a credit guarantee fund for SME’s for 

investments in new products and technologies, 

competitive. 

- Continuation and effectiveness in using support 

measures that respect European and national 

legislation of SME’s operating in former mining areas 

and in localities affected by industrial restructuring 

processes. 

- Increase the competitiveness of SME’s in the 

context of the opening of the internal market and the 

deepening of economic globalization. 

- Provide support to SME’s to modernize the 

productive sector by tangible and intangible. 

- Policies to support enterprises to implement 

international standards. 

- Policies to facilitate SME’s access to new 

markets (consulting services, access to international 

business networks, participation in fairs, exhibitions) 

- Increasing energy efficiency by encouraging 

SME’s to acquire technologies for manufacturing 

products with low energy consumption and low 

environmental pollution. 

- Stimulating the development of ICT in SME’s 

by increasing their access to broadband networks and 

purchase of hardware and software. 

- Promoting innovation in SME’s, the level of 

products, technologies, processes to increase their 

competitiveness in domestic and international market. 

3.3. Increasing the quality of human resources 

in SME’s 

- Developing an entrepreneurial culture by 

providing quality training in modern management 

contractors or people interested in starting a business. 

- Improving lifelong learning policies, the purpose 

of diversifying the skills and knowledge offered to 

increase the adequacy of the workforce to the needs 

of the economy in a rapidly changing and expanding 

categories of beneficiaries CVT. 

- Developing the institutional framework through 

which to facilitate exchanges of information between 

academia and business to adapt specializations 

offered study programs at universities to the real 

needs of the labor market. 

3.4. Supporting R & D and strengthening R & 

Medium Business link 

- Supporting universities and research institutes 

programs of funding their research and financing of 

research laboratories and scientific instruments. 

- Facilitating access to universities and research 

institutes in European and international networks of 

exchange and dissemination of research results. 

- Policies aimed at facilitating the creation of 

partnerships between the R & D Innovation and 

SME’s and increase businesses' access to RDI. 

- Creating and supporting the development of 

regional poles of excellence. 

- Developing regional centers of CD and their 

connection to national and international networks in 

the field. 

- Increasing access of SME’s, particularly start-

ups and spin-offs on research results in universities 

and institutes and to support their economic recovery.  

 

4. Conclusions 

Apart from the proposals regarding the increase 

in business support, the present paper underlines the 

fact that the company interest in activities of 

research, product development and innovation is still 

much beyond the European average, especially in 

the case of SME’s.  

The SME’s in the region may benefit from a 

wide range of services, covering both information, 

business cooperation, customized support in order to 

locate the adequate financing resources and partners, 

especially for research-innovation projects and audit 

and technological transfer services, acces to the 

results of research projects etc.  
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We therefore consider that the implementation of 

legislative measures which should offer incentives 

and facilities for the companies which resort to 

research and innovation services in order to 

develop products or services or to improve the 

existent ones is a necessary measure.  
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ABSTRACT
The worm face-gear with reverse tapered pinion is a part of the family of worm face-
gears. Technical application domains of them are varied, due to the numerous
advantages it presents: allow for large-sized gear ratios reduced by use of appropriate
actuators, obtaining small mechanical structures.
The worm face-gear with reverse tapered pinion are less studied to date [6, 7], this
substantiates need for complex research them.  Simulate real physical phenomenon of
engagement of worm-worm wheel is a sensitive issue that raises many problems. One of
the methods for accurate rendering of geometry structure would be considered as
complete and then analyze its behavior under the action of the tasks they require is FEM
method. An example of the analysis performed by this method, with results validated by
experimental tests and analysis discloses performed in this paper.
Thus, this paper presents a comparative study done by FEM method, the state of stresses
and strains of a worm face-gear with reverse tapered pinion gear worm-worm wheel, the
worm wheel which is made of bronze. Given the geometrical complexity of the structure
analyzed, proceed to a simplification of the phenomenon of contact between worm-worm
wheels.
Thus, for a correct interpretation of the phenomenon studied, corresponding to a section
plane geometric data of worm gear, worm wheel is an analysis of the action
instantaneous contact of worm-worm wheel. Simulations performed on model are
appropriately analyzed two cases of loading in operation, which are corresponding
experimental tests:

 bearing flank of 100;
 bearing flank of 300.

Theoretical evaluations obtained from the analysis and interpretation of results,
confirming some experimental tests performed on worm-worm wheel worm gear.

Keywords: Worm-Face Gear, Reverse tapered, FEM analysis, Finite Element, Stresses, Displacements

1. Theoretical aspects
The worm face-gear (Fig.1, Fig.2) belonging to

the group of gear with cross axis is defined as a worm
face-gear of bronze with reverse tapered pinion of
steel.

Compared to the other gears [4] these face-gear
presented many constructive and functional
advantages: increased bearing force to general-
purpose worm gear which makes them to be sensitive
overall dimensions smaller, contact line incomparably
high coverage, good lubrication conditions, higher
ratios, increased accuracy and quiet operation.

Due to the particular geometry of worm face-gear
with reverse taper pinion - the flanks of worm being
strongly asymmetric approach, allows the absolute
control of the backlash, the axial displacement of a
worm or screw worm-wheel.

The worm face-gear is characterized by the fact
that the angle of pressure on the two sides of the
screw is not symmetrical. The worm face-gear can
work on both sides bearing of 100 and 300. This
makes the component values appearing in gear forces
are not identical for the two cases, respectively when
the side port is the 100 or 300.

111 

 



 

Fig. 1 - Gear box reducer – worm wheel of bronze
with reverse tapered pinion of steel

Fig. 2 - The worm face - gear with reverse
tapered pinion: bronze-steel

The characteristic geometry elements of a worm
face-gear with reverse tapered are presented in Fig.3.

the worm axis

F1

F2

F3

F4
F5

1 2 3 4 5

AA

A-A
1 2 3 4 5

the worm-wheel
axis

Fig. 3 - The constructive geometry of worm face-
gear. The contact position of worm-wheel in

operation

w o rm -w h e e l f r o n t
w ith  r e v e rs e  ta p e r

w o rm  c o n ju g a te

Fig.4 - Section through the worm worm-wheel; the
bearing flank of 100

It is recommended that active flank, the flank with
pressure angle is smaller, condition ensured by
appropriate choice of the direction of rotation.

2. Modeling and meshing
Having analyzed the studied structure, it was

found that a correct interpretation of the phenomenon
of contact between worm-worm wheels can be seen
in axial section plan between the two elements of
face-gear (Fig. 4) [4, 6, 7, 10].

Fig. 5 - Part model – Inventor 10

Geometric data corresponding section of the plan
was made in program design modeling Inventor.10
(Fig.5.) and then made the transfer to ALGOR V16
Fempro analysis program (Fig.6.) [2,8,12,13].

Fig.6 - Meshing – Loads – Constraints

Finite elements used are 2D type - two-
dimensional quadrilateral and triangular
After meshing result:
 Number of nodes: 12989
 Number E.F.- type 2D: 13042

Nodal boundary conditions are fixed in the nodes
of the worm-wheel.

The features elastic material of wheel which is
bronze, and the elastic characteristics [1] are:
 E = 1,15.105 N/mm2 – Young’s modulus;
  = 0,32  0,35 – Poisson’s ratio;
 r = 300  450 N/mm2 - breaking resistance;
 a = 60  90 N/mm2 - admissible resistance;
 1taca  ;

The loading flank’s was done by calculating the
forces corresponding to the 5 points of contact
between teeth of worm-wheel in contact with the
conjugated surface of the worm (Fig.3).

The torque transmitted of the worm-wheel Mt was
calculating with relation:

].[10.55,9 6 mmN
n
PM t  (1)

Where:
 P - power [kW];
 n - speed [rpm];
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 On the other hand the torque transmitted Mt is:

2
. dFM t 

(2)
Where:
 F - force in contact point of worm-worm-wheel

[N];
 d - diameter of contact point corresponding for

each tooth of the worm wheel;

][10.55,9.2 6 N
n
P

d
F 

(3)
Thus, corresponding the diameter of contact

points of five teeth of worm-wheel results the values
of forces acting in the contact points are:

1. 1F 120,62 N
2. 2F 126,44 N
3. 3F 131,87 N
4. 4F 137,95 N
5. 5F 145,03 N
The constructive and functional reasons, the five

teeth are considered a hard drive smaller force than
that calculated, namely: 5F 130,5 N.

Considered the following experimental values,
corresponding to experimental stand (worm gear box
reducer) used (Fig.1.):
 power: P = 1,5 kW
 speed: ni =1500rpm input speed, output speed

ne =32rpm
 gear ratio: i =1:47
 axial distance: A=58mm
 module: m =2,5mm
 bearing flank angle: α1=10°, support flank

angle: α2 = 30°
 worm type: Archimedes worm taper: δ1=5°,

reverse tapered worm wheel drive: δ2 =8° [4, 7].

3. Results
The results are considered to be significant for the

interpretation and relevance given the phenomenon
studied, are the values:
 Equivalent stress Von Mises ech;;
 Minimum principal stress 2 (with compression

effect);
 Resultant structure shift; Displacement.

They studied two cases of loading:
 I. Case I - load bearing flank of 100 : Loading

in operation
 II. Case II - load bearing flank of 300 : Loading

in operation
On the simulations performed were obtained the

following results:

I. Case I - load bearing flank to 100 - Loading
in operation
 Equivalent stress Von Mises ech

Fig. 7 - Equivalent stress Von Mises ech
distribution

Fig. 8 - Detail – Equivalent stress Von Mises ech
distribution in area with high application

 Minimum principal stress 2 (with compression
effect);

Fig. 9 - Minimum principal stress 2 distribution
(compressive stress distribution)

Fig. 10 - Detail – Minimum principal stress 2
distribution in area with high application

 Resultant structure; Displacement.
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Fig. 11 - Displacement distribution – areas of
equal displacement. Deformed position of the

structure

From the values obtained from simulations
performed for the case submitted to analysis, the
operating load bearing flank of 100 were outlined
curves of variation of equivalent stress Von Mises
values ech, minimum principal stresses 2 and
displacements resulting : Fig. 12., Fig.13., Fig.14.

Fig.12 - Equivalent stress Von Mises ech
distribution, bearing flank of 100

Fig.13 - Minimum principal stress 2 distribution:
bearing flank of 100

Fig.14 - Displacement distribution 
bearing flank of 100

II. Case II - load bearing flank to 300 - Loading
in operation
 Equivalent stress Von Mises ech

Fig. 15 - Equivalent stress
Von Mises ech distribution

Fig. 16 - Detail – Equivalent stress Von Mises ech
distribution in area with high application

From the values obtained from simulations
performed for the case submitted to analysis, the load
operation of the bearing flank of 300 were outlined
curves of variation of equivalent stress values Von
Mises ech, the main minimum principal stress 2 and
the resulting displacements : Fig.20., Fig.21., Fig.22.

 Minimum principal stress 2 (with compression
effect), Fig.17;

Fig. 17 - Minimum principal stress distribution
(compressive stress distribution)
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 In Fig.18 presented a detail of minimum principal
stress 2 distributions.

Fig. 18 - Detail - Minimum principal stress 2
distribution (compressive stress distribution)

 Resultant structure; Displacement, Fig.19:

Fig. 19- Displacement distribution  areas of equal
displacements. Deformed position of the structure

Fig.20 - Equivalent stress Von Mises ech
distribution, bearing flank of 300

Fig.21 - Minimum principal stress 2 distribution:
bearing flank of 300

Fig.22 - Displacement distribution  :
bearing flank of 300

4. Conclusion
Interpreting results based on simulations can be

seen:
 Deformed position of the structure in the two

cases considered - load bearing flank of 100 and
300 - is similar in the direction of action of the
loads on tooth flanks (Fig.11., Fig.19.);

 The displacements resulting  are also in the
two cases considered - load bearing flank of 100

and load bearing flank of 300 – is similar
distribution on tooth of worm wheel that is the
maximum on first and last tooth, which is
explained the considering that 1 and 5 tooth
given stiffness lower than the middle tooth are
embedded 2-3-4 (Fig.14., Fig.22.);

 Stress distribution on the gear teeth respectively
equivalent stress Von Mises ech and minimum
principal stress 2, is similar for two cases
considered: load bearing flank of 100 and load
bearing flank of 300: the stress tensions is
maximum on the flanks in contact with
decreasing values and the maximum stress
tensions  on the last but one the tooth, 4th tooth
(Fig.7., Fig.9., Fig.12., Fig.13., Fig.15., Fig.17.,
Fig. 20., Fig.21.);

 The minimum principal stress 2 components
are preponderant, the request of forces on the
flanks of the teeth, proper operation is in fact a
compressive stress perpendicular on the tooth
flank;

 The maximum stress are produced at the points
of contact between the worm and worm wheel
teeth and the basis of teeth, the tooth are stress
concentrators;

 One of the reasons is the size of the forces of the
last teeth which increasing, being inversely
proportional to the drop diameter which lies the
point of contact between the worm-worm wheel;

 Also the basis of tooth was machined at an
angle, always will be a stress concentrator;

 The maximum values of stress at the contact
point screw-worm wheel, the equivalent of the
Von Mises stress ech and the minimum
principal stress 2 distribution are:

- on the bearing flank of 100:
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  ech max = 196,158 N/mm2

 2 = - 207,006 N/mm2

- on the bearing flank of 300:
 ech max = 187,993 N/mm2

 2 = - 196,814 N/mm2

 The maximum stress is produced on the 4th
tooth instead of driving force, with a maximum:
ech max = 196.158 N/mm2 when the engagement
is produced on the bearing flank of 100, and the
maximum value: ech max= 187.993 N/mm2 when
engagement is produced on the flank of 300;

 The maximum stresses occur, exceeding
allowable resistance of the material which is
made worm-wheel:

◦ breaking resistence: r = 300450 N/mm2;
◦ admissible resistance: a = 60  90 N/mm2;
◦ 1taca  ;

 Load contact point has been made but the nodal
forces, was resulting maximum stress values
directly nodal point of contact, in fact the
contact between worm-worm wheel is not
punctual but is done on area;

 The stress value in the area is in the immediate
neighboring nodes of the contact point is much
lower than the stress value at the point of
contact (Fig.23.);

 Given the elastic characteristics of bronze can be
said the worm-wheel made of bronze, for the
operating conditions considered: P = 1.5 kW and
n = 1500 rpm, developing tensions exceed the
maximum allowable stress, can it’s possible to
destroy the 4 and 5 tooth of worm- wheel.
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ABSTRACT

The worm face-gear with reverse tapered pinion is a part of the family of worm face-
gears. Technical application domains of them are varied, due to the numerous
advantages it presents: allow for large-sized gear ratios reduced by use of appropriate
actuators, obtaining small mechanical structures.
The worm face-gear with reverse tapered pinion are less studied to date [6, 7], this
substantiates need for complex research them.  Simulate real physical phenomenon of
engagement of worm-worm wheel is a sensitive issue that raises many problems. One of
the methods for accurate rendering of geometry structure would be considered as
complete and then analyze its behavior under the action of the tasks they require is FEM
method. An example of the analysis performed by this method, with results validated by
experimental tests and analysis discloses performed in this paper.
Thus, this paper presents a comparative study done by FEM method, the state of stresses
and strains of a worm face-gear with reverse tapered pinion gear worm-worm wheel, the
worm wheel which is made of bronze. Given the geometrical complexity of the structure
analyzed, proceed to a simplification of the phenomenon of contact between worm-worm
wheels. Thus, for a correct interpretation of the phenomenon studied, corresponding to a
section plane geometric data of worm gear, worm wheel is an analysis of the action
instantaneous contact of worm-worm wheel.
Simulations performed on model are appropriately analyzed two cases of loading in
operation, which are corresponding experimental tests:

 bearing flank of 100;
 bearing flank of 300.

Theoretical evaluations obtained from the analysis and interpretation of results,
confirming some experimental tests performed on worm-worm wheel worm gear.

Keywords: Worm-Face Gear, Reverse tapered, FEM analysis, Finite Element, Stresses, Displacements

1. Theoretical aspects
The worm face-gear (Fig.1.) belonging to the

group of gear with cross axis is defined as a worm
face-gear of iron with reverse taper pinion of steel.

Compared to the other gears [4] these face-gear
presented many constructive and functional
advantages: increased bearing force to general-
purpose worm gear which makes them to be sensitive
overall dimensions smaller, contact line incomparably
high coverage, good lubrication conditions, higher
ratios, increased accuracy and quiet operation.

Due to the particular geometry of worm face-gear
with reverse taper pinion - the flanks of worm being
strongly asymmetric approach, allows the absolute
control of the backlash, the axial displacement of a
worm or screw worm-wheel.

The worm face-gear is characterized by the fact
that the angle of pressure on the two sides of the
screw is not symmetrical. The worm face-gear can
work on both sides bearing of 100 and 300. This
makes the component values appearing in gear forces
are not identical for the two cases, respectively when
the side port is the 100 or 300.
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Fig. 1 - Gear box reducer - worm wheel of cast
iron with reverse tapered pinion of steel

Fig. 2 - The worm face-gear with reverse
tapered pinion: cast iron-steel

The characteristic geometry elements of a worm
face-gear with reverse tapered are presented in Fig.3.

the worm axis

F1

F2

F3

F4
F5

1 2 3 4 5

AA

A-A
1 2 3 4 5

the worm-wheel
axis

Fig. 3 - The constructive geometry of worm face-
gear. The contact position of worm-wheel in

operation

worm-wheel front
with reverse taper

worm conjugate

Fig.4 - Section through the worm worm-wheel; the
bearing flank of 100

2. Modeling and meshing
Having analyzed the studied structure, it was

found that a correct interpretation of the phenomenon
of contact between worm-worm wheels can be seen
in axial section plan between the two elements of
face-gear (Fig. 4) [4, 6, 7, 10].

Fig. 5 - Part model – Inventor 10

Geometric data corresponding section of the plan
was made in program design modeling Inventor.10
(Fig.5.) and then made the transfer to ALGOR V16
Fempro analysis program (Fig.6.) [2, 8,12,13].

Fig.6 - Meshing – Loads - Constraints

Finite elements used are type 2D - two-
dimensional quadrilateral and triangular
After meshing result:
 Number of nodes : 12 989
 Number E.F.- type 2D: 13 042

Nodal boundary conditions are fixed in the nodes
of the worm-wheel.

The features elastic material of wheel which is
cast iron, and the elastic characteristics [1] are:
 E = 1,151,6.105 N/mm2 – Young’s modulus;
  = 0,230,27 – Poisson’s ratio;
 r - breaking stress:

- tensile strength: r = 210  250 N/mm2 ;
- compression strength: r = 1400 N/mm2;

 a - admissible resistance:
- tensile strength: a = 65  85 N/mm2 ;
- compression strength: a =160215N/mm2;
- 5,2taca  ; [1]

The loading flank’s was done by calculating the
forces corresponding to the 5 points of contact
between teeth of worm-wheel in contact with the
conjugated surface of the worm (Fig.3).

The torque transmitted of the worm-wheel Mt was
calculating with relationship:
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 ].[10.55,9 6 mmN
n
PM t  (1)

Where:
 P - power [kW];
 n - speed [rpm];

On the other hand the torque transmitted Mt is:

2
. dFM t 

(2)
Where:
 F - force in contact point of worm-worm-wheel

[N];
 d - diameter of contact point corresponding for

each tooth of the worm wheel;

][10.55,9.2 6 N
n
P

d
F 

(3)
Thus, corresponding the diameter of contact

points of five teeth of worm-wheel results, the values
of forces acting on the contact points are:

1. 1F 120,62 N
2 . 2F 126,44 N
3. 3F 131,87 N
4. 4F 137,95 N
5. 5F 145,03 N
Constructive and functional reasons, the tooth

five is considered a hard drive smaller force than that
calculated, namely: 5F 130,5 N.
Considered the following experimental values,
corresponding to experimental stand characteristics
(worm gear box reducer) used (Fig.1.):
 puterea: P = 1,5 kW
 speed: n = 1500 rpm input speed, output

speed 32rpm
 gear ratio: i =1:47
 axial distance: A = 58mm
 the module: m = 2,5mm
 bearing flank angle: α1=10°; support flank

angle: α2 =30°;
 Archimedes worm type taper: δ1=5°, reverse

tapered worm wheel drive δ2 =8°, [4, 7].
3. Results
The results are considered to be significant for the

interpretation and relevance given the phenomenon
studied, are the values:
 Equivalent stress Von Mises ech;;
 Minimum principal stress 2 (with compression

effect);
 Resultant structure shift; Displacement.

They studied two cases of loading:
 I. Case I - load bearing flank to 100: Loading in

operation;
 II. Case II - load bearing flank to 300: Loading

in operation.
On the simulations performed were obtained the

following results:
I. Case I - load bearing flank to 100

 Equivalent stress Von Mises ech , Fig.7, Fig.8;

Fig.7 - Equivalent stress Von Mises ech
distribution

Fig. 8 - Detail – Equivalent stress ech Von Mises
distribution in area with high application

 Minimum principal stress 2 (with compression
effect), Fig. 9, Fig.10;

Fig. 9 - Minimum principal stress 2 distribution
(compressive stress distribution)

Fig. 10 - Detail – Minimum principal stress 2
distribution in area with high application

 Resultant structure shift; Displacement, Fig.11.
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Fig. 11 - Displacement distribution – areas of
equal displacement. Deformed position of the

structure

From the values obtained from simulations
performed for the case submitted to analysis, the
operating load bearing flank of 100 were outlined
curves of variation of equivalent stress Von Mises
values ech, minimum principal stresses 2 and
displacements resulting : Fig. 12., Fig.13., Fig.14.

Fig.12 - Equivalent stress Von Mises ech
distribution: bearing flank of 100

Fig.13 - Minimum principal stress 2 distribution:
bearing flank of 100

Fig.14 - Displacement distribution  :
bearing flank of 100

II. Case II - load bearing flank to 300:
 Equivalent stress Von Mises ech Fig.15 Fig.16;

Fig. 15 - Equivalent stress ech Von Mises
distribution

Fig. 16 - Detail – Equivalent stress ech Von Mises
distribution in area with high application

 Minimum principal stress 2 (with compression
effect), Fig.17, Fig.18;

Fig. 17 - Minimum principal stress 2 distribution
(compressive stress distribution)

From the values obtained from simulations
performed for the case submitted to analysis, the load
operation of the bearing flank of 300 were outlined
curves of variation of equivalent stress values Von
Mises ech, the main minimum principal stress 2 and
the resulting displacements : Fig.20., Fig.21., Fig.22.
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Fig. 18 - Detail - Minimum principal stress 2
distribution (compressive stress distribution)

 Resultant structure shift; Displacement, Fig.19.

Fig. 19 - Displacement distribution – areas of
equal displacements. Deformed position of the

structure

Fig.20 - Equivalent stress Von Mises ech
distribution, bearing flank of 300

Fig.21 - Minimum principal stress 2 distribution,
bearing flank of 300

Fig.22 - Displacement distribution  :
bearing flank of 300

4. Conclusion
Interpreting results based on simulations can be

seen:
 Deformed position of the structure in the two

cases considered - load bearing flank of 100 and
300 - is similar in the direction of action of the
loads on tooth flanks (Fig.11., Fig.19.);

 The displacements resulting  are also in the
two cases considered - load bearing flank of 100

and load bearing flank of 300 – is similar
distribution on tooth of worm wheel that is the
maximum on first and last tooth, which is
explained the considering that 1 and 5 tooth
given stiffness lower than the middle tooth are
embedded 2-3-4 (Fig.14., Fig.22.);

 Stress distribution tooth on the gear respectively
equivalent stress Von Mises ech and minimum
principal stress 2, is similar for two cases
considered: load bearing flank of 100 and load
bearing flank of 300: the stress tensions is
maximum on the flanks in contact with
decreasing values and the maximum stress
tensions  on the last but one the tooth, 4th tooth
(Fig.7., Fig.9., Fig.12., Fig.13., Fig.15., Fig.17.,
Fig. 20., Fig.21.);
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  The values of the stress distribution on the two
sides are significantly;

 The minimum principal stress 2 distribution are
dominant; forces requesting the tooth flanks,
corresponding in operation is in fact a
compressive stress perpendicular to the tooth
flanks;

 The maximum stress distribution are produced
at the points of contact between worm wheel’s
tooth and the worm, the basis of the teeth are
stress concentrators;

 The values of at the point of maximum tension
in the contact point of worm-worm wheel, the
equivalent of the Von Mises stress ech and
minimum principal stress 2 distribution are
presented by:

- on the bearing flank of 100 :
◦ ech max =185,02 N/mm2 (Fig.7., Fig.8.)
◦ 2 = - 200,05 N/mm2 (Fig.9., Fig.10.)

- on the bearing flank of 300 :
◦ echmax=177,297N/mm2 (Fig.15.,Fig.16.)
◦ 2 = - 186,364 N/mm2 (Fig.17., Fig.18.)

The maximum stress request is produced on the
last two teeth, the 5 th in the basis of the tooth
with a maximum of: ech max = 185,02 N/mm2 ,
when engagement occurs on the flanks of the
100 (Fig.7., Fig.8., Fig.9., Fig.10.) and 4th tooth
in the point of driving force concentration with
maximum values of: ech max = 177,297 N/mm2

when engagement occurs on the flanks to 300

(Fig.15., Fig.16., Fig.17., Fig.18.);
Load in contact point has been made but the
nodal forces, the resulting maximum stress
values directly nodal point of contact, in fact
contact between worm-worm wheel is not
punctual but is done on an area;
The values of the tension of nodes in the area are
in the immediate vicinity of the contact point is
much lower than the values of tension in the
contact of point;
Taking into account with cast iron strength
characteristics:

- r = 1400 N/mm2 - compressive breaking
strength

- a = 160  215 N/mm2 compressive
admissible strength;

We can say that the worm-wheel made of cast
iron has good resistance in operation of the gear to
the regime considered: P = 1.5 kW, n = 1500 rpm,
this is confirmed by experimental tests performed on
worm- wheel made of cast iron (Fig.1.).

References
[1] Brezeanu, L. C. (1998), Rezistenta materialelor

- Solicitari fundamentale, Editura Universitatăţii
“Petru Maior”, Tg. Mureş;

[2] Brezeanu, L., C., Bica, C. (2008), Modelare si
analiza cu elemente finite, Editura
Universitatăţii “Petru Maior”, Tg. Mureş;

[3] Brezeanu, L., C., Mathe, M. (2000), The Study
of the Influences of Cutting Forces on the Edge
of Fellow’s Cutters through Finite Element
Method, ISI Proceedings of the International
Conference on Gearing, Transmissions, and
Mechanical Systems, Professional Engineering
publishing, Nottingham, U.K, pp.921-928;

[4] Bohle, F. (1995), Spiroid Gears, Machinery,
vol.62, no.2, pp.155-161;

[5] Bucur, B., & Boloş,V. (2011), Experimental
study of the thermal limit for the gearbox worm
face-gear with reverse tapered pinion,
Proceeding of the 9th International Conference
MTeM, Technical University, Cluj-Napoca,
Romania, pp. 53-56;

[6] Georgiev, A.K. (1966), Ortogonal worm-bevel
gearing, Brevet USA, nr.3289489;

[7] Georgiev, A., Saburov, L.N. (1996), Konstruktii
prisposobenia i metodika rasceta dlea kontrola
profilia zubev koles spiroidnih peredaci, in:
Sbornic „Soversenstrovanie procesov obrabotkii
metalov reyaniem” Vipusk I, Ijevsk, p.113-123.

[8] Goldfarb,V.I., Trubachov, E.S. (2002),
Development and Application of Computer-
Aided Design and Tooth Contact Analysis of
Spiral-Type Gears with Cylindrical Worms,
AGMA-Technical Paper 02FTM2;

[9] Litvin, F.., Fuentes, A., Zanzi, C., Pontiggia, M.,
(2002), Face-gear drive with spur involute
pinion: geometry, generation by a worm, stress
analysis, Computer Methods in Applied
Mechanics and Engineering, pp.2785-2813;

[10] Pozdîrcă Al., Kalman Albert, Cheţan P. (2004),
Inventor – Modelare parametrică, Colecţia
CAD&CAM – Modul 04, Editura Universitatăţii
“Petru Maior”, Tg. Mureş;

[11] Simon, V. (1996), Stress Analysis in Worm
Gear Drive with Ground Concave Worm
Profile, Mechanism and Machine Theory, vol.
31, no.8, pp.1121-1130;

[12] Yng, F. (2000), Numerical Analysis and Three
Dimensional Modeling of worm Gearing with
Localized Tooth Contact, The Nothingam Trent
University Thesis, Nothingam, UK;

[13] Qin, D., Yang, H., (2001), Tooth contact
analysis with generating surfaces, International
Journal of Gearing and Transmissions,
Nothingam, UK, Issue No.3, pp. 29-35;

[14] *** ALGOR - Finite Element Analysis in
Practice- Instructor Manual, Pittburgh, PA, 2004

[15] *** Autodesk INVENTOR Professional, FEA
Module, CAD-FEM GmbH, 2004.

122 

 



 

The 6
th

 edition of the 

Interdisciplinarity in Engineering International Conference  

 “Petru Maior” University of Tîrgu Mureş, Romania, 2012 

 

 

 
 
 

 
 

RESEARCHES CONCERNING CONSTRUCTIVE AND 
TECHNOLOGICAL IMPROVEMENTS OF AUTOMOTIVE 

GEARBOX SUSPENSION BRACKETS 
 

Ferencz PETI#1, Lucian GRAMA #2 
#1PhD Student, University of Oradea; Technical Department,  SC CIE Matricon SA, Târgu-

Mureş, Romania 
#2Technological and Managerial Engineering Department, “Petru Maior” University of 

Târgu-Mureş, Romania 
1 petiferencz82@yahoo.com; fpeti@cieautomotive.com 

2 lgrama46@yahoo.com 

 

ABSTRACT 
The brackets, which are the objective of this research, belong to the gearbox suspension 
system of the car, being key component of the car. Due to the fact that the bracket 
supports the weight of the engine and gearbox it has a robust shape and a specific weight. 
The objective of this research is to find an ideal solution in combining of the 
manufacturing process elements which have major influence on the constructive and 
technological characteristics of the gearbox suspension brackets. 

Keywords: High pressure die casting, bracket, mould, porosity, aluminium, automotive 

 
1. Introduction 
In the manufacturing of the automotive brackets 

an important role is represented by the manufacturing 
technology, in this case the high pressure die casting 
process. 

 
Fig. 1 – Isometric view subassembly gearbox cover 

and bracket Renault X95 
 
The most common defect that appears in the high 

pressure die casting process is the porosity type of 
defect, which can be gas porosity, shrinkage porosity 

or leaker. The research is focused on the finding of 
the ideal solution for minimizing these defects, which 
are a technological characteristic, in order to increase 
the gearbox suspension brackets constructive role.  

 
2. The gearbox suspension brackets 
 The gearbox suspension brackets are key 

component of the vehicles, having the main role to 
hold the gearbox and engine, their weight, and also to 
resist to the vibrations which appear during the 
functioning of the car. 

Figure 1 presents an isometric view of the 
subassembly gearbox cover and gearbox suspension 
bracket. 

 
3. Steps of the research 
In the Fig. 2 are presented schematically the 

proposed steps of the research, performed with the 
aim to find an ideal solution for the combination of 
the process elements, in order to optimize the 
technological and constructive characteristics, mainly 
to minimize the porosity type of defects, for the 
automotive bracket type of parts, obtained with the 
high pressure die casting process. 

The research has more directions, as: digital 
experiments, experiments on workbenches and 
experiments in laboratory. All these directions are 

Gearbox Cover

Bracket for 
Gearbox 
suspension 
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rounded by the interpretation of the results, 
pronouncing of the conclusions, underlining the 
contributions and defining the future research 
directions. 

 
Fig. 2 – Definition of the research steps 
 

4. Digital experiments 
The digital experiments starts with the definition 

of the technological 3D model of the bracket, by 
defining the parting lines of the mould as it is shown 
in Fig. 3, and by analyzing and defining the draft 
angles of the part as it is shown in fig. 4. 

 
 

 
 

Fig. 3 – Definition of parting lines 

  
Fig. 4 – Analyze of draft angles 

 
The definition of the parting lines and draft angles 

are followed by the calculation and 3D design of the 
runner system with the ingate and overflows, as it is 
illustrated on the fig. 5. 

 
Fig. 5 – 3D design of the runner system 

 
Once the initial technological model of the part is 

defined together with the runner system, with special 
simulation software as Flow 3D, are performed flow 
and solidification simulations. 

In the fig. 6 is presented a frame of the flow 
simulation, using Flow 3D software.  

 
 

Fig. 6 – Flow simulation with Flow 3D software 
 

 
Fig. 7 – Solidification simulation with Flow 3D 

software 
In the fig. 7 is presented a frame of the 

solidification simulation, using Flow 3D software. 

Moulds parting line 
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After having a positive result of the flow and 
solidification simulations the next step of the digital 
experiments consist in the 3D design of the active 
cavities of the mould, which is the main stand for the 
realization of the experiments. 

In the fig. 8 are presented the 3D views of the 
active elements of the mould. 

  
Fig. 8 – 3D design of the cavities of the mould 

 
In the fig. 9 is presented the structural scheme of 

the workbench. The main components of the mould 
are: 1-base plate; 2-distancing plates; 3-mobile frame; 
4-mobile active cavity; 5- distribution cone; 6-fix 
active cavity; 7-fix frame; 8-insert; 9-shot sleeve; 10-
insert; 11- aluminium die cast part; 12-guiding 
column; 13-guiding bushing; 14-counter ejector plate; 
15-ejector plate. 

 
Fig. 9 – Structural scheme of the mould 

 
With the 3D model of the active elements of the 

mould and with the definition of the structural 
scheme of the mould are prepared the complete 3D 
design of the mobile and fix side assemblies of the 
mould. 

In the figure 10 is presented a 3D view of the 
assembly of the mobile side of the mould. 

 
Fig. 10 – Mobile side of the mould – 3D view 

In the figure 11 is presented a 3D view of the 
assembly of the fix side of the mould. 

 
Fig. 11 – Fix side of the mould – 3D view 

 
5. Experiments on workbenches 
Based on the 3D models of the cavities, frames 

and other components, are prepared the 2D drawings 
of the mould and based on that are manufactured all 
the components of the mould. 

The mould is assembled and after it is mounted on 
the adjusting press for the testing of the closing of the 
mould. 

In the fig. 12 is presented the mobile side of the 
mould mounted on the adjusting press and in the fig. 
13 is presented the fix side of the mould mounted on 
the adjusting press. 

 
Fig. 12 – Mobile side of the mould – mounted on 

the adjusting press 
 

 
Fig. 13 – Fixe side of the mould – mounted on the 

adjusting press 
 
The alloy used for the manufacturing of the 
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samples is AlSi9Cu3(Fe) according to SR EN 1706. 
The chemical composition of this alloy is presented in 
the table 1. 

Table 1. Alloys used for the samples elaboration 

Chemical composition in % 

Symbol Si Fe Cu Mn Mg 

EN AC 
AlSi9Cu3(Fe) 

8,0… 
11,0 

1,3 
(0,6 
… 

1,1) 

2,0… 
4,0 

0,55 

0,05… 
0,55 

(0,15…0,5
5) 

Chemical composition in % (cont) 

Cr Ni Zn Pb Sn Ti 

Others 

Al 
each total 

0,15 0,55 1,2 0,35 0,25 
0,25 
(0,20

) 
0,05 0,25 

res
t 

 
For the experiments were used the following 

equipments: 
- High pressure die casting cell, including: high 

pressure die casting machine Idra 700 tF, 
robot ABB IRB 4200, hydraulic trimming 
press Technopress, Tool Temp tempering 
system, dozing installation, lubrication 
system Gerlieva, transporting band, holding 
furnace Hormesa, shotblasting machine 
Webac 

- High pressure die casting mold with 2 
cavities. 

 
Table 2. Parameters used for the samples 

elaboration 
Categories Changeover 

point 
[mm] 

2nd 
stage 

velocity 
[%] 

Contra 
pressure 

[%] 

G 320 mm 45% 50 

F 320 mm 45% 100 

E 320 mm 55% 65 

D 320 mm 30% 65 

C 340 mm 45% 65 

B 320 mm 45% 65 

A 300 mm 45% 65 

 
The realized steps were the following: 
- The start has been done with the initial 

parameters, result of the filling and 
solidification simulations 

- Based on these parameters were completed 
the initial setup files of the die casting cell 

- The mould has been mounted on the die 
casting machine 

- The initial parameters have been introduced 
in the program of the die casting machine 

- Have been produced the samples with the 
initial parameters 

- Totally have been produced seven categories 
of samples with seven different settings, 
obtained with different parameters, by 
modifying the main factors which have major 
influence to the internal material health of the 
brackets, as: change over point between first 
and second phase, second phase velocity, 
intensification pressure. 

- The samples were categorized in function of 
parameters in A, B, C, D, E, F and G.   

The different values of the parameters used for the 
elaboration of the samples are presented in the table 
2. 

 
Fig. 14 – Grouping of samples in function of 

categories 
 

6. Experiments in laboratory 
For the release of the laboratory tests were used 

the following reference standards and equipments:  
- standards: ASTM E 505; specification VDG 

P201 
- Spectrometer Foundry–Master UV, for the 

determination of the chemical composition of 
the alloy 

- RX machine –YXLON MU2000/160 kV – 
for the analyze of the internal material health 
of the samples (presence and percentage of 
porosity inside the material of the samples.  

 

 
Fig. 15 –Samples inside the RX machine 
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Fig. 16 – Analyze of samples on the RX machine 

 
7. Interpretation of the results 
The digital results are materialized in the filling 

and solidification simulations. 
The filling simulation results shows us the last 

filled areas of the part, where air can be tapped, as 
well as the estimated areas where gas porosity could 
appear. In these areas are placed the connections of 
the overflows. 

In the fig. 17 are indicated those areas of the 
bracket, which according to the filling simulation 
have the higher probability to present gas porosities.  

 
Fig. 17 – Interpretation of filling simulations 

results 
 

 
Fig. 18 – Interpretation of solidification 

simulations results 
 
The solidification simulation results indicates us 

those areas of the bracket where the solidification of 
the alloy is the latest, those areas where exists the 
higher risk of the presence of shrinkage porosities. 

In the fig. 18 are indicated those areas of the 
bracket which according to solidification simulation 
presents the highest risk of the presence of shrinkage 
porosities. 

The results of the experiments on workbenches 
are summarized in table 3. The obtained values of the 
parameters are taken from the Shot control function 
of the Idra high pressure die casting 700 tF machine. 
By comparing the obtained values with the values 
introduced in the machine can be observed a stability 
of the process for each category of parts. 

 
Table 3. Summary of the shot control parameters 

C
at

eg
or

y 
of

 
pa

rt
s 

C
ha

ng
eo

ve
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po
in

t[
m

m
] 

R
ea

l v
al

ue
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[m
m

] 

%
 s

ec
on

d 
ph
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ve
lo
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R
ea

l v
al

ue
s 

[m
/s

] 
C

on
tr

a 
pr

es
su

re
 

[%
]

R
ea

l v
al

ue
s 

[b
ar

] 

G 
320 
mm 

330- 
335,4 

45% 
3,22- 
3,26 

50 
254- 

291,29 

F 
320 
mm 

330,4
- 

335,6 
45% 

3,24- 
3,26 

100 
221,44- 
223,93 

E 
320 
mm 

330,3
- 

331,9 
55% 

4,18- 
4,24 

65 
279,79- 
283,47 

D 
320 
mm 

330,3
- 

331,9 
30% 

1,5- 
1,52 

65 
278,28- 
278,88 

C 
340 
mm 

350,2
- 

354,7 
45% 

3,08- 
3,24 

65 
279,85- 
281,47 

B 
320 
mm 

329,9
- 

334,9 
45% 

3,22- 
3,30 

65 
279,92- 
281,38 

A 
300 
mm 

310,4
- 

316,4 
45% 

3,28- 
3,32 

65 
279,08- 
285,85 

 
Each sample, from each category has been 

analyzed on the RX machine. The analyzed areas of 
the part are shown in the table 4.  

Table 4. Analyze of the samples on the RX 
machine 

  

 

Areas with 
highest risk 
of shrinkage 

Areas with 
highest risk 
of porosities
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The most representative samples and the porosity 

classes in which can be categorized as well as the 
parameters with which were obtained are summarized 
in table5. 

 
Table 5. Classification of the most representative 
samples in defects classes according ASTM E505 
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A graphical representation of the obtained 

porosity categories in function of the parameters is 
presented in the fig. 19. 

 
Fig. 19 – Representation of the obtained porosity 

level in function of parameters 
 

8. Conclusions and contributions 
As demonstrated in the filling and solidification 

simulations, the areas with the highest risk of porosity 
are expected in the fixing hole areas of the bracket. 
This is proved by the results obtained on the 
workbenches during the manufacturing of the 
samples. In the case of all the samples the porosities 
are localized in the same area of the samples. These 
areas were shown by the filling and solidification 
simulations. 

There has been determinate those condition of 
process in which the samples satisfy the expectations 
and the material health requirements imposed by the 
final customer. 

The best parts are the parts from category B, with 
the porosity level 2 achieved according to ASTM E 
505 standard. To the geometry of the gearbox 
suspension bracket the recommended parameters to 
be used are: changeover point between v1 and v2 
320mm, second stage velocity V2 max 3,24-3,26 m/s, 
intensification pressure P3 280 bar. 

The main contributions of the research are: 
- The correlation of the digital results with the 

results obtained on the workbenches, by 
analyzing the samples in laboratory; 

- Correlation of the estimated porosity level 
from the simulations performed in Flow 3D 
software with the analysis on the RX machine 
of the obtained samples; 

- Determination of the influence of the 
parameters to the internal material health of 
the samples. 

 
9. Future research directions 
The identified future research directions are the 

following: 
- applying of the presented research method to 

other similar parts from the family of gearbox 
suspension brackets, engine suspension 
brackets and transmission brackets 
manufactured with the high pressure die 
casting process; 
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- testing of the samples from different quality 
levels: tensile, fatigue tests and anayze and 
corelate these results with internal health 
level and the manufacturing process 
parameters 

- study of other parameters influence on the 
internal material health 

- repeat the tests by using different alloys, 
example: AlSi12Cu1 (Fe); 

- study of the influence of the squeeze 
technology for the fixing holes area. 
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ABSTRACT 
The localization of the contact patch by cylindrical gears is realized usually through the 

flank grinding operation. This is achieved due by the continuous modification of the tooth 

thickness on the pitch circle. The tooth contact by external gears, as it knows by previous 

studies, will be produced between convex tooth flanks. Máté and Hollanda in [5] 

proposes a new procedure of cutting cylindrical gears using a milling head whose cutting 

edges are aligned on an Archimedic spiral. The meshing tooth results with a convex and a 

concave flank. As a consequence the localization of the contact patch will be achieved by 

modifying the surface curvature through variation of the parameters of the generating 

surface. The present paper, presents a quick CAD study solution to check, if the proposed 

aims in [5] is achieved. Based on the mathematical equations deduced by Máté e. a., 

using the meshing points calculated numerically, will be build the solid CAD model of the 

cylindrical gears with Archimedic spiral shaped teeth, will be made a proper visual 

reproduction of the contact patch during the gearing process. The presented CAD-

analysis is the first step in a larger implementation of the CAD solutions, to check and 

study in virtual environment future gearing solutions. 

Keywords: Archimedic spiral shaped teeth gears, cad analysis, contact patch 

 
1. Introduction 
The present paper presents a CAD approach to 

check in virtual environment, with sufficiently good 

approximation [8], some properties of present, and 

mostly future, gearing solutions. Newly proposed 

gearing solutions as in [5], needs to be checked if the 

mainly proposed aims are reached. Classically, this in 

the past was checked manufacturing, with all the 

necessary costs, the gears. In the last decades were 

made a lot of steps, using CAD solutions, to simplify 

these checking’s in virtual environment, earlier to the 

real manufacturing process. Obviously the CAD 

solutions are less expensive than the real 

manufacturing processes, and if they give, as 

approximately as they are, the positive feedback, than 

can be made the investments for the real production. 

The present work is part of the above mentioned 

checking process of the newly proposed Archimedic 

spiral shaped teeth gears presented in [5]. 

To understand the final results of the work, it is 

necessary to present the aims, and generating 

principle of the newly developed gear type. 

The localization of the contact patch is necessary 

in case of cylindrical gears that work under high load 

at high speed. The contact patch is realized through 

grinding. As a consequence of grinding, the tooth 

thickness became its largest value in the middle of the 

gear and decreases to the margins. Applying another 

meshing procedure by using a curved generating 

surface, the resulted teeth will couple respecting an 

optimal contact patch without applying a patch 

localising grinding operation. 

 Figure 1, from [5] shows the both elements of the 

gear pair in gearing process, and contacting in the 

same time the generating Archimedic surface. The 

contact elements those are proper for the classical 

rack-involute gear pair. For this and for all 

calculations the zero position of meshing is 

considered that presented in Figure 1, where the pole 

of gearing P1 is displaced to the profile symmetry 

centre H with the tangential shift q [5]. In this 

position the point A of the concave profile is 

enveloped. The figure shows the middle of the 

generated gear. It is evidently that in parallel planes 
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the generating point will be displaced. Started from 

here, if the gear rotates clockwise, the rotation angle 

is considered positive. The generating points situated 

over A arrive in meshing position for negative 

(counter-clockwise) rotations. 

 

 
Fig. 1 – The principle of meshing using an 

Archimedic generating tool [5] 
 

The teeth flanks of both elements of the 

cylindrical gear are meshed by the same Archimedic 

surface. As shown in the right side of the figure 1, 

when the generating surface rotates about its own 

axis, in a radial section appear two generating racks 

having common meshing surfaces. The profiles of 

these in the radial section are identical with the 

profile of the generating rack characterized by the 

pressure angle α0. 

As final conclusion from [5] can be pointed: 

- The teeth profile of the proposed gear is 

involute; 

- The tooth line curve is an Archimedic spiral. 

 

2. Choosing the modeling methods according 

to mathematical calculations 

 In the beginning must be mentioned that, after a 

while the mathematical calculations in [5] became 

very complicated, therefore the final, technological 

teeth surfaces will be calculated using a numerical 

solution, given by Mathcad software. Considering 

this, the output data’s of the mathematical model will 

be result of a mixed analytical and numerical 

methods, consequently the input data’s for the gear 

modeling will be point tree dimensional coordinates. 

 Figure 2. shows the generating rack teeth gap and 

thickness dimensions considered in the generating 

process. 

 

 
Fig. 2 – The generating rack teeth dimensions 

From fig.2, the parametric equations of the 

generating surfaces will be: 
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According to fig. 1, the transformation matrix 

from the generating surface system of coordinates to 

the gear system coordinates is (1). 
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After some calculus, polynomials of 2
nd 

order in v 

were obtained for each flank of the teeth [5]: 
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The equations of the tooth surfaces are written 

using transformation matrix (2) and parametric 

coordinates given by equations (1) where parameter v 

is replaced by the v(u, φH) solution of the equation of 

gearing (3).  

The (1), (2), (3) and (4) equations are introduced 

in a Mathcad sheet, and for technological gear data’s 

an n x n output matrix will be obtained for each 
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coordinate axis: one matrix for OX, one for OY and 

one OZ coordinates. Pairing the coordinate’s values 

from the corresponding position in matrixes, a net of 

3D points can be obtained, which are situated on 

convex and concave surfaces of the teeth. 

From this output data’s, using an AutoLISP 

program in AutoCAD to generate the “geodesic-like” 

supporting curves of the flank’s surfaces, lofting them 

to a 3D surface, exporting the obtained teeth flank 

surfaces with IGES to Autodesk Inventor, multiplying 

them according to the teeth numbers, were build the 

solid models of the gears, and the gearing assembly 

model (fig.3). 

 

 
Fig. 3 – The solid assembly model of the 

cylindrical gears with Archimedic spiral shaped 

teeth 

 
Finally, simulating the gearing process and using 

Analyze Interference tool from Inventor, in similarly 

mode as in [8], admitting a very small virtual 

interference of the solid body’s, the visualization of 

the moving contact patches from fig. 4 was obtained. 

 

 
Fig. 4 – The visualization of the contact patches 

 

The visualization of the obtained contact patch in 

different angular positions of the contacting gears, 

confirms that the proposed aims are achieved: 

supposing an optimal prolonged contact patch of the 

gear, offering a better load of the gears, a better 

lubrication of the teeth surfaces, as we hopefully will 

conclude after the finalization of the real 

technological fabrication process. 

3. The modeling steps 
As above mentioned the input data for the 

modeling was a net a 3D points. Extremely important 

to mention that, this point, from the surface of the 

teeth, are only points obtained from the meshing 

equations! This means that we have, for modeling 

purpose, only points actively included in meshing 

surface. The rest of the gear geometries, are build 

using general cylindrical gear construction 

considerations. 

The present study considers 2 gears, without 

profile displacement and without tangential sift. In 

later works introducing this with non zero values, will 

not modify the modeling steps, or difficulty level with 

anything, instead will give a larger evaluation 

possibility for the variation of the loading situation 

given by different profile displacements and different 

tangential shifts.  

The numeric values set for the simulation are 

RH=60 mm, m=5 mm, z1=21 teeth, z2=31, α0 =20°, 
ξ=q=0, and the distance between the axes of the gears 

Ao=130 mm. The other profile parameters of the 

generating rack are set according to DIN 3990. 

The used data matrixes (totally 12, 3 for each 

flank of a tooth, for 2 gears) were with 50 columns 

and 50 rows (50 x 50 dimension), and contained only 

point coordinates, as mentioned above, involved in 

meshing.  

For the first step an AutoLISP program was 

created to read the input data’s from the .xls type files 

for the 3 type of coordinates obtained by Mathcad.  

Consequently to the number of elements from the 

matrixes, the x, y and z coordinates from 

corresponding position are paired, and for each 3 of 

them an AutoCAD 3D point created. 

Using this net of points, geodesic curves are 

created with splines curves (fig.5). According to the 

literature [8] the spline approximation is under 0.1 

µm. 

 
Fig. 5 – The supporting curves of he flank surfaces 

 
The program automatically builds a lofted surface 

over this spline curves, and draws the pitch, root and 

outside circles for the gears.  

In the next step, the previously build geometry is 

exported over IGES translation in Autodesk Inventor 

2009. 

From Inventor some artifact constructions must be 

considered: to cut a solid with teeth flank surfaces it’s 

needed to build some surfaces limiting the gear 

external surface in points were meshing is not 

132 

 



 

 

 

present, i.e. this surface data’s were not calculated 

(like the base of  the teeth). These geometry elements 

are built according to DIN 3990. 

For cutting purposes only, the surfaces of the 

flanks are extended under the root cylinder, and over 

the outside cylinders of the gears, using Extend 

Surface command as in fig.6. 

 

 
Fig. 6 – A flank surface, extended under the root 

cylinder of the gear 
 

Also the sides of the flank surfaces were 

extended, to make possible the cutting operation of 

the solid. 

The next modeling steps consist in cutting out the 

gap of a tooth (fig. 7). This operation was made using 

Sculpt command from Inventor. The Sculpt operation 

uses the flank surfaces to cut out a part from a solid. 

 

 
Fig. 7 – A flank surfaces, and the sculpted teeth 

gap 

 

 
Fig. 8 – The teeth of a gear after the gap 

patterning 

The gears teeth will be obtained after a Circular 

The teeth gap was multiplied with Circular 

Patterning, according to the number of the teeth, over 

the gear rotation axis (fig. 8). The final gear model 

can be seen in fig. 9, after some auxiliary solid 

modeling operations, like extrusion and filleting. 

 

 
Fig. 9 – The final solid model of the gear 

 

After the building of the individual gears solid 

models, the assembly model of the gearing was made. 

Using the two solid models and their rotation axes 

positioned at A0 distance, two meshing flanks were 

constrained with a tangential constraint to move the 

gears in right gearing position. After, a rotation 

constraint was added according to gear ratio given by 

the teeth numbers. For study purposes a rectangular 

gap was added to one of the gears, and a fixed work 

plane.  The gap planar surface will be used to drive 

the angular position of the gear relatively to the fixed 

plane, which contains the rotation axes of the gears. 

The assembly can be seen in fig. 10 and the added 

constrains in fig. 11. 

 

 
Fig. 10 – The final assembly model 

 

 
Fig. 11 – The final assembly constraints 
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The constraint, noted as Angle:1 is used to drive 

the pinion with Drive constraint to a visual simulation 

of the gearing process. Also this constraint is needed 

to drive with small angular steps the position of the 

gears, and inspect the contact patches between the 

flanks of the teeth. 

For contact patch studies were proposed a very 

large number, of well documented solutions in the 

literature. One of them, used by the author of the 

present paper is based on a simple solution, used also 

in [8] for precision studies on bevel gears. The studies 

made in [8] confirmed that the tool, also the modeling 

precision adopted in present paper, have a sufficient 

good approximation.  

The Analyze Interference tool from Inventor is 

used basically to check eventually parts collision 

inside an assembly model. As can be seen in [8], 

using VBA language, this tool can be an extremely 

powerful utility in virtual gear studies. In fig.12 can 

be seen the tool in action, when, for visualization 

purpose, a very small amount of interferences of the 

teeth flank was produced, rotating just one of the 

gears from the solid flank contact with a small 

angular displacement (evidently suppressing for this 

operation the Rotation:01 constraint), and keeping the 

second gear fixed, until the flanks interferes. 

 

  
 Fig. 12 – A very small amount of interference 

 

As it can be seen, the interference is measured in 

volumetric values. In fig. 12 a volume of 1 µm
3
 of the 

teeth material was interfered. This interference value 

was produced by rotating the first gear from solid 

flank contact with 0.004 degree!  

 

 
Fig. 13 – A larger solid interference 

In fig. 13 can be seen a larger amount of 

interference, used to approximate a contact patch in 

case of cylindrical gears with Archimedic spiral 

shaped teeth. The approximate dimensions of the 

interference are 20 x 0.7 mm, with a totally volume of 

0.006 mm
3
. With these distances the approximate 

depth of the patch is 0.006/20/0.7≈ 0.005 mm. This 

value can approximate the elastically deformation of 

the tooth surface during the meshing process, also the 

approximated shape and position of the contact patch. 

Starting from the last contact position shown in 

fig. 13, and rotating the pinion together with the 

driven gear with specified ratio, a sequential moving 

of the contact patch can be simulated. Running the 

gearing simulation, with rotation constrains on, and 

changing the pinion position relatively to the work 

plane the movement, the change of shape of the 

contact patch can be observed in fig.14. For better 

visualization a wireframe view of the gears are 

presented. 

 

 

 

 
 

Fig. 14 – The evolution of the contact patch during 

the gearing process 
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4. Conclusions 
The presented CAD analysis reveals, with good 

approximations, the localization and the shape of the 

contact patch during the gearing process for the 

newly proposed cylindrical gear with Archimedic 

spiral shaped teeth. The study reveals as the contact 

patch is moving along de height of the teeth from the 

base of the dedendum to the top of the addendum, 

during the gearing process.  

Also an unexpected problem was revealed by the 

study. In fig. 15 can be seen that the contact patch 

localized near the top of the addendum it is present in 

along the whole teeth line. This is harmful for the 

gearing processes, so a proper tooth head rounding 

tool needs to be used. 

Regarding the construction type of the adopted 

cutting method and tool, the needed correction will be 

applied easily. 

Also can be seen that the contact patch 

longitudinal axes are situated along the teeth line, 

which is very advantageous for a proper gear load. 

 

 
Fig. 15 – The contact patch at the top of the teeth 

addendum 
 

In already started works the influences of the 

profile displacements and the use of the tangential jig 

will be studied. 

Some mathematical calculus improvements 

probably will me made, to obtain in any profile 

displacement or tangential jig values, surfaces that 

can be quickly checked with the presented CAD 

analysis and precision studies with solution presented 

in [8]. 

The CAD modeling steps will be completely 

automatized to a quicker evaluation of the possible 

generating, mounting or wearing errors. 

As a final conclusion, after the CAD analysis we 

have concluded that the designing process should be 

continued, the material investment seems to be 

economically justified. 

Also we can state that the proposed gearing type 

corresponds to the proposed aims, an optimization an 

improvement of the kinematics of the traditional 

cylindrical gears. 
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ABSTRACT 
The paper presents aspects relating to the generation of cylindrical helical surface and 
cone helical surface using coordinates transformations. In the first part of the paper 
aspects concerning cylindrical helical surface generation using a curve are presented, 
followed by the presentation of cone helical surfaces without and with rotation the tool 
system with an angle corresponding to the angle of inclination of a cone worm. In the 
end, we present the calculation mode for equations of an Archimedian helical cone 
surface and the numerical generation mode for such a surface. The program that 
generates the points needed to represent them is  AutoLISP, and the graphic display is 
handled using  AutoCAD.  

Keywords: cylindrical helical surface, cone helical surface, coordinates transformation, worm flank, helical 
surface 

 
1. Introduction 
Each mode to generate a cylindrical or conical 

helical surfaces (Fig.1.) can be associated a 
mathematical and numerical model by which the 
resulting surface will be defined [2].  

A helical surface can be generated by any well-
defined curve placed in its entirety on the surface [5]. 
Each point on the generating curve will be given a 
helical motion around axis OX, considering as 
reference systems a straight orthogonal one, type 
OXYZ. 

According to STAS 6845-82 standard, the 
cylindrical worms are classified as: ZA – worm with 
a straight-line tooth profile in axial section, ZN – 

worm with a straight-line tooth profile in normal 

tooth section, ZE – worm with a straight-line tooth 
profile in a plane tangent to the main cylinder, ZK – 
profile formed by a cone ground using a wheel and/or 
shank tool.  

The helical surface that is presented in this paper 
is the surface of the worm flank of an Archimedian 
worm. It is known that at the worm type ZA the 
generation right the flank is contained in the axial 
plane of semi-product as in [1][4][5][6], inclined with 
the complementary angle of the pressure generated 
flank. 

2. Cylindrical helical surfaces 
To generate a helical surface the equation of a curve 
(C2) is needed, written in the coordinates of a straight 

 
Fig.1 –Helical surfaces 

 
Fig.2 –Curve generating a helical surface 
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orthogonal system  X2Y2Z2O2  noted with S2 (Fig.2.), 
that we consider as generatrix of the helical surface. 
The position of a point P on the curve (C2) is given 
by the position vector r2, written as vector matrix: 
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 System S2  will perform a twisting motion with 
reference to system S1 (Fig.3.). 

We are interested in the coordinates of point P 
written in system S1. To obtain the coordinates of the 
point in S1, coordinates transformation will be used 
[6],[7]. In symbolic form it looks like this: 

220012211 r*,M*,Mr*,Mr ==        (2) 

and in extended form: 
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(3) 
Multiplying the matrices we obtain the parametric 

equations for a cylindrical helical surface: 
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3. Cone helical surfaces 
To generate a cone helical surface we need the 

equation of a curve  (C2) written in the coordinates of 
a straight orthogonal  system X2Y2Z2O2  noted with S2 
(Fig.2.)[3], a curve that we call generating. In the 
case of generate the conical worms, the cinematic 
generation it can be done in two ways: 

a. Helical surface generation with rotation of tools 
system with the angle β which is the inclination angle 
of the cone. 

The system S2 will rotate with an angle ß equal to 
the  angle of inclination of the cone generator around 
axis OY2 to run then a translation along the axis OZ2 . 
(Fig.4.).  

With S0 was noted the original location of the 
system S1, which is rotated to the system S0 with the 

angle φ clockwise to give a helical conical surface 
whose sense is right. 
Coordinate transformation can be written as symbolic 
matrix as follow: 

220012211 r*,M*,Mr*,Mr ==  (5) 

The matrix of the rotation will be: 
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The matrix of the translation is: 
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Replacing the two matrices and making the 
calculations we obtain the equations of a helical 
conical right surface : 
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Fig.3 –Twisting motion of system S2   to system S 1 

 
Fig.4 –Helical surface generation with rotation 

of tools system with the angle β 
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b. Helical surface generation without rotation of 
tools system with the angle β which is the inclination 
angle of the cone. The tools system S2 run a 
movement of translation parallel to the symmetry axis 
of semi-product and for each calculated point runs a 
radial movement so that the origin of the tool system 
is positioned on the cone (Fig.5.). Practically, at a 
rotation of 360° of system semi-product, the tool 
system runs on cone generator with one step (moving 
consist of a translation and a radial motion). With S0 
was noted the initial pozition of semi-product system 

S1. 
Coordinates transformation can be written as 

symbolic matrix as follows: 

220012211 r*,M*,Mr*,Mr ==        (9) 

where: r1 is the position vector of a point P situated 
on curve (C2) in system S1, and r2 is the position 
vector of  point P situated on curve (C2) in system S2. 

Written in extended form, coordinates 
transformation is: 
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(10) 
Doing the calculation the equation of a cone 

helical surface is obtained. In parametric form this is: 
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4. Generation an Archimedian helical surfaces 
The generating lines of an Archimedian conical 

flank worm are contained in the axial plane of the 
worm and are shown in (Fig.6.). Parametric equations 
of line generators (d1) and (d2) that are used by the 
first method of generation with turning of system tool 
with the inclination angle of the cone are: 
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Parametric equations of line generator (d1) and  

(d2) that are used by the second method of generation, 
without turning of system tool with the inclination 
angle of the cone are: 
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To get the left flank of an Archimedian worm it 
replaces relation (12) into (8) and (14) into (11) and 
we will obtain the same equations of the Archimedian  
helical conical surfaces using the two 
methods:
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To get the right flank of an Archimedian worm it 
replaces the relation (13) into (8) to use the first 
method of generation: 
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then (15) into (11) tu use the second method  
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and can observe that we obtain different equations. 

 
Fig.6 –The generating lines of a Archimedian 

conical flank worm 

 
Fig.5. –Helical surface generation without 
rotation of tools system with the angle β 
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5. Representation of the sidewalls 
In (Fig. 7) was represented in AutoCAD, the right 

flank surface of a conical Arhimedian worm using a 
program executed in AutoLisp using two ways of 
generation: 

•••• variant I: using the relationship (17) (with 
rotation of tool system with angle β), 

•••• variant II: using the relationship (18) (without 
rotation the tool system with angle β). 

Using AutoLisp program were generated points 
necessary for the representation of the surfaces in 
AutoCAD. 

 It can be seen that for the same input data (Tab. 
1) were obtained two different surfaces. 

 
Tab.1.Input data 

ri re rr α1 β pE spire sens Begin. 
20 40 30 20̊  15̊  50 2 d 1 

 
 From the data used in the representation of the 

helical surface in the two variants the calculated value 
for the variable c is 25 mm, half of pE, dimension who 
is found in the representation of the helical surfaces in 
the first variant (Fig.7), version II not being correct.  

In figure (Fig.8) are represented both flanks of an 

Arhimedian worm, for the considered case, using the 
first variant of generation. 

 
6. Conclusions 
Considering the lines generators positioned as 

shown in figure (Fig.6), the correctly built variant is 
the variant I, with rotating the tool system with angle 

β. 
This paper argues the fact that using the second 

variant of generating worm flanks, the flank 
equations of conical worms are obtained directly in a 
simple form, but are subject to some restrictions, 
while in the first variant of generating the equations 
are more complicated but we are not conditioned by 
certain restrictions.  

In the case of generating conical Archimedical 
worms it can concluded that using the two ways of 
generating we obtain the same equations system 
provided that in the second way of generating, the 
generator curve of the worm flank to pass through the 
origin of the coordinate system of the tool. 
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Fig.7- Representation of the right flank of an 

Arhimedian worm  in two variants of generation 

 
Fig.8- Representation of flanks -Variant I 
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ABSTRACT 
A study was performed to thermal behaviour and contact pattern of worm face gear 

finish. Temperature and contact data were gathered from 6 sets of worm plane gears run 

during an evaluation study. Direct relation between thermal behaviour and contact 

pattern was recording. Value of mean increase of contact pattern and improve if thermal 

behaviour has been provided.  

Keywords: Worm face gear, fly cutter, lapping, hardening, roughness, hobbing, thermal 
behaviour, contact pattern 

 1. Introduction  
The subject of this research is evaluating relation 

between contact pattern and thermal behaviour, with 
special attention given to the surface roughness. 
Contact in case of worm face gear it is repeated 
rolling and sliding. This research sought to provide 
technical data concern finish process. In up-date 
technical journal it is a subject of debate.  

 
2. General guide line 
We use fly cutter to produce 6 worm plain wheels, 

the fly cutter method it is a single point tool in lathe.  

The wheels were cut with tangential hobbing 
(Fig.1). Cheap and easy to execute this method have 
also an unwanted side-effects. Fly cutter it is mounted 

on a holder, and in enter and exit area have the 
tendency to vibrate. 

Being a single point cutting tool fly cutter kick at 
each rotation the wheel so at the enter and exit surface 
area appear a lot of micro scratches (Fig. 2). 

F. Litvin a well know expert in gearing consider 
''worm gear drives with cylindrical worm still an 
example of example of gear drives for which a 
satisfactory bearing contact is obtained by lapping 
under a load in gear drive house. However, such 
lapping is expensive in terms of time and is not 
sufficiently effective” [12, 13]. 

 

Fig. 1. Hobbing of worm plain wheels by 

fly cutters Fig. 2. Worm plain wheel surface's with 

micro scratch on enter area before lapping 

(magnifier 20x) 
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After a series of experiments runs on worm face 
gears, we and other researchers how have run 
experiments on other type of steel gears [4], [5] 
consider, hardened steel worm and wheel hobbed by 
fly cutter suited for lapping. The results are better as 
previous know in case of hardening steel gears. 

  
3. Apparatus  

Test facility. The experiments were performed at 
“Petru Maior” University of Tîrgu Mureş Tools Parts 
Laboratory. A schematic overview of the facility is 
shown in Figure 3. 1-electric motor, 2- V-belt 
transmission belt-rubber , 3- pulley, 4- Worm gear 
case, 5-Elastic clunch, 6-Magnetic powder brake FAT 
120, 7 Magnetic powder brake FAT 120 bracket. This 
test facility was used for vibration and noise level 
evaluation [2].  

 
This kind of facility is commonly used by NASA 

Glenn Research Centre’s for gears testing of any type 
and geometry [3], [7], [8], [9], [10], [11]. They use 
this facility for load capacity and endurance tests.  

We set torque force of magnetic powder brake 
FAT 120 at 12 Nm so we considered a flat base for 
our experiment from force apply point of view.  

Electric motors operate at 1500 rpm.  

Motor is controlled by a turning switch for turning 
left and right. Worm face wheel tested parameters are 
given in Table 1. 

Table 1: Worm face wheels parameters 

Constant  Value 

Axial modulus 2,5 

Type of worm  ZA 

Directions Left/Right 

Diameter pitch  7,85 mm 

Center distance  56 mm 

Pressure angle  30  10  

Pinion material  42 Mo Cr 11 

Wheel material 42 Mo Cr 11 

Wheel hardness after heat 
treatment nitriding 

423 HV (400 
HB) 

 
4. Gear evaluation instrumentations 
Contact pattern was determined using a digital 

camera DNT Digimicro 2.0 scale produce by 
Drahtlose Nachrichtentechnik Entwicklungs und 
Vertriebs GmbH Germany [1], is a USB cable camera 
able with an optical magnifier of 20-200x. Maximal 
focus resolution up-to 1 μm. This device has its own 
measurement software able to measure line and area 
upon picture taken. Capture format JPEG and BMF. 
Before each process teeth's surface is covered with 
visible acrylic paint, after process we evaluate surface 
uncover. Double probe digital thermometer was used 
to monitoring inside case and exterior temperatures; it 
is shown in figure 6. One probe was sunk in oil's bath. 

 Fig. 4 Contact pattern measurement by 

digital camera DNT Digimicro 2.0 

Fig. 5. Test gear case with double probe 

thermometer 

Fig. 3. Test facility schematic overview 
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5. Test procedure 

For each pair tested was performed same 
procedure. This procedure evolved 3 stages: first 
stage was grinding, second stage finishing process, 
and third stage evaluation.  

Rotation direction was switched by electrical 
motor's switch and both sides of tooth flanks were 
finished. Finishing chosen method is lapping with 
water base solution. 

Lapping is a machining operation in with two 
surfaces is rubbing together. This involves rubbing a 

hard brittle material as silicate carbide or other 
carbide [5]. 

Worm plain wheels were lapped for 10 minute 
each pairs. Solution is a mix solution of silicate 
carbide and water glass (sodium silicate). Solution 
has 1.3-1.5 viscosity and 11-12.5 pH (strong alkaline 
potential). An original lapping solution was tested. 

This solution contains sodium silicate, silicate 
carbide and a thixotropic agent commercial known as 
Aerosil trademark own by Degussa Company [6]. 

 

 

 
6. Result and discussion 

A summary of the results for thermal behaviour 
and contact pattern is shown in fig. 6 and 7. 

After lapping contact pattern was increased for 
both directions (blue line before and read line after 
lapping). With green line it is shown thermal 
behaviour. Thermal behaviour means difference 
between inside case temperature and outside 
temperature in Celsius grade. 

Between direction of 10 degree flank and 30 
degree flank we notice a better thermal behaviour for 
30 degree flank direction. We determined total 
improve of thermal behaviour. This factor it is obtain 
dividing sum of all improve of thermal behaviour by 
number of tested specimen.  

Mean increase of contact pattern is obtained 
dividing sum of all increase percent of contact pattern 
by number of tested specimen. We have determined 
value of this factor around 0.22-0.23%. The results 

 

Fig. 6 Thermal behaviour and contact pattern  

before and after lapping for 10 degree flank 

Fig 8: Total improved thermal behavior and mean 

increase of contact pattern chart for 10 degree 

flank (blue) and 30 degree flank (red) 

 

Fig. 6 Thermal behaviour and contact pattern  

before and after lapping for 10 degree flank 

 

Fig 7: Thermal behaviour and contact pattern before  

and after lapping for 30 degree flank 
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for 10 degree flank and for 30 degree flank are almost 
the same for total improvement of thermal behaviour 
factor. The results obtain are equal for both flanks.  

We further notice a direct relation between contact 
pattern increase and an improvement of thermal 
behaviour. After lapping we notice effective 
elimination of enter's area surface scratches as shown 
in figure 9. 

  
7. Conclusions  
The objective of this study was to evaluate a 

relation between contact pattern and thermal 
behaviour of worm plain gear.  

The following conclusions were obtained:  
• using lapping for finishing of hardened steel 

worm face gear increase contact pattern. 
• worm face gear improve thermal behaviour. 
• we proved experimentally a direct relation 

between increasing on contact pattern and 
improvement of thermal behaviour. 

• we determined a value of 23% for mean 
increase of contact pattern after 10 minute 
lapping process 

• we determined a value of 22-23% for total  
improvement of thermal behaviour after 10 
minute lapping process.  

• Lapping with water-base solution of sodium 
silicate and silicate carbide it proves a cheap 
and improve thermal behaviour. 

• For increasing contact pattern we tested an 
original formula solution for lapping which 
contain a mix of solution of sodium silicate, 
silicate carbide and thixotropic agent. 
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Fig. 9 Improve of enter's area surface after lapping
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ABSTRACT 
This paper presents experimental results of a research complex on the behavior of a 

worm screw gear reducer with dual face gear with Archimedian worm screw and the 

wheel made of cast iron and polyamide. 

Keywords: Dual worm screw face gear, speed reducer, thermal limit, wear, hobbing 

 

1. Introduction 

Particular interests in regards to manufacturing of 

mechanic transmissions with high bearings and small 

dimensions are considering using dual worm screw 

face gears. 

They consist of a worm screw (which may be 

cylindrical or conical) which simultaneously engage 

two worm screw wheels front (flat or tapered) 

conjugate. This constructive solution allows 

acquisition tasks while increasing the ability to adjust 

the game in gear by moving the two front wheels. 

These gears can be made in different material 

combinations: hardened steel-hardened steel, 

hardened steel-ductile iron, hardened steel-cast iron, 

hardened steel-bronze, steel-hard plastic, depending 

on the application level loading etc. In terms of 

industrial production are still not standardized 

gearboxes offers in this category. Similar tests were 

performed at Illinois Tool Works Chicago (USA) and 

Izhevsk Mechanical Institute (Russia). 

 

2. The experimental study on thermal 

threshold determination for worm screw gear 

reducers with double face 

 

The paper presents the results of an experimental 

research on the behavior of a complex worm screw 

gear reducer with double front Archimedes worm 

screw - type cylindrical with flat worm wheels made 

of cast iron in the first case and of the polyamide and 

nitrided stainless steel worm screw in the second 

case. 

The worm screw gear wheels were fitted 

simultaneously with drill-toothed worm screw 

tangential feed method in a one-way position to 

ensure the best possible conditions for accuracy. 

The sidewall surface of the worm screw is made 

by a turning process and that of the wheel teeth by 

milling. The position of the front wheel in relation to 

the mounting screw allows cancellation of the 

clearance which creates prerequisites for a 

functioning smoothly. The design chosen allows for a 

compact construction with the following features: z1 

= 1, z2 = 47, A = 56 mm, I = 2.5 mm. 

The gearbox housing is made from cast iron. The 

shaft for the worm screw and for the bearings of the 

wheels are made with angular contact ball bearings.  

The strength of the iron wheel flanks is 280 HB 

and that of the worm screw is of 600 HV. 

The experiment was done on a mechatronic stand 

in an open energy system, equipped with an adequate 

magnetic powder brake. 

Within this framework the following were 

determined: thermal limits, performance, noise and 

vibration during operation. The setting of the thermal 

limits and of the thermal efficiency was performed by 

successive stepwise loading for each direction of 

rotation, taking into account that the pressure angles 

are different on the two sides of the worm by altering 

moment electro-magnetic brake resistance after R10a 

increasing number range. 

The design and construction of the stand were 

done in the research center TAPFA of the Petru 

Maior University in Targu-Mures [1, 2]. 

The experimental data obtained was used to build 

diagrams which show changes in the parameters 

studied. 

The following steps were taken in order to 
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 accomplish this experimental research program of the 

double worm gear reducers: 

- grinding for each pair of materials were done 

on both sides; 

- determining of the thermal limits flank 10
o
 

and flank 30
o
. 

The grinding was performed for a period of 15 

min for each direction of rotation. 

The appraisal of the thermal limit was achieved by 

successive loading and by precise time setting of the 

electro-magnetic brake for each direction of rotation. 

The values loading steps tested are shown in Table 1. 

 

Table 1. Speed and load values on output shaft gear (brake FRAT 3500) 
Load step 1 2 3 4 5 6 7 8 9 10 11 

Values(Nm) 12,43 13,98 15,54 17,40 19,42 21,75 24,47 26,02 31,08 34,96 38,85 

   

 

The maintenance time for each load step was 15-20 

min. It was noted that during this time interval a 

stabilization of the temperature in the oil bath of the 

reducer is produced. 

These levels of stabilization temperature can 

highlight real-time graphical interface to data 

acquisition software for each test version reducers. 

 

Table 2: Geometrical and functional specifications 

of stand and used elements. 
Engine power transmision  1,5 kW 

Engine speed  1410 rpm 

Speed of input-worm shaft 3196 rpm 

Output shaft speed, double worm wheel 68 rpm 

Transmission report i = 1:47 

Axial distance A = 56 mm 

Axial mode M =2,5 mm 

Flank angle worm caring α1= 10° 

Flank angle worm supporting α2 = 30° 

Type of cylindrical worm  ZA 

Number of worm starts z1 = 1 

Number of wheel teeth z2 = 47  

 

In order to determine the thermal limit of the noise 

level and mechanical efficiency of the processed gears 

there were used geometrical and functional 

specifications of the reductor gear, as well as the 

functional parameters of the experimental stand as 

seen in Table 2 

Experimental measurements were conducted for 

the different stages of the loading of reductor gears 

using a mixture of materials as follows: steel - gray 

iron and steel - polyamide. 

 

3. Evaluation of experimental data 

 

An important volume of experimental data for each 

type of gear was obtained from analyzing the aquired 

data regarding the execution of the experimental 

program that was presented. 

The data aquired are presented synoptically in 

figures 2, 3, 4, 5, where one can observe the actual 

load steps for each flank, the evolution and 

temperature in the oil bath for each gear version. 

The ambient temperature in the lab varied for each 

assessmet, depending on the kind of gear tested, so 

that the environmetal temperature ranged between 

190-300 degrees Celsius, and this was taken into 

account when the final data was processed. 
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Fig. 2 – Temperature variation depending on the load flank materials torque of 30
o
 steel / cast iron  
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Fig. 4 – Temperature variation depending on the load flank materials torque of 30
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 steel / polyamide 
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Following the analysis of the graphs in Figures 2, 3, 

4, 5, the following statements can be made: 

• If the combination of materials made gear steel / 

cast iron:  

i. It is recognized as the thermal limit 

(temperature of 80
o
) the appropriate time step 

for the new load of 31.08 Nm flank of 30
o
. For 

sidewall bearing of 10o this is the appropriate 

step to limit, corresponding to a 10-step loading 

ie 34.96 Nm. 

• If it is done form the combination gear material: 

steel / polyamide: 

i. It is recognized as the thermal limit 

(temperature 80
o
) when the tenth load step 

corresponding to 39.6 Nm side of 10
o
. For 

sidewall bearing of 30
o
 this is the appropriate 

step to limit, corresponding to step 11 ie 38.85 

Nm load. 

It should be noted that the load torque steel-

polyamide materials in steps 10 and 11 have appeared 

pronounced wear which does not allow exploitation of 

such schemes charge. 

 

4. Conclusions 

 

The experimental study conducted to a series of 

conclusions prezented as follows. 

Double helical gears had a proper operating behavior 

under load. 

Experimental values obtained for the two couples of 

materials, reducer gear shows a behavior close to the 

two sides tried port in each case. 

The experimental results obtained were influenced 
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 by the precision of the execution of this gear 

components. 

For industrial applications, torque steel-polyamide 

materials may be used only for situations where load 

times are reduced through attrition phenomenon more 

pronounced double worm wheel tooth flank. 
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ABSTRACT 
Anthropogenic activities leave a heavy footprint on the quality of soils. Pollution, 

particularly from chemical products, creates major changes in the soil properties. Heavy 

metals and metalloids pollution represents an acute problem because it lowers the soil's 

capacity to regenerate. Over 99% of the pollutants from the air, water, fauna and flora 

end up in the soil matrix, increasing the risk for contamination in the soil. To understand 

the influence heavy metals have on physical and chemical properties of the soil, this 

paper studies samples from two industrial contaminated areas in Mures County, 

Romania: (1) Azomures Fertilizers Plant and (2) Bicapa Factory . Several changes in soil 

properties were observed in the samples from the Bicapa Factory, where some samples 

exhibited concentrations of heavy metals above the threshold criteria.  

Keywords: soil pollution, heavy metals and metalloids, soil properties, soil samples and 

background samples, limit values. 

 
1. Introduction 

The study of soil has been a concern of mankind 

since ancient times and there are many current 

theories that discuss the composition, properties and 

phenomena that occur in soil and its evolution over 

time. Environmental pollution has increased with the 

evolution of technology, population expansion and 

increasing the standard of living which led to a 

greater demand for goods and services, and therefore 

a greater degree of environmental pollution and strain 

on the natural resources [2, 7, 14]. Many industries 

pollute excessively and their emissions ultimately end 

up in soil where the pollution has a devastating effect 

on the constituent elements [9, 16, 18].Heavy metals 

are pollutants that adversely affect soil properties 

diminishing the fertility of the soil [5, 10].  

There is a strong dependency between soil 

physical, chemical and biological properties and 

fertility. Soil can become polluted through multiple 

pathways: the atmosphere, the surface and ground 

water resources, the natural phenomenon such as 

volcanic eruptions, but the most pressing is the 

anthropogenic sources of pollution. Heavy metals 

have a strong negative effect on soil properties and 

especially the natural biotic activities that occur in 

soil elements [17, 18]. 

Mobility of most metals in the subsurface depends 

on soil’s physical and chemical properties. These 

changes also happen as the water moves through the 

soil. 

Soil pollution caused by heavy metals and 

metalloids is a serious problem, compared with other 

forms of pollution because the soils polluted with 

heavy metals lose their capacity to regenerate [4, 6, 

11]. Over 99% of pollutants in air, water, flora, fauna, 

eventually end up in the soil [2, 3, 9], and therefore 

soils are always at the risk of pollution. As the world's 

population is constantly growing, good farming soil 

becomes a scarce resource that needs to be protected 

for the fertility and life that it is capable to maintain.  

 

2. Materials and research methods 

To study the influence of heavy metals on the soil 

properties, the scope of this research was set to 

analyze soils from the vicinity of two industrial plants 

in the Mures County of Romania the AZOMURES 

fertilizer factory and the BICAPA Factory. 

AZOMURES factory produces nitrogen, phosphorus, 
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 and potassium fertilizers and melamine. The BICAPA 

factory although out of operations since 2000, was 

producing chromium and pesticides based on sulfur, 

barium salts, fluoride products, and other various 

inorganic chemicals like aluminum sulphate and zinc 

oxide. Between 1972–1978 the platform Bicapa 

chemical plant were built three pits of toxic waste, 

which are located on the right bank of the river 

Tarnava Minor distances ranging between 15 and 

35m.  

The three pits of toxic waste serving sections of 

obtaining sodium dichromate, inorganic salts, and 

water washing sludge from the manufacture of 

carbide, the total amount of toxic waste in pits no. 2 

and 3 was estimated to be approx. 2500.00t (fig. 1 

and 2). 

  

 
Fig. 1. Bicapa plant framing plan in the area (west 

of town Tarnaveni) 

 

 
Fig. 2. Pits location and spatial distribution of 

izoconcentrations of hexavalent chromium (mg/L) 

 

For this, several samples were collected as listed 

below. Sample PG was a background sample 

collected from a garden in the small township of 

Sancraiu de Mureş, where the industrial pollution is 

presumed to be minimal: 

 Sample PA1 was collected at 150 m from the 

AZOMURES Factory;  

 Sample PA2 was collected at 500 m from the 

AZOMURES Factory; 

 Sample PA3 was collected at 1500 m from the 

AZOMURES Factory; 

 Sample PT1 was collected at 150 m from the 

BICAPA Factory; 

 Sample PT2 was collected at 500 m from the 

BICAPA Factory; 

 Sample PT3 was collected at 1500 m from the 

BICAPA Factory; 

Note the sampling points were chosen direct from 

the S-E side of pollution source. 

The laboratory analytical measurements were 

performed in the Wessling Laboratories of Romania, 

a certified provider of environmental analyses. 

The physical properties determined University lab 

specialist “Petru Maior”, for the samples included: 

specific conductivity, moisture content, structural 

gradation and texture. Geochemical properties of 

interest that were determined included: phosphorus, 

potassium, total nitrogen, pH. of biological interest, 

the total organic carbon content of soil was also 

determined in the laboratory Office of Soil Science 

and Agro chemistry area. Heavy metals (arsenic, 

cadmium, chromium, copper, nickel, lead, zinc, 

mercury) were also sampled to determine the 

relationships and correlations between the soil 

physical, chemical and biological properties.  

 

3. Results and discussion 

Specific Conductivity  

The specific conductivity values of the six soil 

samples ranged from 195 µS to 290, 8 µS compared 

with the PG control sample which recorded value of 

255.5 µS. The lowest value was observed in PA1 

(195.7 µS) while higher values in excess of the 

control sample are observed in the samples and PA2 

and PA3 (290.8 µS and 273.1 µS), as also shown in 

figure 3. 

 

 
Fig. 3. Specific conductivity of Collected Samples  

 

Moisture Content 

From the moisture content analysis of soil 

samples a higher humidity was recorded at PT3 

sample, samples taken from 1500 m of BICAPA 

factory with a value of 144,23% and the lowest value 

of moisture in the sample PT1 (121,16) located near 

the same plant. As observed on Table 1, the samples 

taken from the vicinity of AZOMURES factory are 
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 closer in value to the control sample and exhibit less 

variability (table 1). 

 

Texture and structural composition 

The assessment of soil samples taken from 

vicinity of the AZOMURES factory has a medium 

texture similar to that of the control, which is clayey 

and sandy. Soil samples collected from the BICAPA 

factory have a heavy clayey texture (PT1, PT2), 

resulting in a higher potential to retain pollutant in its 

matrix. PT3 sample located at a greater distance from 

the source of pollution has a better texture, clayey-

loam, probably influences by the tillage of the soil, 

given that the land is agricultural. In general, the 

structure of the soil samples differ from the 

polyhedral peas, to rhombic and columnar shapes 

(table 1). 

 

Total Organic Carbon Content 

According to the results table, it can be observed 

that the blank had a content of 3.65%, lower values of 

2.02% and 3.58% occurring in samples PT1 and PT2, 

respectively. Higher values than the control sample 

were recorded in the samples collected from 

agricultural lands in PA1 and PT3, indicating soils 

that are rich in humus. Literature indicates that 

natural hummus content in soils averages around 3% 

[1] (table 1). 

 

pH 

In interpreting the results of soil reaction will have 

taken in to account and name and name values of pH 

ranges that are not uniform in the literature [7, 9] 

The results show that the control sample (PG) is a 

weak alkaline sample, with a pH value of 8.07 s.u., 

followed by samples from BICAPA factory, PT1, 

PT2 and PT3 being themselves weak alkaline 

samples. On the other hand, PA1 sample showed pH 

values of 5.58 s.u. the sample therefore falling within 

the category of moderately acidic. It should be noted 

that this sample was taken from a distance of 150 m 

from the AZOMURES factory (table 1). 

 

Table 1. Sampling results 

Item 

no. 

Soil 

sample 

Total Organic 

Carbon Content [%] 

Moisture 

content [W %] 
pH 

Texture 

composition 

Structural 

composition 

1 PG 3,65 121.16 8,07 clayey-sandy peas 

2 PA1 6,08 120.28 5,58 argillaceous polyhedral 

3 PA2 6,58 128.97 7,08 argillaceous loam Columnar 

4 PA3 5,48 111.27 7,47 sandy-loam rhombic 

5 PT1 2,02 108.45 8,26 argillaceous polyhedral 

6 PT2 3,58 126.79 7,75 argillaceous polyhedral 

7 PT3 7,12 144.23 7,68 argillaceous loam peas 

 

Nitrogen, phosphorus and potassium 

Interpretation of data resulting from the analysis 

of nitrogen, phosphorus and potassium was done by 

comparison with limit values mentioned in the 

literature (Table 2). 

 

Table 2. Limits of the content of N, P, K in soil  

Soil N(INx) P2O5(ppm) K2O(ppm) 

poor <4 <20 <66 

average 4 40-80 132-200 

excellent >4 >160 >200 

 

As seen in table 3, the soil samples collected near 

the BICAPA pits are poor in terms of content of N, P, 

K, when compared with the control sample, 

respectively Azomureş Zone samples. Samples PA1, 

PA2, PA3 are high in potassium content, but nitrogen 

and phosphorus poor. Azomureş area soil samples 

were low in total nitrogen and high in phosphorus; 

therefore it is not recommended that in this area to 

grow plants with high consumption in nitrogen and 

phosphorus, otherwise plants will have 

underdeveloped vegetative mass or low fructification. 
 

 

Table 3. Values of N, P, K in soil samples  

N
o

. 

Sample 
Nitrogen 

(N) % 

Phosphorus 

(P) 

Potassium 

(K) 

1 PG 2.18 65 612 

2 PA1 3.12 88 538 

3 PA2 3.18 136 812 

4 PA3 2.27 180 471 

5 PT1 0.098 20 228 

6 PT2 0.17 38 402 

7 PT3 0.337 45 483 

 

Determination of heavy metals in soil 

Table 5 shows heavy metals content in the 

samples. From this we find that PG, our control 

sample exceeds normal values (table 4) arsenic and 

copper, but does not exceed any threshold values. 

Sample PA1 exceeds normal values for copper and 

lead, but still it does not exceed any threshold values. 

PA2 and PA3 sample exceed normal values for 

copper, lead and zinc, but are still below the threshold 

values. Samples from BICAPA plant, PT1, PT2 and 

PT3, exceed normal limits for arsenic, chromium, 

copper, lead and zinc, surpassing intervention 

threshold regarding chromium content in PT1. 
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Table 4. Reference values for traces of heavy metals in soil; In accordance with the OM 756 / 11.03.1997 

(mg / kg dry weight)

Metal traces 
Normal 

values 

Alert thresholds / Types of uses Action levels / types of uses 

sensitive less sensitive sensitive less sensitive 

Arsenic 5 15 25 25 50 

Cadmium 1 3 5 5 10 

Total chromium 30 100 300 300 600 

Hexavalent chromium 1 4 10 10 20 

Copper 20 100 250 200 500 

Mercury 0.1 1 4 2 10 

Nickel 20 75 200 150 500 

Plumbum 20 50 250 100 1000 

Zinc 100 300 700 600 1500 

 

Table 5. The content of heavy metals in soil samples 

Item 

no. 
Sample 

Heavy metals content 

Arsenic 

(mg/kg) 

Cadmium 

(mg/kg) 

Chromium 

(mg/kg) 

Copper 

(mg/kg) 

Nickel 

(mg/kg) 

Plumbum 

(mg/kg) 

Zinc 

(mg/kg) 
Mercury 

1 PG 6,26 <1 23,8 25 39,8 16,3 68,3 <0.3 

2 PA1 <4 <1 27,2 30,3 24,9 26,3 93,4 <0.3 

3 PA2 <4 <1 26,4 38,3 28,6 28,3 131 <0.3 

4 PA3 <4 <1 25,75 39,58 25,3 40,74 127,5 <0.3 

5 PT1 11,38 <1 712,8 44,12 50,65 39,67 129 <0.3 

6 PT2 7,72 <1 41,9 36,9 46,58 25,9 92,3 <0.3 

7 PT3 9.84 <1 46 42,5 42,8 44,6 127 <0.3 

 

4. Conclusions 

The study conducted in these two industrial areas 

with different pollution degrees came to the following 

conclusions: 

 Soils in the AZOMURES factory area have 

similar humidity values, unlike the soils from the 

BICAPA factory area. 

 Texture of soils is influenced both by their 

content of macronutrients and heavy metals, and the 

end use of the soils. Soil samples collected from the 

BICAPA plant area have a heavy texture, clay (PT1, 

PT2) and therefore the retention of pollutants is 

shown to also be higher. 

 In general, the structure of the soil samples 

differs from the polyhedral peas, rhombic and 

columnar. 

 The micronutrients available in the studied 

samples are low, while the presence of humus is 

especially felt in samples from agricultural land. 

 All samples exceed normal values in copper, 

lead and zinc, while sample PT1 even exceeds the 

threshold for intervention regarding chromium 

content. 

 We can afford to recommend measures for 

remediation of soils especially in the Bicapa area, 

given that the risk of contamination of groundwater 

and surface water in the area is higher. 
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ABSTRACT 
Waterways are contaminated with industrial waste containing different concentrations of heavy 

metals, solvents and various other organic substances. All these waste products reach the people 

after they have accumulated in the food chain for decades. Even worse, they gather in the 

groundwater from which most of the drinking water is sourced. In order to determine the contents 

of heavy metals - arsenic, cadmium, chromium, copper, mercury, nickel, lead, zinc - from various 

sources of drinking water and groundwater, this paper analyzed 11 water sources of drinking 

water and groundwater. The results were interpreted according to European quality standards 

and national limits that should not be exceeded to protect ecosystems and human health. In 

relation to national quality standards for drinking water and groundwater, all the samples 

showed concentrations of heavy metals within limits. Lead, chromium and nickel had non-detect 

values in most samples. 

 

Keywords: sources of water, heavy metals, observations and measurements, maximum 

concentration, the protection of ecosystems and human health. 

 

1. Introduction 

Water pollution is a major environmental problem 

both in our country and around the globe, observing 

increasingly high concentrations of pollution the 

water[5,8,12,14]. In Romania, ensuring good water 

quality conditions is a major problem in the context of 

our country's alignment with international standards 

regarding environmental protection[2,15,16]. The 

European Directive 2000/60/EC established a 

framework for retaining and improving water quality by 

2015. This Directive proposes a pollution control 

strategy by defining quality standards[19]. These rules 

require quality concentrations which must not be 

exceeded. Tracking of water quality is necessary to 

ensure the protection of ecosystems and human health. 

There are four metals that are part of the list of priority 

substances of this Directive: cadmium, lead, mercury 

and nickel[19]. The content of heavy metals in waters 

attract more attention to the complexity of this 

phenomenon by the fact that metals are present in water 

in solid form, and if these chemicals are complexed 

with organic or inorganic ligands, they radically affect 

the metals’ toxicity. On the other hand, different water 

bodies contain microorganisms that need dissolved 

metals, and are adapted to live in particular 

environments rich in metals[2,11]. 

Persistence and bioaccumulation of heavy metals is 

a combination of properties that is considered a major 

problem in the European debate on chemical pollutants 

[9,11]. Regardless of the results of quantitative risk 

analyses (comparison between exposure and effect), 

heavy metals pose a real risk because their release into 

the environment is irreversible. Once released they 

persist for long periods and can accumulate to 

dangerous concentrations particularly in living 

organisms [8]. However, metals risk assessment cannot 

be conducted in the same manner in all cases. In recent 

years nev methods have emerged (eg Swedish method) 

metals risk assessment at European level in the case of 

cadmium, nickel, zinc, chromium, lead and arsenic 

[17,18]. 

Assuring water quality requires the use of 

appropriate devices and processes to monitor and 

control polluting substances, and use of proper methods 

for disposal and treatment for wastewater [14,16,17,19]. 

 

2. Material and methods of research 

Water sampling is a very important step in the 

process of laboratory analysis, as selection of sampling 

locations should be representative and sampling 

methods must not introduce changes in the composition 

and quality of water due to poor technique or improper 

preparation conditions material [16]. 
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 We established 11 water sources from which 

samples were collected according to regulations: 6 

potable water sources and 5 groundwater sources. 

Water samples collected are shown in Table 1. 

 

 

Table 1. Water Samples Collected  

Sample Water Source Type 

Sample 1 Cristeşti Well Potable 

Sample 2 Sântămărie Well Potable 

Sample 3 Borsec Mineral Water Potable 

Sample 4 Tg. Mureş Spring – cartierul Tudor Groundwater 

Sample 5 Bistra Mureşului Well Potable 

Sample 6 Rece Spring – Tg. Mureş Groundwater 

Sample 7 7 noiembrie Spring – Tg. Mureş Groundwater 

Sample 8 Termal Spring – Topliţa Groundwater 

Sample 9 Călimănel Spring – Topliţa Groundwater 

Sample 10 Topliţa Well Potable 

Sample 11 WESSLING Tapwater Potable 

 

Water samples were collected in special containers, 

sealed, and stored in a refrigerator at low temperatures 

to avoid dissolving substances. Within 72 hours all 

determinations were conducted because all 11 samples 

were collected from unpolluted waters or waters with 

low pollution.  

Figure 1 shows the atomic absorption spectrometer 

used for the determination of mercury. OES method 

was used to determine other heavy metals (arsenic, 

cadmium, chromium, copper, mercury, nickel, lead, 

zinc). The equipment used included the optical 

emission spectrometer with inductively coupled plasma 

Perkin Elmer 7300 DV (figure 2), autosampler Perkin 

Elmer S10, and Cetacea U5000AT ultrasonic 

nebulizer[17,18]. 

 

 
Fig. 1. Atomic Absorption Spectrometer 

 

 
Fig. 2. Optical Emissions Spectrometer 

 

3. Results and discussion 

Results were interpreted based on the permissible 

limits of eight heavy metals in water. (Table 2) 

 

Table 2. Screening Levels 

Chemical 
Screening 

Value 

Measurement 

Unit 

Arsenic 10 μg/l 

Cadmium 5.0 μg/l 

Total Chromium 50 μg/l 

Copper 100 ug/l 

Mercury 1.0 μg/l 

Nickel 20 μg/l 

Led 10 μg/l 

Zinc 5000 μg/l 

 

These value were applied to a sample of water taken 

from the tap consumers through appropriate sampling 

methods so as to represent the average weekly amount a 

consumer might ingest. However, monitoring methods 

must take into account the frequency of the maximum 

concentration that can cause human health effects. 

Analytical results from the sampling of the 11 water 

sources are presented in Table 3. 
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Table 3. Sample Analytical Results 

SAMPLE 
MERCURY 

[μg/l] 

CADMIUM 

[μg/l] 

CHROMIUM 

[μg/l] 

COPPER 

[μg/l] 

NICKEL 

[μg/l] 

LEAD 

[μg/l] 

ZINC 

[μg/l] 

ARSENIC 

[μg/l] 

Screening 

Value 
1.0 5.0 50 100 20 10 5000 10 

1 0.154 0.0669 ND 9.6227 1.2159 ND 21.22 ND 

2 0.181 0.2198 ND 15.391 0.8612 0.1462 6.253 ND 

3 0.177 0.0269 ND 6.2368 1.5902 ND 5.776 ND 

4 0.152 0.1155 ND 4.4286 0.399 ND 0.128 ND 

5 0.187 ND ND 5.3941 0.9387 ND 1.592 ND 

6 0.161 0.0639 ND 3.1819 0.1686 ND 0.462 ND 

7 0.183 0.0875 ND 5.0383 0.9586 ND 0.739 ND 

8 0.151 0.4706 ND 9.9917 1.0544 ND 23.5 ND 

9 0.184 0.0157 0.1452 0.0431 0.4083 ND ND 0.0597 

10 0.189 ND ND 3.2235 1.5575 ND 12.98 ND 

11 0.132 0.0915 0.0676 1.7279 0.1195 ND 6.204 ND 

 

Comparing the results in table 3 with the values 

permitted by law (table 2) we see that no water sample 

contains heavy metals above the permissible limits. 

This was expected because we studied only drinking 

water and groundwater. It is unusual for water with 

high content of metals to be pumped and used by 

consumers. 

Also, there are some rare cases where groundwater 

is contaminated with heavy metals. This occurs when 

soil is contaminated with heavy metals. The 

contaminated soils usually occur in the areas where 

business activities emit heavy metals into the 

environment. But water samples in our study were 

taken from sources near which there are no such 

companies. 

Three of the eight metals analyzed showed low 

concentrations for most water sources, and even non-

detects. These are: 

• Chromium: the maximum recorded concentration 

was in Sample 9 - Călimănel Street Spring water 

(Toplita); minimum recorded concentration was in 

Sample 11 - WESSLING tapwater; the remaining water 

samples showed non detects for chrimium; 

• Lead was detected only in Sample 2 - Sântămărie 

Well; 

• Arsenic was detected only in Sample 9 - Călimănel 

Street spring water. 

Figure 3 shows mercury content in each sample. We 

see that all water samples have values below 0.2 μg/l 

Water sample number 10 (Topliţa Well) is exhibited the 

highest content of mercury at 0.189 μg/l -and water 

Sample number 11 (WESSLING tapwater) contained 

mercury in the smallest proportions - 0.132 μg/l. 

 

 
Fig. 3. Mercury Concentrations 

 

Figure 4 shows cadmium concentrations of the 11 

water samples. Significantly lower values compared to 

the screening levels were observed for cadmium. 

Maximum concentration was observed in Sample 8 (hot 
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 spring water Topliţa - 0.4706 μg/l and a minimum 

concentration in Sample 5 (Bistra Mures Well) and 

Sample 10 (water Topliţa well).  

 

 
Fig. 4. Cadmium Concentrations 

 

Figure 5 shows concentrations of copper. We 

observe a maximum concentration in Sample No. 2 

(Santamaria Well – 15.391 and minimum concentration 

in Sample number 9 (spring Călimănel-Topliţa-0.0431 

μg/l. 

 

 
Fig. 5. Copper Concentrations 

 

Figure 6 shows nickel concentrations recorded in 

the 11 water samples. The highest value observed was 

in Sample 3 (1.5902 μg/l- Borsec-water), while the 

minimum was in Sample 11 (WESSLING tapwater -

1.5902 μg/l). 
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Fig.6. Conţinut de nichel 

 

In Figure 7 we observe very low and non-detect 

values of the zinc content, well below the maximum 

allowed. Yet, if we look at the values in Table 3 we see 

that there was a peak for Sample 1 (Cristeşti Well - 

21.22 μg/l) and the lowest for Sample 9 (spring water 

Călimănel-Topliţa- 21.22µg/ l 

 

 
Fig. 7. Conţinut de zinc 

 

Therefore, the heavy metal content in these 11 

samples of groundwater and drinking water indicates 

that these water sources presents no risk to the 

environment and human health. 

 

4. Conclusions 

In Romania, ensuring good water quality conditions 

is a major problem in the context of our country's 

alignment with international standards regarding 

environmental protection. European Directive 

2000/60/EC has already established a framework for 

retaining and improving water quality by 2015. The 

Directive includes quality standards that are not to be 

exceeded, in order to protect ecosystems and human 

health. 

Investigations conducted during this study in order 

to characterize drinking water and groundwater in terms 

of heavy metal content allowed the accumulation of 

new information. From this we can draw the following 

conclusions and recommendations: 

- Study the distribution of heavy metals in drinking 

water and groundwater showed less significant spatial 

variations under the influence of natural and 

anthropogenic contributions; 

- In relation to national quality standards for 

drinking water and groundwater, all the samples 

showed concentrations of heavy metals within limits; 

lead, chromium and nickel had non-detect values in 

most samples. 
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 - the highest contents of heavy metals in water was 

identified in groundwater wells, while spring waters 

and tap water exhibited lower levels of contaminants. 

- In order to analyze the content of heavy metals in 

drinking water and groundwater a total of 11 samples 

were analyzed to ensure that they do not represent a 

hazard to the health the environment and humans. 

Data presented in this study regarding the 

concentrations of heavy metals in different water types 

can be used as a basis for characterization of water in 

these areas. The information gained in this study 

contributed to the increase of knowledge and research 

and indicate directions that can be further explored to 

improve the evaluation of the effects of heavy metal 

pollution on different types of water. 
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ABSTRACT
Facing a more and more globalized economy and growing population worldwide,
chemical industry in Germany has identified sustainable development as a key factor of
economic success. An integrated resource management must include waste besides
materials and energy. This requires that waste is understood as a potential value and not
as a burden. In the present paper, strategies of modern waste management in synthetic
resins production will be discussed. The aim of this paper is to demonstrate how the basic
principles - avoid, reduce, reuse, recycle instead of dispose - are applied in a medium size
chemical company, with the target to fulfill legal prescriptions, reduce production cost
and contribute to environmental protection. That way, environmentally responsible
production and economic success are equally contributing to a sustainable development
of the business.

Keywords: integrated resource management, waste management, sustainable development, melamine-
formaldehyde resins

1. Introduction
Having a history of not more than round about

150 years, chemical industry in Germany experienced
however tremendous development and growth, both
in diversity and volume of products. Starting with the
synthesis of Alzarine on an industrial scale, inventing
and manufacturing of molecules capable to replace
expensive natural raw materials remained the main
goal of activity for a very long time. Accumulation of
patented know how, materialized in the slogan “Made
in Germany” was a key success factor in this period,
which began to come to an end not earlier than two or
maybe three decades ago. Economic globalization,
the rising of “young nations” like China or India as
rapidly growing markets and competing
manufacturers, along with the end of the so called
“cold war” and the opening of Eastern European
countries to the global market place became a new
challenge for competitiveness. Rapidly growing
demand step by step lead to the understanding that
resources, like raw materials or energy are limited,
but also that uncontrolled impact on the environment
could probably become another limitation for
economic development, if not a more serious threat

for mankind. “Old economies” like the German one
began to realize that they need a new approach to stay
competitive on a global scale. For chemical industry,
this approach includes the development of Integrated
Resource Management. It seemed not sufficient any
more to have a product know how leadership, but
rather a process management leadership to maximize
the earnings, where process refers not only to
technology, put for the overall business. It is the aim
of this paper to illustrate, based on the experience of
INEOS Melamines GmbH, a medium size chemical
manufacturer, how Integrated Resource Management
in one particular part of the manufacturing process,
namely in waste management, can bring its
contribution to economic success on a short and
midterm scale and in the same time contributes to a
long term, sustainable development of the business. It
is not the aim of this paper to communicate new
scientific results with respect to avoiding or reducing
waste in a particular process, but to share the
companies experience on a process management
level.
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 2. Principles of waste management
In a first approach, waste is any “useless” material

which the owner needs and intents to dispose off.
This definition suggests that the only things
connected to waste are losses, either of valuable
resources, as material or energy, or of earnings
because of disposal cost. In the past, these costs and
losses were often underestimated. “The true cost of
waste includes disposal costs, purchase costs of
materials, handling / processing costs, management
time and monitoring costs, cost revenue, any potential
liabilities and post-disposal segregation”, stated a
“Guide for waste minimization” already in the year
2000.[1] From here, no economic incentive showed
up easily to justify the development of waste free
processes. Therefore companies kept their focus
mainly on new products and higher throughput for a
long period of time. In the last three decades, things
changed. On one hand, the public administrations,
driven by the need to counteract the dramatic increase
of waste, be it industrial or domestic, and to stop
illegal activities with respect to waste disposal, after
1990 enforced a more and more a strict control and
monitoring of waste, especially of hazardous waste.
[2] Three principles were defined with respect to
waste management, and a hierarchy was established:
Avoidance, recovery, disposal. Waste avoidance
means consuming less raw materials and reducing
burdens on the environment. Waste recovery means
that raw materials and energy are reintroduced into
the economic cycle. “Product responsibility is at the
heart of waste management policy in Germany. It
puts the idea into practice that waste avoidance is
best achieved by holding the generator of waste
responsible. This way, producers and distributors
must design their products in such a way as to reduce
waste occurrence and allow environmentally sound
recovery and disposal of the residual substances,
both in the production of the goods and in their
subsequent use. The legal bases for this are the Act
for Promoting Closed Substance Cycle Waste
Management and Ensuring Environmentally
Compatible Waste Disposal and the Federal
Immission Control Act”, states the Federal Ministry
for the Environment, Nature Conservation and
Nuclear Safety.” [3] However, governmental
regulations alone are only a part of the story. To
maximize the contribution of industry to a sustainable
waste reduction, “an environmental manager, who
would like to implement a waste minimization
program, has to understand the concepts of waste
minimization, green chemistry and Industrial Ecology
and their use. The drivers to adopt a waste
minimization initiative may be different; public
pressure and legislation are the main reasons. The
increasing cost of end of pipe treatment and potential
for reducing cost are also significant motivations.”
[1] Figure 1 illustrates how the principles above are
currently integrated in the so called “green chemistry
approach.” [1]

Fig. 1 - Green chemistry priorities (acc. to Garcia,
2004, [1])

3. Melamine-formaldehyde resin
manufacturing

INEOS Melamines is a leading manufacturer of
melamine-formaldehyde resins, which are used in a
large variety of applications, including metal
coatings, wood finishing, paper, tire, rubber and
textile industries. [4] With its sites located in Europe
(Frankfurt, Germany) and North America
(Springfield, MA, USA), it serves the markets on a
global level. The company´ s history started with the
discovery of the melamine-formaldehyde resins at
Leopold Cassella AG in Frankfurt in 1935 and the
manufacturing of these materials since 1940. The
initial technology to produce powder resins was
abandoned step by step due to high energy demand
and serious environmental problems. Instead of this, a
technology was developed leading to stable resin
solution suited for a broad variety of applications.
Although the chemical processes to bring melamine
and formaldehyde to reaction can be regarded as
trivial nowadays, the key success factors of such a
business are the invention of new formulations with
new performances, in line with continuous process
optimization with respect to improved space time
yield as well as with respect to the reduction of
resource consumption. In line with the purpose of this
paper, the manufacturing process for melamine resins
will be discussed here briefly with a focus on the
waste producing steps. Thus, main raw materials are
melamine and formaldehyde, either in liquid or solid
form, and solvents, either water or alcohols
(methanol, butanol). During the manufacturing
process, raw materials will be brought to reaction
either in an acidic or basic medium by the use of
excess solvent. From here, water removal and solvent
recovery are highly energy consuming and waste
generating steps, as well as the removing of solid by-
products and polishing of the liquid products.

4. Waste management strategies
Manufacturing of melamine-formaldehyde resins

over several decades gave birth to a multipurpose and
multiproduct plant structure with complex
interactions due to product and process history. This
has to be taken into account, when the principles of
integrated waste management are applied in the
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 production. Improvement has to focus either on
products as well as on processes. Although hazardous
materials cannot be replaced without completely
changing the product portfolio, the replacing and
reducing principles are most easily applicable for new
products and / or processes only. One of the
production steps generating the highest amounts of
waste is the removal of solid residues, resulting e. g.
form catalysts used in the process. For viscous
liquids, filtration, the traditional removal method,
causes a measurable loss of product and later on of
solvent for subsequent cleaning of the equipment.
Replacing inorganic acids or bases by other catalysts,
e. g. organic acids and bases would automatically
reduce the amount of waste and increase the yield. To
do this, in an early stage of the product design process
the research department will agree the appropriate
strategy with the application laboratory and
production.

In case of existing products, such relatively simple
strategies are not easily applicable. The focus will be
thus more in process redesign. A key success factor
here is to look at the processes from a more general
point of view, rather than to resume ones efforts to
single processes or process steps. A very classical
example was the handling of water recovered from
the process. In the melamine-formaldehyde
production water is a major solvent, being brought in
the process via one major raw material
(formaldehyde), but it is also a reaction product. In
the traditional processes this water was considered as
a waste, but had to be treated before disposal to
remove the residual free formaldehyde. Attempts to
recycle it showed an unexpected negative impact on
product quality. A thorough process analysis proved
that this negative effect came from resin droplets
entrained in the vapour phase during distillation. To
improve distillation, the process had to be redesigned
and investment was necessary to improve the
performance, but under the line such a project showed
to be economically and it reduced the volume of
waste water by more than 90 %, recovering also the
formaldehyde, which before was thrown away.

Speaking of inorganic salts, which are carrying a
measurable amount of product in the waste stream, if
they cannot be replaced within existing processes and
for existing products, in some cases it seemed to be
appropriate to recover the product by adding a
washing step. The remaining salt showed up to be
sufficiently pure to be sold on the market place. This
project brought a triple profit, recovering lost product,
transforming waste into a sales product and reducing
the waste cost to zero. The savings more than
balanced the needed investment as well as the slightly
higher energy cost.

In these two examples it is shown how waste
reduction via reuse was achieved by identifying
potentials within existing processes and brought a big
step in reducing the amount of waste generated per
unit of products. However, to identify and make use

of it was quite straight forward. Looking backwards,
they were easy to implement, because there was no
need for external partners, the loop being closed
within the unit.

A next step could only be achieved after some
principal changes in the surrounding economy lead to
a change of premises. As stated above, the kick off
for a broad push towards waste reduction came from
governmental regulations in the early 1990s. After the
target to reduce thermoplastics within the waste by
material recycling was stipulated, chemical industry
started systematic activities for the design of
appropriated processes. An important side result of
these activities was the understanding that a high
amount of energy was residing in waste streams not
suited to material recycling. Strong activities started
to revamp existing equipment for the use of materials
which soon were called “refuse derived fuels” (RDF).
Cement industry became one of the important RDF
consumers, after they adapted their kilns, offering a
big market for suitable waste streams. For our resins
production, it became now economically to separate
solid inorganic material from filter residues and
generate RDF, which was less expensive than the
hazardous waste incineration. Depending on its
calorific value, RDS may even bring some net
benefit.

5. Conclusions
As a result of a steady process and product

development over 2 decades, the share of disposed
waste was reduced from 100 to about 5 %, by
recycling most of the materials, either in the own
processes or as RDF. Such a result is in line with the
recently stated requirements of Resource Efficiency.

Besides the technical efforts for waste reduction, a
key success factor is an appropriate management
structure of the company. Clear commitment of the
senior management to environmentally respectful
operation along with a clear focus on cost control and
reduction are basic premises. Two functions within
the organisation ensure the ongoing of the above
described process with respect to waste. There is a
waste inspector responsible to the management board
for an appropriate waste management, mainly with
respect to legal requirements, and a waste manager
coordinating the joint activities of the organization to
achieve the goals. As an ISO 9001 and ISO 14001
certificated company, independent inspections are
proving the results of our efforts, as continuous
improvement with respect to waste management is a
major environmental goal of the company.
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ABSTRACT
Industrial design has been dedicated to serving mankind, its philosophy starting from the
idea that the designer must shape an object to meet its use. That is how most post-war
designers worked. Their products were beautiful and useful. In time, beauty or the
exterior aspect of the product has become primordial.  The purpose has been to attract,
charm and persuade the customer to buy the new product.  The color, the finish, an
eccentric shape, fashion and trend have become the key words in design. In this way,
designers distanced themselves from their original target, contributing to the expansion
of the garbage collection sites all over the world.

Keywords: Industrial design, beautiful, useful, recycling, waste, plastic material, functional, aesthetic

1. Introduction
The Industrial Revolution that started in England

and swept through the entire world with innovative
ideas dedicated to ensuring human welfare found a
true support in industrial design. The working
principles of this profession were at start beneficial
and welcome. Designing household goods that are
useful and at the same time aesthetic destined for
serial production was a target followed closely for
many years. Let us remember the famous
accomplishments by the father of industrial design,
Raymond Loewy. Re-designing the "Gestetner"
machine that would boost copier sales, the
"Coldspot" refrigerator project that would
revolutionize the making of such household
appliances, then the achievements in the field of
automobiles or aerodynamic locomotives, to name
but a few of his exceptional designs that remain
outstanding examples of harmonious combination of
beauty and utility. His achievements and those of
other designers have contributed to the success of
industrial design in serial production.

This new profession used rationally all the data
for an economic manufacturing of household goods
and it seemed to be imposing itself in everyday life.
Utility was naturally combined with the aesthetic
principle, to which it is intrinsically connected.

According to Thomas Lockwood [1], "The global
economy we face today is a strange to us as the one
confronted by designers in the early twentieth

century. Environmental responsibility and universal
design were once an option" now they are becoming
a virtual mandate".

Praise and homage to this profession seems
endless so one might think that industrial design is a
universal solution to any problem. Its greatness seems
to be beyond the shadow of a doubt.

In the opinion of John Bowers [2] "Design often
originates from basic human needs, and desires.
Visual form and message-making is a primary way
that we express our view of ourselves, others, and the
world".

Despite this generalized euphoria (transmitted to
this day) about the beneficial effects that design has,
in the 1970s, Professor Victor Papanek in his famous
work "Design for the real world" [3] made some
affirmations regarding this profession that would
shock the world. Here is one of them: "There are
worse professions than industrial design, but only a
few"

How is it possible? How can a professor of design
at an American university state something of this kind
in the ’70s? What would the professor say today?
How would he rate today’s design?

2. Modern design
We looked at statements about industrial design

and its benefits with interest, trying to find the reason
why Papanek made those statements back in the ’70s.
We found numerous technical arguments that
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 demonstrate that industrial design has come to ignore
the simplest, clearest and most obvious technical
solutions when designing a new product. John
Heskett [4] believe that "Cost factors are sometimes

advanced in justification, but the margin between
doing something well or badly, can be exceedingly
small, and cost factors can in fact be reduced by
appropriate design inputs".

Also, William Lidwell, Kritina Holden and Jill
Butle [5], sais "When the affordance of an object or
environment corresponds with its intended function,
the design will perform more efficiently and will be
easier to use. Conversely, when the affordance of an
object or environment conflicts with its intended
function, the design will perform less efficiently and
be more difficult to use".

How can one think of household appliances
without the universally known screws? How can this
solution be replaced by elastic clamps or self-tapping

screws or even the unbelievable gluing technique?
What life cycle does a glued product have? Is it
eternal? Is it that well-designed? Are the best
materials used in its making? If we note the prices of
such new products, we see they are normally smaller
than the predecessors’ or the competition’s but we
can also tell that the reality is different. The product is
elegant and seductive and lures the customer into
buying it with its bargain price.

These technical arguments show that modern
design is the main cause for the garbage sites that lie

Fig. 1. Garbage collection sites at the outskirts of the town
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 at the outskirts of our towns (see Fig.1). They are
bigger and more diverse every day.

According to Michael F. Ashby and Kara Johnson
[6]"At a global growth rate of 3% per year we will
mine, process and dispose of more stuff in the next 25
years than in the entire history of human civilization".

New waste categories have appeared – household
appliance wastes are among them. They require
special technologies and equipment to sort them out
and recycle them. Days are set to collect electrical
household goods that have been thrown out in every
big city. Plastic wastes, together with electrical
wastes are a calamity of our modern era and can
largely be blamed on industrial design. Plastics with
diverse chemical composition all have a common
feature: they are nearly indestructible, their chemical
decomposition can be measured in human
generations.

From this perspective it is outrageous to produce
consumer goods that cannot be repaired and
maintained. Technical solutions that designers should
use in the making of a product ought to take into
account this objective. Many users are able to
maintain and even repair such objects, if they have
minimal technical equipment and some technical
knowledge as a hobby. They could do this provided
the technical assembly solutions allow for it. Self-
tapping screws should disappear, clamps made of the

same material as the casing should not be used
anymore and the same should apply for glues and
adhesives. Maintenance and repair of the object by
the user creates an emotional bond to this object
which will prolong the lifespan of the respective
product.

Concerning this matter, Jim Lesko [7], believe
that "If product concepts are created on paper using
pencil or on a computer, there is danger that the
designer is not only removed from an understanding
of actual manufacturing ramifications, but is also
another step removed from dimensional reality and
material behavior altogether". In the opinion of John
Maeda [8], "Technology has made our lives more full,
yet the same time we've become uncomfortably
"full"."

Together with classic design solutions of a
technical kind, designers should take into
consideration the product aesthetics too. If we refer to
daily accomplishments by modern designers we may
reach the conclusion that aesthetics is the only
principle in view in product design. Common
household goods have become pieces of art over
night. Philipp Starck’s juicer (see Fig.2) looks
strangely beautiful and the first thought is that this is
a decorative object, its use being an illusion to us.
The same impression can be given by the well-known
"WWStool" of 1990 with its incredible organic shape.

Fig.2 Philippe Starck [9] Fig.3 Andre Dubreuil [10]

Also well-known is the "Spine chair" of 1988 by
Andre Dubreuil with elaborate shapes coming from
the vegetal world. It looks decorative rather than a
chair (it probably is only art). Useful objects as the
one mentioned above – there are thousands of such
creations by talented designers - create an irresistible
urge to buy. But tomorrow a more talented designer
or a genius will create another irresistible object that
you will wish to buy and this will go on and on. As
space is limited, products will eventually reach the
garbage collection site only to enlarge it.

Incorrectly designed objects may create repulsion,
but beauty will definitely attract any buyer. A critical
spirit and an ecological attitude will be needed to
make the decisions in the end.

Jacque Fresco reached the conclusion that [11]
"According to many polls, a majority of scientists
think that the human race is on a “collision course”
with nature, that all of Earth’s ecosystems are
suffering, and that the ability of the planet to sustain
life is in serious jeopardy".

There is a threat of rapid global climate change
that will certainly have profound consequences. The
pollution of rivers, land, and the air we breathe
threatens our health. We are destroying non-
renewable resources like topsoil and the ozone layer
instead of using these resources intelligently.
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 3. Conclusions
Analyzing all these technical and artistic

elements, in connection with industrial design’s
application and its effects on the world we slowly
reach the conclusion drawn by Professor Papanek,
expressed in a brutally straightforward way [12]:
"Design is the very essence of evil"

References
[1] Thomas Lockwood (2009) Design Thinking:

Integrating Innovation, Customer Experience,
and Brand Value. Design Management Institute,
Allworth Press, New York, USA.

[2] John Bowers (2008) Introduction to Two-
Dimensional Design: Understanding Form and
Function. John Wiley&Sons, Hoboken, New
Jersey, USA.

[3] Papanek, V. (1997) Design pentru lumea reală.
Ecologie umană şi schimbare socială. [Design
for the real world. Human ecology and social
change] Bucureşti, Editura Tehnică.

[4] John Heskett (2002) Toothpicks and Logos:
Design in Everyday Life. Oxford University
Press, New York, USA.

[5] William Lidwell, Kritina Holden and Jill Butle
(2003) Universal Principles of Design. Rockport
Publishers, Inc., Massachusetts, USA.

[6] Michael F. Ashby and Kara Johnson (2002)
Materials and Design, Second Edition: The Art
and Science of Material Selection in Product
Design. Elsevier Ltd., UK.

[7] Jim Lesko (2008) Industrial Design: Materials
and Manufacturing Guide. John Wiley&Sons,
Inc., Hoboken, New Jersey, USA.

[8] John Maeda (2006) The Laws of Simplicity
(Simplicity: Design, Technology, Business,
Life). The MIT Press, London, UK.

[9] www.starck.com
[10] www.artnet.com
[11] Jacque Fresco (2002) Designing the future. The

Venus Project, Inc21 Valley LaneVenus, USA.
[12] Tero, M. (2012) File din istoria designului

industrial.[Historical pages of industrial
design] Vol.I, II. Cluj-Napoca, Editura Napoca
Star.

166 

 



 

The 6
th

 edition of the 

Interdisciplinarity in Engineering International Conference  

 “Petru Maior” University of Tîrgu Mureş, Romania, 2012 

 

 

MULTIRESIDUE ANALYSIS OF 70 PESTICIDES FROM SOIL BY GAS 

CHROMATOGRAPHY–TIME-OF-FLIGHT MASS SPECTROMETRY 

GC TOF – MS 

 
Adela MEGHESAN – BREJA

#1
, Florica MORAR

*1 

#
Phitosanitary Institute, Regional laboratory for determination of pesticides residues from plants and plant 

products, Mures, Romania 

Dezrobirii nr. 80, Tirgu-Mures, Romania 
1
malleda@yahoo.com 

*
Universitatea”Petru Maior” Tg. Mures;  

N. Iorga, nr. 1, Tirgu-Mures, 540088, Romania 
1
florica.morar@ing.upm.ro 

 

 

ABSTRACT 
An easy and fast GC TOF-MS method for 70 pesticides identification and quantification from soil 

was developed. Most widely used pesticides from group of pesticides, like herbicide, insecticide, 

fungicide were analyzed. 

The samples soil were extracted with acetonitrile acidified with 1% acetic acid ; then extract was 

buffered with sodium sulfate and sodium acetate and then was cleaned by solid-phase extraction 

(SPE) with anhydrous sodium sulfate and C18. The final extract was concentrated up almost to 

dryness with a rotary evaporator, then solvent was exchanged to izooctane: toluene (9:1) with 

hexachlorbenzene (HCB) as internal standard.  

 Analysis was finally carried out by gas chromatography–time-of-flight mass spectrometry (GC–

TOF-MS) within 46.5 min run time.  

The performance of the method was investigated in term of linearity, accuracy, detection limit 

(LOD) and quantification limit (LOQ). Good linearity was obtained, with correlation coefficients 

(r2) higher than 0.98. Recoveries were found in the range 71- 120% for most analytes except 

chlordane and endosulfane. LOQ values were in range 0.01- 0.05 mg/kg for all compounds. 

The method developed was successfully tested on 10 soil samples from different cultivated land, 

with and without known history in terms of pesticide use. 

 

Keywords: Soil; pesticide residues; multiresidue analysis; Gas chromatography–time-of-flight 

mass spectrometry, solid-phase extraction 

 

1. Introduction 

Soil is the heart of organic agriculture, which is 

considered a living and complex environment, 

interacting closely with the plants and animals. By its 

specific techniques, organic agriculture aims to 

increase soil microbiological activity, maintain and 

increase its fertility. Soil health is integral to the 

stability of agro ecosystems. 

 In the European Union, the conversion period 

from conventional to ecological agriculture annual 

crops is two years before sowing, and the U.S. is 

three years before harvest, indicating that over the 

three years is required to fully implement organic 

farming techniques.  

In our country, cultivation of organic vegetables 

and fruits has grown in recent years; it primarily 

involves knowledge of the soil history in terms of 

pollutants content, especially of pesticide residues 

content. On the other hand, if is necessary, to create 

an effective soil remediation system is imperative to 

know the content of pollutants. 

Preparation procedures for soil samples are a 

challenge due to the complex nature of the matrix, 

and are usually associated with many steps in sample 

preparation and long analysis times. 

When a soil sample has been extracted, result a 

crude extract that have large amounts of matrix co-

extractives. If no clean-up is applied then the matrix 

masks target compounds, and the analysis instrument 

can be contaminated. As a consequence, a clean-up 

step is required (often SPE or GPC)[2-4],[17],[10]; 

unfortunately, it is very often the case that this clean-

up step reduces recoveries or removes target analytes 

together, along with matrix components. 

Gas chromatography –mass spectrometry (GC-

MS) has become the primary approach to analyze all 

classes of GC – amenable pesticides from different 

matrix.[1-3],[5-16],[18-19] 
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 This paper offers an easy and fast analytical 

method gas chromatography–time-of-flight mass 

spectrometry (GC–TOF-MS) for identification and 

quantification of 70 pesticides from soil and a simple 

soil sample preparation procedure. 

The LECO Pegasus GC Time-of-Flight Mass 

Spectrometer (TOFMS) offers several unique 

advantages for reducing analysis time, taking full 

advantage of Fast GC techniques. 

Complicated mixtures of coeluting compounds 

from soil samples are rapidly analyzed using 

Automated Peak Find and Deconvolution algorithms. 

Deconvolution not only assigns the proper spectra to 

each co-eluting component, but also assigns the 

correct signal intensity to each component, allowing 

for quick, reliable quantification of the colleting 

species.[6] 

The method developed was also tested on 10 soil 

samples from different cultivated land, with and 

without known history in terms of pesticide use, in 

order to prove its suitability for routine analysis. 

 

2. Materials and methods 

2.1 Chemicals and materials 

Pesticide analytical standards were purchased 

from Sigma-Aldrich (Munich, Germany). The stock 

solution (around 1000 µg/ml) were prepared in pure 

toluene and stored at - 18°C. From these mother 

solutions, working standard solutions were prepared 

by dilution with isooctane: toluene 9:1. 

An intermediary standards mixture was prepared 

at 5 µg/ml by dilution with isooctane: toluene 9:1. 

HCB was used as an internal standard (IS) and 

was prepared at 0.2 µg/ml in isooctane: toluene 9:1. 

All solvents (acetonitrile, toluene, isooctane, 

acetic acid – all pesticide grades) anhydrous sodium 

sulfate and sodium acetate (reagent grade) were 

purchased from Sigma-Aldrich (Munich, Germany). 

Adsorbent C18 were purchased from Macherey-

Nagel (Düren, Germany) 

 

2.2 Apparatus 

An LECO Pegasus Time-of-Flight Mass 

Spectrometer (TOFMS) (USA) equipped with an 

Agilent 6890 series gas chromatograph with two 

ovens, Agilent 7683 series Auto sampler and a 

split/split less capillary injector port, was employed. 

Chromatographic separation was achieved on two 

capillary columns, first RXi-MS 30m x 0.25 mm x 

0.25 µm (Restek, USA) and second BPX50 1.6m x 

0.1 m x 0.1 µm (SGE Analytical Science, Australia). 

The injector temperature was 250°C and spitless 

injection was performed using helium as carrier gas 

with a flow rate of 1 ml/min. The following ovens 

temperatures were programmed :oven 1: 75°C(3 

min), 25°C /min to 180°C (1 min), 5°C/min to 300° 

C (6 min) ; oven 2 : 105°C(3 min), 25°C /min to 

210°C (1 min), 5°C/min to 330° C (6 min). The 

injection volume was 1 µl. 

The mass spectrometer was operated in electron 

ionization mode (EI) and full scan mode monitoring 

between m/z 40 and m/z 500 Daltons, with ionization 

energy of 70 eV and acquisition rate spectra /second 

of 5. The transfer line temperature was kept to 280°C. 

 

2.3 Sample soil sampling and storage 

Ten samples of soil (ca 200 g each) were 

collected from cultivated areas where was use 

pesticides treatments (8 samples) and 2 samples from 

areas without pesticides treatments. Soil sample were 

collected using a steel soil sampler (soil core 0.06 m - 

diameter) at 0-10 cm depth. [8]  

Each soil sample was packed in a plastic bag and 

freeze at - 18°C. Before analysis, each sample was 

homogenized and divided in two portions. One 

portion was used to detect and quantify the 

compounds of interest under the experimental 

conditions described above, and the other portion was 

divided in 10g samples and was used to check the 

performance of the method. 

 

2.4 Sample preparation 

10 g of soil sample were accurately weighted into 

a 250 ml polypropylene centrifuge tube and mixed 

with 10 ml water. The sample was extracted with 20 

ml acetonitrile acidified with 1% acetic acid using an 

ultrapure homogenizer (15.000 rpm for 1 min). [2], 

[3] 

Then, 12 g of anhydrous sodium sulfate and 3 g 

of anhydrous sodium acetate were added and the 

resulting mixture was centrifuged. After 

centrifugation, 6 ml of extract was load onto a 20 ml 

polypropylene centrifuge tube and were added 200 

mg C18 and 1.5 g of anhydrous sodium sulfate.[4], 

[17], [10] The mixture was shacking by hand for few 

minutes and then the extract (ca 4 ml) was evaporated 

to dryness by rotary evaporator at 60°C. Finally, the 

residues were re-dissolved in 3 ml isooctane: toluene 

9:1.  

 

2.5 Calibration standard solution and linearity 

Seven level calibration standard solutions (0.01; 

0.02; 0.05; 0.1; 0.2; 0.5; 0.8 µg/ml) were prepared by 

dilution with isooctane: toluene 9:1from the 

intermediary standards mixture at 5µg/ml. In each 

level was added the internal standard(HCB) at 0.2 

µg/ml. 

The linearity of the GCTOF MS method was 

checked by plotting 7 point calibration curves; each 

point was obtained by three injections from a 

sequence as followed: calibration, 5 samples, 

calibration, 5 samples, calibration. [1] 

 

2.6 Recovery tests 

In order to investigate the accuracy of the method, 

two soil samples from polluted areas which had 

turned out to contain no pesticides at not detected 

level and those two soil samples from bio-areas were 

used for the determination of recovery rates. 
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 For this purpose, known volume of standard 

mixture was added to the selected samples at 0.075 

mg/kg spiking level, and three replicates were 

processed. 
 

3. Results and discussion 

A wide range of pesticides like herbicide, 

insecticide, fungicide with different polarities was 

selected, considering that those are mostly use and 

have tendency to bio-accumulate via soil in 

vegetables. 

The multiresidue method was optimized for 

routine analysis, meeting essential requirements such 

as rapidity and small volumes of solvent 

consumption. The sample preparation time is short 

compared with other techniques which involves 

extraction and clean-up steps. Clean-up step was 

simplified (like in QUECHERS technique [2], [17] ) 

and in tandem with sample extraction step employed 

a remarkably preparation samples technique suitable 

for GC TOF-MS analysis, despite the complexity of 

the matrix.[15],[16] 

Figure 1 presents the Total Ion Chromatogram 

(TIC) resulting at 46.5 minutes analysis of a 

calibration mix consisting of 70 analytes. 
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Fig 1. Gas chromatography/ time of flight mass 

spectrometry (GC TOF MS) chromatogram 

(TIC mode) of a standard mixture of pesticide at 

0.8 ppm level 
 

The GC TOF MS method was tested in terms of 

linearity, accuracy, precision, detection limit (LOD) 

and quantification limit (LOQ). 

The linearity of the method was studied using 

standard solutions of the compounds of interest with 

HCB as internal standard. The correlation 

coefficients, r
2
, achieved during method calibration 

exceeded 0.98 for all compounds, as reported in 

Table 1.  

To verify the method accuracy, recovery rates 

were determinate, following the matrix-matched 

standard solution. 

One spiking level 0.075 mg/kg was considered. 

The recoveries are very respectable for many of the 

analytes, but are poor for some chlordane (cis isomer) 

and endosulfan (alpha isomer); this could be due to 

preservation of the samples and the clean-up step. As 

seen most chlorinated pesticides have lower 

recoveries than the other pesticides, one reason could 

be the purification step. However, the values of 

obtained recoveries are satisfactory considering the 

complexity of the matrix. On the other hand, the 

purification step is more than necessary on such a 

matrix, and the simplicity the entire extraction 

process that can be done by a person without a 

technical qualification in this field (especially in a 

monitoring program), makes this drawback (low 

recoveries) to be accepted in gas chromatographic 

analysis of pesticides in soil, which it has been 

demonstrated the criteria and validation parameters. 

The precision of method are satisfactory, with 

relative standard deviation (%RSD) below 20 %.  

Comparison and evaluation of co-extractive 

compounds from matrix involves checking on 

chromatograms of the chemical interference. 

Pesticide peaks are more easily integrated and 

processed in liquid chromatography- mass 

spectrometry (LC-MS), but the situation is not so 

simple in GC-MS, because requiring more attention 

to the integration of the peaks, being highly helpful to 

use mass spectral deconvolution and chromatograms 

reconstruction using of selected ions for each 

pesticide. The LECO ChromaTOF software analyzed 

chromatograms using Automated Peak Find and De-

convolution algorithms, thus can analytically resolve 

closely coeluting target analytes and resolving these 

analytes from the matrix background, as shown in Fig 

2.  
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Fig. 2 Quantification masses for Metalaxyl (334), 

Prometryn(335),Fenchlorphos(336),heptachlor 

(339),pirimiphos methyl (341), matrix components 

(337, 338, 340) in spiked crude soil sample 
 

Also, it offers the possibility to reconstruct the 

chromatogram, as shown in Fig.3.[6-7],[14]-[16] 

All those, combined with fast acquisition rates 

and automated data analysis make possible to 

develop a fast and accurate GC MS method for 

pesticide analysis. 
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Fig.3 Selected ions chromatogram for prometryn 

(96, 124, 283 m/z) in a spiked crude soil sample
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 Table 1. Retention times (RT), selected ions, correlation coefficients (r
2
) and average recoveries (n=4)  

Compounds 

Retention 

time 

RT (sec) 

Selected 

ion 

(m/z) 

Correlation 

coefficient 

(r
2
) 

Recovery 

(%) 

Quantification 

limit LOQ 

(mg/kg) 

*Propham 902.466 93 137 179 0,99917 91 0.01 

*o-Hydroxybiphenyl 1002.09 170 0,99903 117 0.01 

*Diphenylamine 1138.04 169 0,99846 78 0.01 

*Chlorpropham 1159.03 127 0,99852 106 0.01 

*Phorate 1205.34 75 121 260 0,99175 75 0.01 

*alpha-Hexachlorocyclohexane  1239 183 111 181 0,99652 71 0.01 

*Hexachlorobenzene  1244.66 284 IS IS - 

*Carbofuran 1265.99 164 149 0,99478 104 0.01 

*Atrazine 1277.98 200 0,99815 78 0.02 

*Diazinone 1301.64 137 179 0,99851 91 0.01 

*Lindane 1312.3 173 145 181 0,99652 78 0.01 

*Pyrimethanil 1341.62 198 0,9976 75 0.01 

*delta-Hexachlorocyclohexane  1402.6 111 181 219 0,99647 74 0.01 

*Chlorpyrifos-methyl 1438.25 125 286 0,99821 90 0.01 

*Vinclozoline 1442.25 212 124198 0,9975 91 0.01 

*Metribuzin 1451.25 198 0,99774 78 0.01 

*Methyl parathion 1460.91 109 125 0,99783 92 0.01 

*Metalaxyl (mainlib ) 1464.57 45 206 132 0,99724 117 0.02 

*Prometryn 1472.24 184 241 226 0,99758 91 0.01 

*Fenchlorphos 1476.57 125 285 0,99701 78 0.01 

*Heptachlor 1482.57 100 237 272 0,99546 78 0.02 

*Pirimiphos methyl 1487.56 290 276 125 0,99654 93 0.02 

*Malathion 1516.55 125 173 127 0,99833 91 0.01 

*Dichlofluanid 1531.88 123 0,99418 71 0.01 

*Chlorpyrifos-ethyl 1537.88 97 197 0,99716 99 0.02 

*Fenthion 1557.87 278 125 0,99732 94 0.01 

*Parathion-ethyl 1563.53 139 109 291 0,9947 91 0.01 

*Triadimefon  1566.87 57 208 128 0,9978 95 0.02 

*Aldrin 1568.2 66 263 101 0,99728 78 0.02 

*Pendimethalin 1616.85 252 162 191 0,9972 91 0.01 

*Cyprodinil 1629.17 224 0,99683 78 0.01 

*Penconazole 1638.84 159 248 0,9963 91 0.02 

*Tolylfluanide 1645.17 137 238 0,99674 71 0.02 

*Heptachlor epoxide 1658.83 81 353 0,9981 117 0.02 

*Quinalphos 1660.16 146 157 298 0,99734 91 0.01 

*Triadimenol 1666.83 99 112 128 0,99543 96 0.05 

*Procymidone 1668.83 96 124 283 0,99485 78 0.02 

*Bromophos-ethyl 1684.49 97 303 359 0,99728 79 0.02 

*Folpet 1704.81 260 262 104 0,98811 71 0.05 

*o,p'-DDE 1707.48 246 318 176 0,99303 119 0.01 

*Chlordane 1712.47 375 373 237 0,99532 78 0.05 

*Chlorbenside 1715.47 125 268 0,99088 120 0.01 

*Chlordane II 1739.13 373 237 0,99717 65 0.05 

*Endosulfan 1 1745.13 241 195 170 0,99548 63 0.05 

*Imazalil 1755.79 173 215 0,99075 78 0.05 

*Flusilazole 1783.11 233 206 0,98775 104 0.02 

*Buprofezin 1784.78 105 172 0,99482 106 0.02 

*Myclobutanil 1787.78 179 150 0,99635 100 0.05 

*Dieldrin 1807.77 108 263 277 0,99413 91 0.01 

*Ethion 1856.42 231 125 153 0,99593 92 0.01 

*Endrin 1859.08 263 108 245 0,99771 90 0.1 

*Endosulfan:2 1887.07 195 237 0,99348 78 0.1 

*Triazophos 1903.73 161162 172 0,99298 80 0.01 

*Benalaxyl 1917.73 91 148 206 0,99475 91 0.02 
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 *Tebuconazole 1987.7 125 250 0,99441 93 0.01 

*Carbosulfan 2010.36 160 118 0,99254 91 0.05 

*Bifentrin 2025.68 181 165 0,99415 117 0.01 

*Bromopropilat 2059 183 341 155 0,9967 78 0.02 

*Phosalone 2135.31 182 341 121 0,99255 78 0.01 

*Lambda cihalotrin 2138.97 181 197 208 0,99025 71 0.01 

*Amitraz 2152.63 132 162 147 0,99631 91 0.02 

*Fenarimol  2206.94 139 107 219 0,99493 90 0.02 

*Azinphos-ethyl 2219.61 132 160 0,99493 78 0.02 

*Permethrin 2248.59 183 163 165 0,99155 104 0.01 

*Permethrin:2 2262.59 183 163 184 0,99456 100 0.02 

*Prochloraz 2280.91 70 180 308 0,99473 91 0.1 

*Cifluthrin 2326.56 127 163 206 0,99177 95 0.05 

*Cypermethrin 2363.21 181 163 127 0,99477 93 0.02 

*Boscalid (Nicobifen) 2382.54 140 342 0,99288 104 0.01 

*Azoxistrobin 2597.12 344 388 0,99163 91 0.02 

 

The limit of detection (LOD) and limit of 

quantification (LOQ) were assessed for each 

compound as the lowest concentration originating a 

response equal to three times the noise level and 

the lowest concentration for which it has been 

demonstrated that criteria for accuracy and 

precision have been met, respectively. The LOQ 

values are shown in Table 1. [1] 

In order to prove the suitability of developed 

method in routine analysis, 10 soil sample were 

analyzed and have not registered pesticide 

concentrations above 0.05 mg / kg. 

 

4. Conclusion 

An easy and fast GC TOF-MS method for 70 

pesticides identification and quantification from 

soil was developed.  

The method was validated, obtaining good 

results for many pesticides, satisfactory for some 

chlorine pesticide (recovery rates around 70) and 

low recoveries for cis-chlordane and alpha 

endosulfan, probably due to preservation of the 

samples and the clean-up step. 

 The validated method was applied to the 

analysis of extracts from 10 soil samples were 

collected from cultivated areas where was use 

pesticides treatments (8 samples) and 2 samples 

from areas without pesticides treatments.  

The simplicity of sample preparation steps in 

tandem with a faster analytical resolving of 

chromatograms prove that this GC TOF MS 

method can be used successfully in routine soil 

analysis. 

An improvement of the method can be 

performed using GCxGC TOF MS technique, the 

procedure being the subject of a future work. 
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ABSTRACT 
The aims of this paper is to describe in which way, an organization should manage their 

documentation regarding uncovering potential, environmental emission, accidents/ 

emergencies. 
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1. Introduction 

For an organization, the implementation of 

solutions for document management offer many 

benefits: electronically track of all documents, time 
saving for creating and searching information, reports 

elaboration according with demands, transparency of 

activity and standardization of internal processes. In 

any organization the introducing of a document 

management system, provides: 

• better control of internal processes and 

information; 

• strengthening information, providing 

internal management and business decisions; 

• an effective way for internal transfer of 

information, knowledge and  ideas; 

• improving collaboration in the projects, the 
exchange of documents; 

• rapid retrieval of information; 

• reduce the time for approval; 

• reducing administrative costs; 

• possibility for information disposal. 

 

2. Internal audit 

Internal audit is probably the company’s strongest 

tool when new or updated routines, procedures, 

instructions, control instructions and attitudes, etc. are 

to be implemented, and when follow-up on whether 
the quality-environment-work environment 

management system work as intended.  

This due to the fact that internal audit will 

uncover where there are opportunities for 

improvement, force a decision as regards resource 

allocation, force implementation and subsequent 

follow-up all the way. Internal audit will also uncover 

where things are working appropriately and as 

planned.  

Finally, internal audit can uncover reasons why 

things work appropriately and as planned in order for 

these experiences to be transferred to other projects 

and tasks that are to be carried out in the company. 
Management is responsible for preparation of an 

audit plan including the entire quality and/or work 

environment/environment management system. 

For the audit, It is an advantage to build-up the 

check list making it easy to maintain. One way of 

doing this is to relating the check list to the actual 

document number, incl. version number. A check list 

might look like the below (Fig.1): 

 

 
Fig. 1 Check list model [1] 

 

The document management procedure most 

determines: 

• who can approve documents 
• who perform periodical review 

• that documents are clearly identifiable 

(number and version number) 

• how to state changes in order that document 

users will be informed of such changes 

• how you ensure that the user only work with 

valid guidelines all the time 

• that documents at any time must be available 

• how do you plan to manage 

standards/regulations/executive orders/manuals from 

suppliers/other manuals etc. to ensure that the 
applicable ones are used (and thus implying how you 

will ensure that someone goes through them 

173 

 



 

 

 

periodically and decides on compliance with legal 

requirements, conditions in licences and permits and 

other regulations you have joined) 

• that outdated guidelines are removed or 

marked as “invalid” 

• for how long invalid written guidelines 
should be filed 

• how invalid written guidelines should be 

disposed of after filing period has ended. 

 

3. Environmental incidents managed with 

Sherlock software 

Sherlock is a software designed for Quality 

Management Systems, Environmental Management 

Systems and Occupational Health and Safety 

Management Systems. He is consisting of six 

modules: Sherlock Document Management, Sherlock 

Log, Sherlock Calibration, Sherlock Contacts, 
Sherlock Human Resources, Sherlock Archive. 

Sherlock Log, is the instrument that helps to 

create records: audit reports, actions plans, customer 

complaints, etc. The great majority of records 

required by the standards are included in Sherlock 

Log. These records document the state of the quality 

management system, environmental management 

system, occupational health and safety management 

system. Just by clicking the menu, it is possible to get 

an overview of, for example, which product results in 

greatest number of complaints, which customer 
complain about which services or products, the most 

frequent failure types, what quality related costs are 

incurred in which cases. 

According ISO 9001, the procedure of quality 

registrations must be determined: 

• where and for how long registrations (who 

are filled-in paper formulas or filled-in electronical 

formulas such as audit reports, complaints from 

customers, data from controls performed in 

production, calibration certificates, course 

certificates, etc.) should be filed. It should be 

described how to dispose of registrations (incl. data 
media, hard discs, etc.) after filing period has ended. 

• that registrations must stay available during 

the entire filing period  

• that registrations must be clearly identifiable  

• that you can see who approved or rejected 

the result (e.g. a control result) 

• that you can see who has made the 

registration 

 

Once recorded an environmental impact, you are 

able to view the environmental aspects by the three 
menus shown in figure above (Fig. 2). These may be 

environmental incidents or just nearby environmental 

incidents or violation according to statutory 

regulations. 

 

 
Fig. 2  Environmental impacts type 

 

Some companies apply risk values instead of the 
“nearby environmental incidents” and “environmental 

incidents which happened” categories.  

If the company doesn’t use FMEA, a widespread 

way of conducting risk assessment is to use the 

figures below (Fig. 3 and Fig. 4): 

 

 
Fig. 3 Risk analysis scale [1] 
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Fig. 4 Risk analysis frequency [1] 

 

If it is choose the menu "environmental aspects by 

responsible", it can be sort the rows or columns (Fig. 

4). Please note that it appears from the view whether 

the status is ongoing (1), concluded but no evaluation 

yet (2), concluded and evaluation conducted (3). 

 

 
Fig. 4 Environmental plan 

 

 
Fig. 5 Environmental incident 

 

 
Fig. 6 Environmental impacts conclusion 

 

When the organization has appointed the 

employee to process this incident the system asks 

whether you have chosen the correct person to route 

to. If you appoint yourself as person to route to, you 

will stay in the form ready to fill in the rest of the 
form. Therefore you will not receive a request for 

processing the form by mail. 

Common for all registrations is that once the data 

has been entered in the appropriate form, it can be 

sent electronically to those dealing with the matter. 

Views are automatically formed which sort by 

category. Apart from being of interest to the users, 

these also bring more information into the 

organization. 

 

Examples of environmental registrations [12]: 

• Complaints from environmental stakeholders 
• Complaints to suppliers 

• Environmental dialogue with suppliers 

• Complaint from customer 

• Competence registrations/copies of diploma 

and course certificate. 

• Waste registration 

• Calibration certificates 

• Service reports from maintenance and 

statutory control 

• Suggestions for improvements from internal 

employees and business partners 
• Nearby and occurred environmental 

emissions 

• Emergency drill 

• Supplier manuals 

• Audit plans/audit reports/audit deviation 

reports 

• Management review – record of decision 

• Action plans 

• Mapping 

• Conditions in environmental approval 

• Minutes from the environment meeting 

• Registration on compliance with the 
legislation/other requirements 

• External communication on environmental 

conditions 

 

4. Conclusions 

For an correct and proper management of 

registrations we should follow some 

recommendations: 

• Clear identification of which registration it 

relates (formula number). 

• Clear identification of what the registrations 
concerns. 

• Date/signature of when the registration was 

filled in. 

• Easy-to-read/access registrations in the 

entire filing period. 

• Approvers date/signature on registrations 

where the result requires authorized approval. 
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• Fixed filing time and place for hardcopy 

registrations and for tape/discs/CD-ROMs/other 

media. 

• Rules regarding access to registrations and 

regarding hand out registrations to external partners. 

• Back-up routines, documentation of carried 
through backup, labeling of media, quality of media, 

filing place of media. 
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ABSTRACT 
The objectives of this project are to study the method of obtaining demineralized water by 

using an ion exchange column type Purolite A200MBO, Purolite C100MBH. Considering 

the fact that we intend to use this type of water for the production of the steam used in the 

energetic industry, it is very important that the corrosive potential of water to be highly 

reduced. We have made chemical determinations for the water that enters in the ion 

exchange column and for the final water, which is the demineralized water.  

The results that we obtained emphasize that the corrosive capacity of the water is 

intensely diminished following this process.  

Keywords: water quality, chemical analyses, analyzing methods, demineralized water, corrosive potential 

 

1. Introduction 

The operation of the energetic boilers depends to a 
great extent on the quality of the water used for 
producing the steam. 

The ion exchange processes are part of the double 
exchange reactions category that take place in solid 
liquid heterogeneous systems.  

This process of water treatment is based on the 
property of some metals to replace the ions from 
water with their ions. There are two types of ion 
exchange resin: one which exchanges the cations and 
another one which exchanges the anions.  

Ion exchange occurs when the hard water is 
passed through a column (or bed) containing an ion 
exchange material1. 

This material can be either a natural porous 
sodium aluminosilicate polymer called zeolite or a 
synthetic resinous material. These polymeric 
materials ionize to produse two type of ions; fixed 
ions that remain attached to the polymer surface and 
free mobile counterions. The counterions are onest 
hat exchange places with the undesirable ions when a 
hard water is passed through the resin. 

In the following chemical equations the action 
mechanism of ion exchange is illustrated: the 
cationits retain the cations from water  releasing the 

                                                           
1 R.H. PETRUCCI, W.S. HARWOOD, „General Chemistry. 
Principles and Modern Applications”, pp786, MacMillan Publising 
Company, New York,1993. 

hydrogen ions (cationites in form H+) and the anionits 
retain the anions releasing OH- ions (anionits in form 
OH-). 

Ion exhange reactions on which the water 
deionization processes are based are: 

 
Ca (HCO3)2  +  2HSO3[cat]  =  Ca [(SO3)cat]2  +  

2H2O 
CaSO4  +  HSO3[cat]  =  Ca[(SO3)cat]2  +  H2SO4 

NaCl  +  HSO3[cat]  =  NaSO3[cat]  +  HCl 
 
The cationites regeneration in form H+ is made by 

treating the cationites with a sulfuric acid solution 
according to the following reaction: 

 
2NaSO3[cat]  +  H2SO4  =  2HSO3[cat]  +  Na2SO4 

 
We can observe that the acids that results  from 

the fixing process of the cationites are eliminated 
from the system by an anionic exchange reaction:  

  
2[an]OH  +  H2SO4  =  [an]2SO4  +  2H2O 

 
The regeneration of the anionites is realised by 

washing the column with a basic solution of  
Regenerarea anioniţilor se realizează prin spălare 

cu o soluţie bazică de sodium hydroxide or sodium 
carbonate: 

 
[an]SO4  +  2NaOH  = Na2SO4  +  2[an]OH 
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 In everyday life, the ion exchanges are used at a 
large scale for water softening (the elimination of the 
ions of divalent metals). In this case, cationites in 
form sodium (Na+) are used, and their regeneration 
can be made using sodium chloride.  

The mostly used method of water treatment is in 
column. In this way, the water previously released 
from suspensions and dissolved organic impurities is 
passed over a fixed bed of granules. In this 
conditions, the ion exchange resin gradually exhausts 
from the upstream area to downstream area. In the 
moment of the exhaustion, we pass to the 
regeneration of the column exchange by introducing a 
regenerated solution in the column and washing it 
from abundence with water.  

The extended applying of this process is limited 
because of two factors: one is the high costs of the 
regeneration and the other one is the resin 
degradation. Another important disadvantage of the 
ion exchange is the forming of regenerating products 
which constitute aqueous residues whose final 
evacuation causes significant difficulties. The 
situation changes when the retained salts on the ion 
exchange columns and eliberated at regeneration find 
an industrial utility. 
 

2. Principles and methods of work  

For obtaining this type of water we used plant 
IC46D with these technical features: 
 

Tabel 1 

Technical Data 
IC46D/

500 

Feed water pressure atm. 2 

Max flow rate of H2O production lt/h 500 

Purity of demineralized water produced 
> ohms 

5 MΩ 

Corresponding saline residue < mg/l 0,2 

H2O cyclic production rate referred to 
total salinity of treated water expressed 
in CaCO3: 

• 20°F/si (200 mg/l) lt 

• 30° F/si (300 mg/l) lt 

• 40°F/si (400 mg/l) lt 

 

 

3.000 

1.900 

1.300 

• Reactives for regenerating substances: 

• Hcl 30 % (20°bè) lt 

 

4.5 

• Diluition water lt 11.5 

Technical Data 
IC46D/

500 

NaOH (scales) Kg. 2.2 

• Diluition water lt. 50 

Or 

• NaOH in solution 30% lt 

 

5 

• Diluition water lt 45 

Water necessary for rinsing: 

• first rinsing lt 

100 

• second rising lt 200 

Feed voltage V. 220 

Complessive watts absorbed (points) 
Watt 

300 

 
We used ion exchange Purolite A200MBOH and 

Purolite C100MBH type, one is for anions exchanger 
other is for cations exchanger.  

 

Fig. 1 - Operating diagram 

1. Electric three position commutator “regeneration - 
o - production”  
2. Electric wsitch for manual mixing of resins  
3. Programmer, electronic timer with reading of 
purity of water produced  
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 4. Little protection box containing terminal board for 
electric connections  
5. Valve for manual inlet of feed water  
6. Water pressure reducer with manometer  
7. Liter counter  
8. Filter  
9. Three ways ball valve  
10. Flow rate control valve  
11. Valve to send produced water to the storage tank  
12. Flowmeter  
13. Demineralized water storage tank  
14. Demineralized discharge  
15. Alkaline solution tank  
16. Acid solution tank  
17.Demineralized water tank/use cut-off valve  
18. Demineralized water storage tank discharge valve  
19. Raw water inlet filter  
20. Raw water inlet  

 
To produce demineralized water, proceed as 

follows:  
• three ways ball-valve (Fig. 1 no. 9) open to 

discharge the first water produced (in case of 
any cycle beginning after regeneration 
operations)  

• little handwheel for manual valve control: at 
position “1” (Fig. 1 no. 21)  

• three-position commutator at “production” (Fig. 
1 no. 1)  

The plant will produce water which will go to 
discharge.  

Vertical scale of right leds of programmer will 
indicate purity values expressed in 
megaohms/microsiemens.  

When purity value is sactisfactory, send water 
produced to utilization (tank 13), closing ball valve 
(Fig. 1 no. 9).  

On request demineralizer can be provided with a 
supplementary automatism o signal the end of 
productive cycle by means of an alarm and eventually 
to stop automatically production.  

In this case the electric board will have, instead of 
a switch already discribed for “manual mixing”,a 
commutator with three position “manual production-
0-manual mixing”. 

At the beginning of each productive cycle (after 
operations of regeneration) put said commutator at 
“Manual production” to produce water even if not 
sufficiently pure, cancelling alarm signal.  

The same will be put at rest position, as soon as 
values of water purity will be superior to the min. 
prefixed with the little knob no. 4 (Fig. 2).  

The apparatus will produce water which can be 
send to utilization.  

At the end of the cycle, supplementary 
automatism will go in prealarm and with a delay of 
about 60” will operate an alarm signal.  

It will be possible then to stop production 
positioning the switch located back the board at 
“Alarm and stop of production”.  

 

3. Discussions and results  

Table 2 

 
pH was determined by using the Hanna 

Instruments pH meter, HI113; the ionic conductivity 
was determinated by using the Fisher Scientific 
conductometer, Accumet Basic AB30; Hardness 
measurements were made by volumetric dosing using 
HCl 0.1n for the temporary hardness and EDTA 2Na 
0.1n for the determinations of the permanent hardness 
(this way, the calcium hydrogen carbonate, the 
magnesium hydrogen carbonate quantities and the 
calcium carbonate, magnesium carbonate  quantities), 
written in Table 1; the quantities of ion nitrite, nitrate 
or ammonium were determined using the 
spectrophotometric method with PF 11 
spectrophotometer, the Visocolor method. 

By analizying the results from table 2, we 
observed that the purity of the water obtained using 
this process is very high. Consequently, we 
recommend the usage of this kind of water in order to 
obtain the energetic steam. 
 

4. Conclusions 

- High purity water is obtained; 
- pH and conductivity presents herself well articulated 
values; 
- In this conditions, the aggressive character of the 
water is much reduced; 
- The oxidation-reduction reactions speed is much 
reduced; 
- The necessary costs for obtaining this type of water 
are compensated by the long-term use of the 
industrial installations. 

 water deminer
alized 
water 

pH 7.2 6.91 

Ionic conductivity 

µS/ cm2 

248.5 1.732 

Nitrite 

[mg/l] 

0 0 

Nitrate 

[mg/l] 

25 <0.05 

water hardness 

[ºgermane] 

40 4.2 
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 - Anorganic substances can produce an increasing of 
the hardness. In this case, the water with a high 
degree of hardness produce deposits and reduce the 
thermic transfer capacity.  
- In the case of power plants, but even in other 
industries, which demand quality conditions of water 
it is necessary to use demineralized water. 
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ABSTRACT 
This paper presents a method to embed waste management information into home 

appliances electronic labels. The physical storage comes in form of a microcontroller 

based system that can communicate with a custom reader. It stored a hierarchical tree of 

instructions groups that apply to components of the home appliance. 

Keywords : electron ic labeling, home appliances, e-waste management  

 
1. Introduction 

Modern day home appliances are omnipresent and 

contain various degrees of electric and electronic 

devices and subsystems. 

The market for these equipments is very dynamic 

and technical innovation is usually leading it. This 

also translates into frequent replacement of old 

devices with newer and more advanced ones. Also, 

damaged older equipment or parts must be replaced. 

The main drawback is the high amount of 

electronic waste that is produced in this process . 

Various kinds of materials are being disposable. Most 

materials involved in electric and electronic 

equipment present a threat for the environment, some 

of them being of high risk such as Pb, Hg, Cr6, Cd, 

PVC, BFR, As, Am [1], [7]. 

There are various technologies for waste disposal 

and processing. They are members of the e-waste 

recycling technologies domain. An interesting 

overview of this is given in [3]. Another overview, 

emphasizing the poor application of these methods in 

developing countries , is given in [2]. 

The European Community addresses the problem 

of electronic waste via the Waste Electrical and 

Electronic Equipment Directive [6], [11]. Current 

environmental requirements enforce the proper 

disposal and handling of electronic waste. However, 

there is still a lack of achieving the proposed 

deadlines. A key factor is the complexity of hme 

appliances constellation and of the waste 

management technical aspects. 

This paper presents a formal defin ition of possible 

electronic tagging of home appliances from the waste 

processing perspective. 

2. Labeling solutions for electronic products 

Encoding informat ion for consumer products can 

be achieved by various means. Besides human 

readable labels that can be found on most products, 

there are also automatic processing labels mostly in 

the form of optically readable codes, such as the bar 

codes. 

The first most used barcode for commercial 

products is the Universal Product Code, or UPC [10]. 

It embeds a 12 dig it code that can be printed on 

products or products cases. As shown in Fig. 1, it has 

start symbol (S), fo llowed by the prefix dig it (P) and 

the five left digits of the identifier (L), then by the 

middle symbol (M), the five right digits of the 

identifier (R), a control d igit (C) and an ending 

character (E). There are two silent regions before the 

start and end characters. 

 

 
Fig. 1 – The structure of the UPC barcode  

 

A superset of the UPC is the International Article 

Number EAN-13 [8]. This code uses 13 digits, 12 fo r 

user data and 1 for erro r correct ion. 

To extend the volume of information that is stored 

within a printed code, two-dimensional versions have 

been developed. 

The most prominent and widely used 2D code is 

the Quick Response Code (QR Code) [9]. It  encodes 

version and format in formation, correction keys and 

has special zones of patterns for positioning, 

alignment and timing, as well as the necessary quiet 

zone, as shown in Fig. 2. 
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Fig. 2 – The QR code structure [9] 

 

However, optical barcodes are mostly used to 

store identification numbers or resource paths rather 

than more complex informat ion. For more 

comprehensive informat ion a different approach 

should be made. 

To store detailed informat ion about the materials, 

components and assembled systems life cycle, the 

optical labels may not offer sufficient storage and 

automation features. 

 

3. A public database approach for waste 

management instructions 

A solution to waste management specific 

problems could be to use a central publicly accessible 

database of products with unique identifiers and 

detailed technical informat ion. The unique identifier 

can be printed, using EAN-13 technology for 

example, and attached to the home appliance of 

interest. Finding the more detailed information about 

the product carrying the identifier can be achieved by 

accessing the public information via Internet. In this 

situation, it must be noted that there is no need for 

individual identification. It is sufficient that the 

specific product class uses a unique identifier. The 

drawback of this solution is the need for a centralized 

or distributed standardized product information 

database and the unique product class labeling rather 

that the individual product labeling. More detailed 

informat ion could be stored in QR Code, for example, 

but this still will be insufficient even for simpler 

home appliances. 

An alternative to unique product numerical 

identifier is the embedding of a URL into a QR Code, 

which is a common practice nowadays. 

 

4. An embedded hardware approach for waste 

management instructions 

A more viable solution would come in the form of 

electronic labels. They can store much more 

informat ion in microcontroller based tags. These 

labels can accommodate small volumes and can 

easily be attached to the companion home appliances. 

The block diagram of the electronic label 

considered in this paper is shown in Fig. 3.  

The centerpiece of this equipment is a 

microcontroller responsible for the complete 

management of the local system. 

 
Fig. 3 – The electronic label architecture  

 

The microcontroller should store the useful 

informat ion regarding the product lifecycle and the 

waste disposal instructions  into its internal non-

volatile data memory. It is important to note here, that 

even though usually microcontrollers do not poses 

more than a few hundred bytes of data EEPROM , 

given the particularity of the application, the program 

memory can be used to store data zones , in form of 

constants, for example. This way, careful memory 

usage design can lead to the employment of small 

footprint devices. 

Another important component of the electronic 

label is the communication module. There are many 

possible ways to implement this feature. However, 

the actual requirements will reduce the solutions to a 

few. The label should be able to transmit a small 

amount of information with a rather s mall speed on 

short distances. To achieve this, there are some 

technologies such as: EIA-232, USB, CAN bus [5], o r 

even non-standardized solutions. 

It is useful to notice that some of the currently 

available microcontrollers do include serial 

communicat ion modules  [4], thus reducing the 

external components and the overall footprint even 

more. However, it is recommended that the same low 

level communicat ion protocol is used for this task, 

given the globalization of markets.  

The last critical element in the label is the power 

supply. There is no common design requirement here, 

as for the communicat ion layer for example, as this 

can leave a wide area for solutions. There are two 

main categories here: some that only work when the 

informat ion of the label is read and some that may 

work in other cases as well.  

The first class is the simpler, and requires that the 

label reader provides the power needed for data 

output. In this case, the label acts like a simple 

memory. More, it can actually be a simple EEPROM 

memory, thus greatly reducing the complexity of the 

system. 

However, if a more advanced label is desired 

having monitoring features, then a more complex 

powering solution is required, as it needs to work in 

multip le situations. Possible solutions may be: long 

lifetime rechargeable batteries, super-capacitors, 

mixed solutions using the appliance power supply, 

etc. The authors recommend using a mixed solution 

built around a rechargeable element (battery, super-
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capacitor, etc.). The rechargeable element can be 

permanently connected via the appropriate circuitry 

to the appliance power supply. After the power 

supply ends its normal usage, the label will use the 

rechargeable element only. 

In this complete architecture, the label will be 

powered by the main power supply of the appliance 

as long as it is functional, meanwhile recharging the 

internal elements and logging the appliance only 

time. When the appliance power supply is stopped, 

the label turns itself off completely until the appliance 

power supply is started again or the external reader 

enables the internal power supply. This way the 

power of the internal label supply is conserved for 

much a longer period of time. 

 

5. The waste management data structures  

The information that the electronic label should 

contain is offering details about the composing 

materials, specific elements and components of the 

home appliance and their management from the was te 

disposal perspective. 

The home appliance waste management is 

described by a list of groups of instructions. Each 

group of instructions is applicable to one or more 

physical components of the appliance. 

The waste management information is thus 

organized in a tree of nodes representing the groups 

of instructions, as shown in the example in Fig. 4. 

Each group has only one parent, but can have more 

descendants. The in itial group, called the root group, 

does not have any parent. 

 

 
Fig. 4 – An example of waste management 

instructions groups hierarchy 

 

The hierarchical structure of the tree has been 

chosen to support additive inheritance. Th is means 

that each descendant group inherits its parent’s 

instructions and can add new specific ones. This 

approach leads to a more efficient use of the storage 

by minimizing the recursion of instructions. One 

drawback of this approach may be the processing 

power needed when inspecting a group’s  instructions 

list because of the tree parsing, but to the reader 

system it presents no problem. 

Each group contains three parts: an administrative 

header, the list of the appliance’s target components 

and the list of waste management instructions. They 

can be seen in Fig. 5. 

 

 
Fig. 5 – The structure of an instructions group 

information node  

 

Before describing each element, it is important to 

note that all numerical fields are unsigned short 

integers stored on 2 bytes in little-endian 

representation. All strings are encoded in ASCII 

printable characters and have a null terminator. 

The header contains the numerical field called id, 

which is the unique identifier of the group in the tree. 

The nodes should be number consecutively, but this is 

not a strict requirement. The tree can hold a 

maximum of 65536 groups. Also in the header is the 

parentId numerical field containing the identifier of 

the parent node. The next element of the header is the 

numerical descendantsCount field that stores the 

number of descendants for this node. Right after this 

count follows the list of descendant numerical 

identifiers. The number of appliance components this 

group applies to is stored in the componentsCount 

numerical field. The number of instructions in this 

group is stored in the instructionsCount numerical 

field. At the end of the header a string is embedded to 

store a textual description of this group. 

The next section of the group contains the list of 

strings denoting the human readable names of the 

components this group’s instructions apply to. 

And finally, the last section of the group contains 

the actual list of strings storing the human readable 

waste management instructions. 

In order to optimize the storage capacity, it is 

recommended that the instructions are written in clear 

and concise phrases, using reference to specific 

standards and legislation. It is also encouraged to 

emphasize hazardous materials handling and specific 

tasks for the considered home appliance.  
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6. Conclusions 

Electronic waste management is a challenging 

task that needs to be addressed. The high amount of 

electronic residues the modern society produces must 

be processed and recycled. 

Given the complexity and variety of home 

appliances, an electronic labeling solution aims 

helping the recyclers in their tasks by embedding the 

specific waste management instructions in a 

microcontroller based label. This label can be read by 

a custom reader and holds the information even after 

the home appliance is no longer used. To optimize the 

storage usage, the data is structured in a hierarchical 

tree of instruction groups that allows inheritance. A 

node stores structural data in the header, information 

about the components that the instructions list applies 

to and the specific waste management instruction list 

itself. 

Using this system, a home appliance manufacturer 

can embed specific waste management instructions 

that may help creating a more efficient recycling of 

the materials. 
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ABSTRACT 
To make sustainable the human life, in normal or specific medical situations, it is 
necessary to have adequate water resources. In medical utilization’s of the water 
(dialysis, perfusable or liquid medication) some special water treatment systems and 
methods are necessary. These water treatment systems must accomplish some safety 
requirements.  The safety of the patients relied to water treatment systems in medical 
utilization and the risk’s identification are important aspects in this type of applications. 
The paper realizes a synthesis of the medical and technical risk’s which can be appearing 
in the water treatment process and present’s the technical methods to minimize these 
risks. 

 Keywords: Risk, minimization, safety, water treatment 

 
1. Introduction 

Risk can be considered as any type of action, 
activity or situation which may produce harm or life 
danger for the users of a product or service.[3] Safety 
is in opposition with risk that means if we have many 
risks which are uncontrolled or not controlled 
efficiently the safety is significantly reduced or even 
not existing and the user (the patient if we consider 
the medical system) is in danger.  

Also if we talk about safety it is necessary to 
take in consideration also the quality of the product or 
service.  The quality of a product or service can be 
considered as the ensemble of the characteristics that 
can satisfier the exigencies of the clients (the patients 
in case of the medical systems). 
 Safety is relied to quality because if the quality 
is good we have the conditions which can assure a 
good safety.  
 It may be useful to underline that quality is 
resulting from the way resources are used, and not 
from how many resources are available.[1] 

So it may be necessary to consider the 
following aspects of quality and risk management: 

a) Patient quality: the service provides 
patients with what they want and expect, during and 
after the service. 

b) Professional quality: the service follows 
procedures and methods which are thought to be most 
effective in meeting patient’s clinical needs, as 
assessed by health professionals. 

c) Management quality: the service uses 
available resources in the best way to achieve patient 
and professional quality, without waste and within 
higher level requirements. 

A quality and safety strategy brings many 
benefits. It is needed to ensure that the right actions 
are taken for the circumstances and that these actions 
are continued and renewed over time. 

The basically problems needed to be clarified 
in case of the water treatment systems form medical 
utilization are: - the parameters which assure the 
quality of the service; - the risks which can be appear 
for the patients and the minimization of these risks. 

 
2. Principles and methods  

In the opinion of the author for a good 
management of safety it is necessary to identify and 
control the risks and the quality parameters of the 
service (the water treatment system in this case) in the 
same time. So to bee able to answer to the problems 
specified in the introduction it is necessary to study 
the principles and the specificity of the water 
treatment systems for medical utilization. 

As a basic rule, any water treatment for 
medical utilization should be designed to meet 
minimum specifications for chemical and 
bacteriological levels recommended in the European 
Pharmacopoeia or other specifications and its 
maintenance over time. One of the most important 
water treatment systems is used in the dialysis 
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process, because the dialysis machine use treated 
water to prepare the dialysate.[2] For this type of 
water treatment system the quality requirements are 
given in Tab. 1.[4] 

 
Table 1. Water quality requirements for medical 
utilization  

Chemical 
element 

Determination 
method 

Maximum 
level 

Aluminium:  Atomic Absortion 
Spectrometry 

0,01 mg/l 

Antimony:  Atomic Absortion 
Spectrometry 

0,006 mg/l 

Arsenic:  Atomic Absortion 
Spectrometry 

0,005 mg/l 

Barium:  Atomic Absortion 
Spectrometry 

0,100 mg/l 

Beryllium:  Atomic Absortion 
Spectrometry 

0,0004 mg/l 

Cadmium:  Atomic Absortion 
Spectrometry 

0,001 mg/l 

Calcium:  Atomic Absortion 
Spectrometry 

0,001 mg/l 

Chloramines:  Colorimetric 0,100 mg/l 
  Free 
Chlorine:  

Colorimetric 0,500 mg/l 

Chromium:  Atomic Absortion 
Spectrometry 

0,0140 mg/l 

Copper:  AtomicAbsortion 
Spectrometry 

0,100 mg/l 

Cyanide:  Spectrophotometry 0,0200 mg/l 
Fluor:  Molecular 

Photoluminiscence 
0,200 mg/l 

Magnesium: Atomic Absortion 
Spectrometry 

2 mg/l or 
0,08 mmol/l 

Mercury:  Atomic Absortion 
Spectrometry 

0,001 mg/l 

Silver:  Atomic Absortion 
Spectrometry 

0,005 mg/l 

Lead:  Atomic Absortion 
Spectrometry 

0,005 mg/l 

Potassium:  
 
Flame photometer 

2 mg/l 
 or 0,08 
mmol/l 

Selenium:  Atomic Absortion 
Spectrometry 

0,0900 mg/l 

Sodium:  
 
Flame photometer 

50 mg/l  
or 2,2 
mmol/l 

Sulfate:  Turbidimetric 
Method 

100 mg/l 

Thallium:  Atomic Absortion 
Spectrometry 

0,0020 mg/l 

Zinc:  Atomic Absortion 
Spectrometry 

0,100 mg/l 

 
To meet these quality requirements for the 

water in medical utilization it is necessary to realize 
specific water treatment systems.  

A principle schema for a medical utilization 
water system is presented in   Fig.1.[2] 

   Legend: 

     - drinking water source;     

     ⊕ - dialysis machines            

        - pump; 

           - filters;   

            - active carbon filters; 
 

 D - deionizers;                       

O1,2 - reverse osmosis system;            

C1,2  - tanks; 

 p,t d, TH, cl -pressure, temperature, flow, 
harness, chlore control;  

      T -  control of  Ca or Mg residues; (Testomat)  
          
        B - bacteriologic control. 
 

Fig. 1 – The principle schema of medical 
utilization water treatment system 

 
The basically parts of this type of water treatment 
systems are:   

 
 
⊕ 
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A. Pre-treatment: The water passes through a 
stainless steel mesh, sand filter, coal filter, chemical 
conditioning, cartridge filter, and passes through an 
ultraviolet. 

B. Reverse osmosis: Treated water passes 
through the reverse osmosis membranes and is stored 
in a tank. 

C. Post-treatment and recirculation: The 
produced water passes through deionizers, ultraviolet 
and poly-sulfone filter and placed in the ring of 
dialysis, and the surplus is recycled back to the 
entrance to the deionizer. 

D. By-pass: In case of failure or repair of 
osmosis equipment, water supply passes through a 
battery of filters that ensure water supply for the time 
necessary to start-up the system. 

E. Steriliztion system: used to fulfill the 
bacteriological requirements.  

 
3. Results 

 One of the risk categories are the risks coming 
from the water treatment system [6], these type of 
risks are presented in Tab. 2, respectively the quality 
and risk control in Tab.3 and Tab. 4. 

  
   Table 2. Risks coming from the water treatment  

 
Risks for the 

patients 

Cause of the 
risk, 

control by 
measurements 

 
Toxicity level 

Hypertension, 
coma, demise 

- resins  
from the ion 
changers  

Na++ ≥300 mg / l

„water 
hardness” 
syndrome, 
nausea,  
hypertension  

 - resins  
 - water 
hardness  Ca++  ≥ 80 mg / l 

Hemolyse, 
anemia 

- mineral    
   chlore 

Cl -  ≥ 0,25 mg / l

Osteoporosis - fluor F -  ≥ 0,5 mg / l 
Metabolic 
acidosis 

-sulfates  SO4
-- ≥200 mg / l

Dialysis 
demency  

- aluminium  Al+++ ≥ 60 μg / l 

 
Amylosis   - beta 2-

microglobuline  

Accumulation in 
the organism 
during years 

 
Biofilm 

- inadequate 
disinfection of 
the pipes,tanks 

- formation and 
presence of 

biofilm 
 

One of the most important safety aspects for 
water transport and treatment systems is the 
formation and presence of biofilm. Biofilm is formed 
when a surface has a growth on it of a community of 
active microorganisms. [1]  

These microorganisms can be dangerous for 
the patients, so it is very important to prevent the 
biofilm formation.  

Table 3. Quality and risk control in the water 
                               treatment system 

 
Table 4. Technical parameters in quality and risk 

control in the water treatment system 

 
A prevention way against biofilm formation is 

the replacement of standard polyvinyl chloride 
distribution loop with materials such as chlorinated 
polyvinyl chloride, cross-linked polyethylene, Teflon, 
stainless steel or polyvinylidene fluoride.[5] 

 Polyvinylidene fluoride or cross-linked 
polyethylene piping is suitable for use with hot water 
and can be welded, thereby further reducing the 
potential for bacterial colonization of joints. Cross-
linked polyethylene tubing is very cost-effective as it 
comes in large rolls and can be installed without any 
joints other than at the patient stations or at 
connections to technical equipment or solution 
mixing equipment.[5]   

The prevention of biofilm formation may be 
realized with preventive disinfection using 
disinfection with ozone.  

Disinfections 

Frequency  Object of 
disinfections 

Type of 
disinfections 

In the 
evening and 
week ends  

Distribution 
system  

Ozone,  
Chemical and 

thermal (85 ºC) in 
alternance 

Monthly  Pre-treatment 
system and  

Ozone,  
Chemical and 

thermal (85 ºC) in 
alternance  

Quarterly  
Water 

treatment 
system  

Ozone,  
Chemical and 

thermal (85 ºC) in 
alternance 

Personnel:  
Water treatment system: technicians 

Technical 
 parameters 

Measuring 
instrument 

Flow Flow meter  
Pressure   Manometer 
Conductivity Conductivity meter 
Temperature Thermometer  
Level  Level detector 
Disinfectant residues  Chemical reactive  
Water hardness Optical and chemical 

detector 
Personnel: 
technicians 
Periodicity: 

daily and after each technical intervention 
Control modality: with indicator bands, 
          biological analysis, surface analysis 
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Ozone (O3) is maybe the strongest oxidizing 
agent. It has the redox potential higher than fluorine. 
This potential makes him a disinfecting agent, more 
effective than any of the commonly used, for this 
reason it is recommended to be used in water 
treatment. The implementation of the ozonated water 
disinfection-sterilization of surfaces and materials has 
the following advantages: 

- Do not leave remains in the installation, 
chemicals, detergents, chlorine. 

- The derivation is convenient and cheaper 
than chemical disinfection. 

- It is a powerful oxidizing agent with greater 
efficiency and less irritant than chlorine and 
derivatives. 

- It can be applied to materials that can not be 
disinfected and sterilized with heat. 

- It requires less exposure time to heat or 
chemical disinfectants. 

- The disinfection of materials by ozonated 
water is cleaner than the use of detergents, or 
disinfection agents. 

- It acts bacteria, viruses and fungi. 
 The ozonisation of water can be realized by 
mixing the water with ozonated air in a preparation 
and mixing installation, as presented in Fig. 2.[2] 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2 – The principle schema of ozonisation 
system 

 
The ozone generator system has the following 

components: ozonation tank (4), air dryer (1), ozone 
generator (3), the mixing system (5, 6) and the acces 
points to the inlet water (7) and ozonised water (8). If 
the mixing system is placed in the top of the tank and 
has attached some brushing elements it may be also a 
preventive solution for biofilm formation. 
 

4. Discussion 
 
The prevention of biofilm formation is very 

important because if biofilm already exist it is very 
hard to eradicate, chemical disinfectants have 
difficulties to diffuse into the biofilm and only the top 
layers are damaged and the biofilm is continuing to 
be present. [2] 

The most efficient way to act against biofilm 
is the efficient prevention by proactive disinfection 
and periodical test of presence of biofilm.  

It is necessary to underline that presence of 
biofilm can’t be efficiently determinate by analyzing 
water samples because biofilm is on the surface of the 
tanks or pipes. To detect the presence of biofilm it is 
necessary to realyse a surface analysis with a cotton 
swab or test pieces in the system which are in the 
interior of the pipes or tanks and can be removed and 
sent to analysis.  

If we can detect biofilm in water samples by 
microbiological analysis that means that biofilm has 
already contaminated the water and the biological risk 
is high. So it is recommended to be proactive and 
prevent the formation of biofilm. 

For a good management of safety it is 
necessary to implement safety management 
programs, management and measurement records 
must be prepared and preserved similar to clinical 
records, it is recommendable to preserve the related 
documents minimum three years from the date of 
preparation. 

 
5. Conclusions 

Due of the requirements of the water treatment 
systems form medical use the patient’s may bee 
exposed to potential risks for their life’s.  

The paper realizes a synthesis of the medical 
and technical risk’s which can be appearing in the 
water treatment system, present’s the technical 
methods to minimize these risks, and give the answer 
to the major problems needed to be clarified: - the 
parameters which assure the quality of the service; 
the risks which can be appear for the patients and the 
minimization of these risks, including biofilm 
prevention methods and ozone based disinfection. 
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ABSTRACT 
 

The aim of this paper is to show, the inherent risks driving adaptations for disabled 

people in case of an accident. This is done through a series of FEM simulations with a 

series of commercial steering adaptations. As a result of these simulations, none of the 

analyzed was safe, so some modifications were recommended. 

Keywords: Risk, analysis, handicapped, adaptation, FEM 

 
1. Introduction 

Disabilities in handicapped people require several 

modifications in vehicle control devices [1]. In a 

general way, adaptations in control devices can be 

classified in six main categories [2-5]: 

• Steering. 

• Brake. 

• Clutch. 

• Throttle. 

• Gearbox. 

• Complementary devices: like lights, wipers, 

parking brake and others. 

The main handicap of these adaptations is the fact 

that the driver can be injured in case of an accident. 

From them, the steering control adaptations are the 

most dangerous because they can damage the driver 

chest or head. 

The aim of this paper is to show, by FEM 

simulations, how dangerous could it be and the need 

to change the design and/or materials. The paper will 

not cover other significant drawbacks like the 

interference with the airbag device. 

 

2. Material 

These are needed by one-handed or weak-handed 

people. Their requirements are: they can’t damage the 

steering wheel; they can’t get loose, and they should 

allow the steering wheel easily turns.  Figure 1 shows 

the most-used steering adaptations [6, 7]. 

 
  

 
Fig. 1 - Steering adaptations 

 

Figure 2 shows some of the analyzed steering 

adaptations. They were modeled using SolidWorks 

from physical commercial models and then analyzed 

using Ansys Workbench v. 12.1, considering 

plasticity models for all materials. 

 

 
    

Fig. 2 - Analyzed steering adaptations: shank, 

ball, fork and knob types. 

 

2.1. Analysis of the shank-type steering 

adaptation. 

The shape and size of the shank-type control 

would seem to suggest that it could be the design 

most likely to interfere with the deployment of the 

airbag. This design is used for cases of tetraplegia, 
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where the drivers are totally disabled in the hand and 

wrist. 

In analysis, a load was applied at the handle 

longitudinal direction, which represents a typical 

force in a frontal impact over the adaptation (Figure 

3). Handles were considered to be made of POM and 

the other parts of low carbon steel S185. 

As a result of this analysis, the handle didn’t break 

until a 5000N and the right one until 2000N force was 

reached, while the steel parts showed plastic 

behavior, but they didn’t break at all as can be seen in 

Figure 4. So in case of an accident the driver would 

be seriously injured when hitting the handles or the 

angled steel part. In order to avoid this danger, the 

steel part should be substituted by a fragile compound 

who also should avoid chipping. 

 

 

 
Fig. 3 - Shank-type load state. 
 

 
Fig. 4 - Stress distribution. 

 

 

 

2.2. Analysis of the ball-type steering 

adaptation. 

The ball-type is relatively smaller than the other 

devices and also interferes less with the airbag device. 

It enables the steering wheel to be turned with one 

hand. 

In the analysis, a normal load to the steering 

wheel, which represents a typical force in a frontal 

impact over the adaptation, was applied (Figure 3). 

The ball was considered to be made of POM and the 

other parts of low carbon steel S185. 

 

 
Fig. 5 - Ball-type load state. 
 

As a result of this analysis, the ball base was 

broken when a 3000N force was reached as can be 

seen in Figure 3. In case of an accident, the driver 

would be seriously injured when hitting the ball. In 

order to avoid this danger, the ball base should be 

redesigned to break until a lower load. 

 

 
Fig. 6 - Ball-type stress distribution. 
 

2.3. Analysis of the fork-type steering 

adaptation. 

The forked knob is larger than the others, and its 

design may affect the operation of the airbag. It is 

used in cases of tetraplegia.  

Here, a normal load to the steering wheel, which 

represents a typical force in a frontal impact over the 

adaptation, was applied (Figure 7). The fork was 

considered to be made of low carbon steel S185 and 

only half of the fork was taken, considering a 

midplane symmetry assumption. 

 
Fig. 7 - Fork-type load state. 
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As a result of this analysis, the fork didn’t break 

until a 15000N load was reached as can be seen in 

Figure 8. So in case of accident the driver would be 

seriously injured when hitting it. In order to avoid this 

danger, the steel part should be substituted by a 

fragile compound who also should avoid chipping. 

 

 
Fig. 8 - Fork-type stress distribution. 
 

2.4. Analysis of the knob-type steering 

adaptation. 

The knob-type is a variation of the ball one, but 

including an inner push button to play claxon or other 

complementary functions.  

A normal load to the steering wheel, which 

represents a typical force in a frontal impact over the 

adaptation, was applied (Figure 9). The outer parts 

were considered to be made of POM and the inner of 

low carbon steel S185. 

As a result of the analysis, the knob didn’t break 

until a 35000N load was reached. So in case of an 

accident, the driver would be seriously injured when 

hitting the handles or the angled steel part. In order to 

avoid this danger, a complete redesign of this device 

should be done. 

 

 
Fig. 9 - Knob-type load state. 

 

 
Fig. 10 - Knob-type stress distribution. 

 

3. Conclusions 

As conclusion to this work, none of the analyzed 

adaptations are suitable in case of impact. Also, they 

can interfere with the airbag device like other works 

suggest [8]. As they are the most used ones in the 

Spanish market for disabled people, a complete 

review of materials and designs should be done.  

Finally, stronger EU and Spanish regulations 

should be developed in order to assure the safety of 

disabled people. 
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ABSTRACT 
This paper started from the contradictions between energy efficiency achieved in recent 

years and that world energy consumption increases by an average of 2% per year. The 

present study sought to find the causes contradictions between increasing energy 

efficiency and continuous growth of energy consumption, but also between energy 

efficiency and sustainability, which is a barrier that prevents practitioners in the field to 

achieve the aim of protecting the environment. To monitor energy efficiency trends was 

used indicator "energy intensity" is the indicator that characterizes synthetic and 

macroeconomic efficiency. The most important findings emerged from the research is the 

following: in many cases achieved energy efficiency has led to profitability and growth, 

but practice subsidized CO2 emissions. The conclusions and proposals this paper want to 

acknowledge practitioners and researchers have increased the share of energy from 

renewable sources and integrate environmental factors in all energy policies. 

Keywords: consumer trends, energy efficiency, sustainability, renewable energy sources 

 
1. Introduction 

According to International Energy Agency data 

(IEA), world energy consumption increases by an 

average of 2% per year. The annual increase in 

consumption would lead to a doubling it every 35 

years. There is a big difference between the energy of 

most developed countries and underdeveloped 

countries. For example, the U.S. consumes 25% of 

energy produced in the world, generating 23% of 

world production and representing only 5% of the 

world population. The largest increase in energy 

consumption is currently registered in China, which 

has a 5.5% annual growth for decades. 

Activities to increase energy efficiency in recent 

decades was due to energy crises and desire to gain a 

bigger economic profitability. Economic efficiency 

equals greater profitability and increased profitability 

leads to overall economic growth, which has led to a 

growing consumer demand for energy, which has 

done more harm to the environment than if it would 

do anything. 

In Europe, the growth rate was about 1%, but in 

the European Union and there were no intense 

concern for energy efficiency. Currently, these 

activities are connected with environmental 

protection and climate change. In this regard: 

- to prepare strategies; 

- to set quantitative targets to be achieved in 

certain time intervals; 

- is improving the legal and institutional 

framework; 

- to prepare action programs; 

- to allocate funds for these programs; 

- to continuously monitor the fulfillment of these 

programs, the state achievement of objectives 

and are possibly necessary corrections. 

 

2. Data source and methodology 

The paper has benefited from the free data 

provided by the NSI, EUROSTAT and ODYSSEE. 

ODYSSEE database presents a selection of 

approximately 30 key indicators of efficiency 

ODYSSEE MURE project developed with energy 

efficiency data from 2000 to 2010. It is coordinated 

by ADEME and supported the Intelligent Energy 

Europe Programme of the European Commission. 

This project brings together representatives usually 

energy agencies from 27 countries, plus Norway and 

Croatia in order to monitor energy efficiency trends 

and policy measures in Europe. 

Modern management energy management is a 

process of energy sector using advanced methods and 

techniques for monitoring energy usage. 

Internationally to widespread use of indicators for 

monitoring energy efficiency and to compare 

performance in the field, benchmarks imposed by 
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prestigious international institutions [7], [8], [13], 

[14]. Depending on their role, taking into account 

three types of indicators[5],[6]: 

- indicators to monitor trends in energy 

efficiency; 

- indicators of energy efficiency performance 

comparison between a country and other 

countries; 

- indicators measuring diffusion penetration 

efficient technologies and practices. 

These indicators will be described below.  

To monitor energy efficiency trends usually 

using three types of indicators: 

- energy intensity defined as the ratio between 

energy consumption, measured in units of 

energy (toe, Joule, etc..) And an indicator of 

activity measured in monetary units (GDP, 

GVA etc.). 

- specific energy consumption defined as the 

ratio between energy consumption and an 

indicator of activity expressed in physical 

units (toe / ton cement liters of fuel / 

hundreds kilometers etc.). 

- indicators of energy efficiency (ODEX 

indicators, which describe the energy 

efficiency (lowered or raised) but dynamic 

energy efficiency (positive or negative trend). 

Indicators enable comparison of energy 

performance comparison between countries. Are 

usually used to compare two types of indicators: 

- adjust indicators that adjusts values of 

monitoring indicators to make possible a 

more accurate comparison between different 

countries. These corrections can target: 

• different structures of national economies; 

• different levels of prices (energy intensity at 

purchasing power parity is an indicator adjusted); 

• different climatic conditions (indicators 

specific consumption or energy intensity with 

temperature are such indicators); 

- target indicators that indicate the potential for 

energy efficiency in the country starting from 

a certain level technologies and practices 

used in the  

- country and the best technologies / practices 

internationally. 

Diffusion indicators are designed to complement 

previous energy efficiency indicators. Two types of 

diffusion indicators are considered: 

- market penetration of technologies / devices / 

efficient equipment (electrical equipment 

weight class for power electronic equipment 

sold in total); 

- diffusion of effective practices in terms of 

energy (the share of public transport in total 

passenger transport). 

3. Results and discussion 

Romania joined the EU imposed the adoption of 

the acquis communautaire in all sectors, including in 

terms of energy efficiency.  

Have been transposed into national law EU 

directives specific, including Directive 2006/32/EC. 

In 2007, Romania has committed to achieve an 

energy saving of 2.8 million toe in 2016, which 

corresponds to an average annual reduction in energy 

consumption of 1.5% from 2001-2005 average. 

Evolution of energy consumption in the period 

2000-2010 is presented in Table 1. Economic 

developments influence energy consumption and its 

structure. So if GDP, current prices in euro, increased 

3.5 times in the period 2000-2008, primary energy 

consumption grew by only 9.4%, while final energy 

consumption by 14%. If GDP is calculated in 

constant prices (using the deflator index) growth was 

68%, but previous conclusion remains qualitatively 

valid. 

Table 1.  Evolution of energy consumption from 2000 to 2010 [1000 toe] 

Primary 

energy 

consumption 

36374 37971 36480 39032 39018 37932 39571 39159 39799 34328 34200 

Final energy 

consumption, 

including: 

22165 22438 23370 25153 27332 25102 25312 25028 25303 22387 22250 

Industry 9017 9351 10616 10892 11285 10505 9998 9989 9415 6612 6750 

Transport 3508 3975 4305 4319 5915 4244 4407 4739 5400 5377 5370 

Population 8433 7197 7284 7879 7910 9055 7889 7559 8090 8037 7980 

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 

Source data: [7] 

 

The economic crisis of 2009-2010 led to a 

decrease in primary energy consumption by 14% and 

12% final energy given that GDP fell by 8.3%. Were 

recorded at the same time changes in the structure of 

final energy consumption.  

Industry share fell from 40.7% in 2000 to 37.2% 

in 2008 and 30.3% in 2010. Transport sector's share 

increased from 15.8% in 2000 to 21.3% in 2008 and 

24.1% in 2010. 

Energy share of the population declined from 38% 

in 2000 to 32% in 2008 but increased to 35.9% in 

2010 due to weaker overall consumption. 

At the highest level of aggregation, the national 

economy, defines primary energy intensity (IEP) as 

the ratio of total primary energy consumption (CTEP) 

and gross domestic product (GDP) in Euro: 
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Energy intensity is the indicator that characterizes 

synthetic macroeconomic efficiency.  

Both CTEP and GDP is primary information 

published by INS. In the model described they are a 

function of time (t). Following and IEP is a function 

of time. 

Primary energy intensity and final energy fared 

better but still positive values above the EU 27 

average. The evolution of these indicators in the 

national economy and industry are presented in 

Figure 1. In the European Union ( Figure 2) as of 

0,174 the average energy intensity in 2000 and 0,151 

in 2010. 

You should note that INS publish GDP figures 

calculated in lei. These values are of minor 

importance in conditions that are affected by high 

rates of inflation in recent years and do not allow 

international comparisons. In order to eliminate these 

drawbacks has recalculated the GDP in Euro using 

the official exchange rate leu / euro published by 

BNR. 

INS reports always appear with some delay, so 

the time of writing we have only data available for 

the year 2010. 

It should be noted that electricity continues to 

be a growing percentage of final energy consumption 

in all EU countries, both as a result of the increase in 

household electrical appliances and services and as a 

result of more frequent use of processes industrial 

production based on electricity. Electricity is 

produced using other fuels and electricity 

consumption unit means the consumption of two to 

 
Fig. 1 - Energy intensities in the national economy and industry. Source data [14] 

 
Fig. 2 - Energy intensities in the European Union. Source data [14] 
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three units of another energy source. Increased 

electricity consumption will result in a 

disproportionate increase environmental pressures, 

particularly in terms of carbon dioxide emissions, 

reducing these environmental impacts is only possible 

through the use of technology with high efficiency 

and low emissions. 

 

4. Conclusions and policy implications 

Study and our analysis shows that we can draw 

some important conclusions as follows. First, 

misunderstanding the difference between energy 

efficiency and sustainability is a barrier that prevents 

practitioners to achieve the aim of protecting the 

environment.  

Cruel reality is so far the following: energy 

efficiency obtained led to unsustainable growth and 

profitability, is subsidized CO2 emissions. So energy 

efficiency often was not compatible with 

sustainability. 

Second, comparative analysis of the current 

situation on European and national level in terms of 

efficient use of energy has led to the following 

conclusions.  

Final energy consumption in industry in EU-27 

decreased by almost 11% between 2000 and 2005. 

Much of this decline occurred during the economic 

recession of the early 2000s.  

In addition to increasing efficiency in the EU took 

place and moving to a less intensive industry in terms 

of energy and a service-based economy. 

In Romania, energy efficiency was always a 

strategic objective, at least in words. As in the 

centralized economy and in recent years, successive 

leaderships of State made statements and initiated 

measures leading to more efficient use of energy.  

The results were however partial, as will be seen 

below.  

Final energy consumption in industry in 2010 was 

only 64% compared to 2005 (6.75 million 10.505 

million toe to toe).  

Structure of final energy consumption in industry 

between 2005-2010 did not record significant 

changes, but some trends can be identified: chemical 

and metallurgical industries share (intensive sectors 

of the economy) decreased from 57% in 2005 to 56% 

in 2010, these two branches consume more than half 

of the total consumption of the industry; share 

engineering industry increased from 6% in 2005 to 

8% in 2010, but it is based on work orders loon 

external energy intensive processing and low wages - 

which leads to an index weak energy intensity.  

Positive development of the national economy 

during 2000 - 2008 resulted in an increase of 3.62 

times the gross domestic product per capita, but the 

value of this index remains well below the EU 27 

average. 

Also, values for primary energy intensity 

(calculated in euro toe/1000) are well below the EU 

average. These values reflect developments in the 

economy but are still affected by factors that have 

nothing to do with energy efficiency (time evolution 

of the leu / euro, euro depreciation, structural changes 

in the economy and so on).  

To be compatible with sustainable energy 

efficiency must integrate environmental factors in 

energy policy and actions. 
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ABSTRACT 
The most used method of renal function supliance is dialysis, which is implemented to 
assure the patient’s life maintaining when their kidneys are unable to fulfill their vital 
functions. 
Because this medical and technical method is based on the filtration of the patient’s blood 
in one external filtering system (dialyser), the patient’s blood must bee extracted from his 
body and reintroduced after the filtration process. Due of these aspects the patient’s may 
bee exposed to potential risks for their life’s.  
The paper realizes a synthesis of the medical and technical risk’s which can be appearing 
in the dialysis process and present’s the technical methods to minimize these risks. 

 Keywords: Risk, minimization, safety, renal failure 

 
1. Introduction 

The kidneys have important roles in 
maintaining health. When healthy, the kidneys 
maintain the body's internal equilibrium of water and 
minerals (sodium, potassium, chloride, calcium, 
phosphorus, magnesium, sulfate). Those acidic 
metabolism end-products that the body cannot get rid 
of via respiration are also excreted through the 
kidneys. The kidneys also function as a part of the 
endocrine system, producing erythropoietin and 
calcitriol. Erythropoietin is involved in the production 
of red blood cells and calcitriol plays a role in bone 
formation [1].  

In medicine, dialysis is a process for removing 
waste and excess water from the blood, and is used 
primarily to provide an artificial replacement for lost 
kidney function in people with renal failure.  

Dialysis may be used for those with an acute 
disturbance in kidney function (acute kidney injury, 
previously acute renal failure), or progressive but 
chronically worsening kidney function–a state known 
as chronic kidney disease stage  (previously chronic 
renal failure or end-stage renal disease).  

The latter form may develop over months or 
years, but in contrast to acute kidney injury is not 
usually reversible, and dialysis is regarded as a 
"holding measure" until a renal transplant can be 
performed, or sometimes as the only supportive 
measure in those for whom a transplant would be 
inappropriate.[2]  

The basically problems needed to be clarified 
are: - the efficiency of this method; - the risks which 
can be appear for the patients and the minimization 
possibilities of these risks. 

 
2. Principles and methods  

To bee able to answer to the problems 
specified in the introduction it is necessary to study 
the principles and the specificity of the dialysis 
process. 

  Dialysis removes wastes and water by 
circulating blood outside the body through an external 
filter, called a dialyser, which contains a 
semipermeable membrane.  

A semipermeable membrane is a thin layer of 
material that contains holes of various sizes, or pores. 
Smaller solutes and fluid pass through the membrane, 
but the membrane blocks the passage of larger 
substances (for example, red blood cells, large 
proteins).  

This replicates the filtering process that takes 
place in the kidneys, when the blood enters the 
kidneys and the larger substances are separated from 
the smaller ones in the glomerulus. 

The blood flows in one direction and the 
dialysate flows in the opposite. The counter-current 
flow of the blood and dialysate maximizes the 
concentration gradient of solutes between the blood 
and dialysate, which helps to remove more urea and 
creatinine from the blood.[4]  
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 Dialysis works on the principles of the 
diffusion of solutes and ultrafiltration of fluid across 
the semi-permeable membrane. Diffusion describes a 
property of substances in water. Substances in water 
tend to move from an area of high concentration to an 
area of low concentration.  

The patient's blood is pumped through the 
blood compartment of the dialyser, exposing it to a 
partially permeable membrane. The dialyser is 
composed of thousands of tiny synthetic hollow 
fibers. The fiber wall acts as the semipermeable 
membrane. Blood flows through the fibers, dialysis 
solution flows around the outside of the fibers, and 
water and wastes move between these two solutions 
as shown in Fig.1.[4]  

 
 

Fig. 1 – The semipermeable membrane and the 
waste elimination mechanism in the dialyser 

 
The concentrations of solutes (for example 

potassium, phosphorus, and urea) are undesirably 
high in the blood, but low or absent in the dialysis 
solution, and constant replacement of the dialysate 
ensures that the concentration of undesired solutes is 
kept low on this side of the membrane.  

The dialysis solution has levels of minerals 
like potassium and calcium that are similar to their 
natural concentration in healthy blood.  

For another solute, bicarbonate, dialysis 
solution level is set at a slightly higher level than in 
normal blood, to encourage diffusion of bicarbonate 

into the blood, to act as a pH buffer to neutralize the 
metabolic acidosis that is often present in these 
patients. The levels of the components of dialysate 
are typically prescribed by a nephrologist according 
to the needs of the individual patient 

Ultrafiltration occurs by increasing the 
hydrostatic pressure across the dialyser membrane. 
This usually is done by applying a negative pressure 
to the dialysate compartment of the dialyser. This 
pressure gradient causes water and dissolved solutes 
to move from blood to dialysate, and allows the 
removal of several liters of excess fluid during a 
typical 3- to 5-hour treatment. 

The cleaned blood is then returned via the 
external circuit back to the dialysed patient’s body, as 
we can see in Fig.2. [6] 

 

 
 

Fig. 2 – Principle of dialysis circuit 
 
 As we can observe this medical and 

technical method is based on the filtration of the 
patient’s blood in one external filtering system 
(dialyser), the patient’s blood is extracted from his 
body and reintroduced after the filtration process. 
Due of these aspects the patient’s may bee exposed to 
potential risks for their life’s, therefore it is important 
to identify and minimize these risks.  

 
3. Results 

  To implement the dialysis process dialysis 
machines are used, which are realizing the fluid 
transport in and from the dialyser to the patient for 
removing waste and excess water from the blood.  

 The purpose of the kidney is to keep a 
balance of water and minerals in the body. These 
minerals include sodium, potassium, chloride, 
calcium, phosphorous, magnesium and sulfate. The 
kidneys also take out hydrogen ions from the blood.  

 Dialysis is able to remove these wastes from 
the body and help keep the minerals in balance. 
However the kidneys are also part of the endocrine 
system and make erythropoietin and calcitriol.  
 The renal failure (uremia) is a very complex 
process; his manifestations are presented in Fig. 3.[4] 
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Adequate control by dialysis 
 

Incomplete control by dialysis 
 

    #    Ameliorable by pharmacologic treatment 
 

    Ameliorable by biocompatible membranes  
 

Fig. 3 – Manifestation of Uremia 
 

 After examination of Fig. 3 we can 
formulate an answer on the question of dialysis 
efficiency and say that dialysis is an imperfect 
treatment to replace the complete kidney functions 
because it does not correct the endocrine functions of 
the kidney. Dialysis treatments replace some of renal 
functions through diffusion (waste removal) and 
ultrafiltration (fluid removal). [1], [4]  

 During dialysis the patients may bee 
exposed to a permanent risk because their blood is 
circulated and filtered outside from their body.  

 Risk management and minimization may be 
defined as a process, implemented by an entity’s 
board of directors, management, and other personnel, 
comprising internal controls applied in strategy and 
across the organization [5], designed to provide 
reasonable assurance regarding the achievement of 
objectives in the following categories: 

• effectiveness and efficiency of operations 
and processes; 

• compliance with applicable laws and 
regulations. 

As we can see in Fig. 2 the basic constituents 
of the dialysis process are: 

• the water treatment system,  
• the choosed treatment parameters (type of 

dialyser, hydraulic parameters of the flowing liquids, 
duration of the dialysis sitting); 

• the dialysis machine.  

 So we can say that the risks for the patients 
treated by dialysis can be classified in the following 
categories: 

• risks coming from the water quality; 
• risks coming from the choosed treatment; 
• risks coming from the inadequate working 

of the dialysis machine. 
 

In the following this basically risk categories, 
and their minimization methods are synthesized in 
Table 1, Table 2 and Table 3, giving the answer to the 
question regarding the possible risks for the patients 
and the measurement, minimization methods. [3, 6]  

 
    Table 1. Risks coming from the water treatment  

 
Risks for the 

patients 

Cause of the 
risk, 

control by 
measurements 

 
Toxicity level 

Hypertension, 
coma, demise 

- resins  
from the ion 
changers  

Na++ ≥300 mg / l

„water 
hardness” 
syndrome, 
nausea,  
hypertension  

 - resins  
 - water 
hardness  Ca++  ≥ 80 mg / l 

Hemolyse, 
anemia 

- mineral    
   chlore 

Cl -  ≥ 0,25 mg / l

Osteoporosis - fluor F -  ≥ 0,5 mg / l 
Metabolic 
acidosis 

-sulfates  SO4
--  ≥200mg / l

Dialysis 
demency  

- aluminium  Al+++ ≥ 60 μg / l 

 
Amylosis   - beta 2-

microglobuline  

Accumulation in 
the organism 
during years 

 
Biofilm 

- inadequate 
disinfection of 
the pipes,tanks 

- formation and 
presence of 

biofilm 
 
Table 2. Risks coming from the choosed treatment 

Risks  
for the patients  

Causes, 
 parameter to control

 - allergic reactions, 
discomfort for the 
patient 

 

   - intensified arterial 
aspiration  

 
 
 
 
 
- inefficient dialysis 
(reduced value of the   
KT/V   parameter)  

- inadequate dialyser 
type 
 
- hydraulic parameters  
of  the  flowing liquids 
(flows, pressures)  
- inadequate 
composition of the   
  prepared dialysis 
liquid 
 
- short duration of the 
dialysis sitting 

 

  UREMIA 

Acidosis 
Medium 

molecules 

Toxins with 
small molec. 
mass 

Phosphor # 

Calcium # 

Anemia # 

Amylosis 

     Immunodeficiency 

Subnutrition

Endocrine 
problems 

Arteriosclerosis

Hypertension #

Water and sodium 

Potassium 
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  Table 3. Risks coming from the dialysis apparatus 

Dialysis sitting, dialysis machine 
 

Source of risk 
Measuring 
instrument, 

method 
Inadequate working of the 
dialysis apparatus 

Visual control, 
auto test 

Disinfection Visual control, 
residues testing 

Absence of disinfectant residues  Chemical 
indicators 

Pressures (blood, dialysis liquid) Manometer 
Dialysis liquid temperature Thermometer 
Arterial pressure of the patient Blood pressure 

monitor 
 pH of the dialysis liquid pH-meter 
Flows (blood, dialysis liquid, 
anticoagulant) Flow meter 

Ultrafiltration system Flow meter 
 
Dialysis efficiency  

Balance, 
Diascan 
(KT/V),analyses

Conductivity of the dialysis liquid Conductivity 
meter 

Absence of water or concentrates  Level detector 
Blood detector Optical detector 
Air bubbles detector Ultrasonic 

detector 
Personnel: nurses 

Periodicity: each dialysis sitting 
 

4. Discussion 
The renal failure (uremia) is a very complex 

process, dialysis is able to remove the wastes from 
the body and helps to keep the minerals in balance, 
but it is an imperfect treatment to replace the 
complete kidney functions because it does not correct 
the endocrine functions of the kidney. Dialysis 
treatments replace some of renal functions through 
diffusion (waste removal) and ultrafiltration (fluid 
removal). [1], [4]  

 In order to increase the efficiency of this renal 
supliance method and avoid the risks coming from 
water treatment or the dialysis machine it is 
recommended to identify and minimize these risks, 
such as proposed in this paper or specific regulations.   

A typical dialysis schedule is three sessions 
per week, for 3 to 5 hours per session, in which blood 
is pumped through an external circuit for filtration. 
This is exhausting for patients and only replaces 13 
percent of kidney function; as a result, only 35 
percent of patients survive for more than 5 years. [7]  
With the limited supply of donors, that means 
thousands of patients may bee die each year waiting 
for a kidney. The solution for this problem can be the 
artificial biocompatible and implantable kidney. [7] 

 The two-stage system uses a hemofilter to 
remove toxins from the blood, while applying recent 

advances in tissue engineering to grow renal tubule 
cells to provide other biological functions of a healthy 
kidney. The process relies on the body's blood 
pressure to perform filtration without needing pumps 
or an electrical power supply. [7] 

Based on silicon fabrication technology, along 
with specially engineered compartments for live 
kidney cells, the system is reduced to the size of a 
coffee cup, which is essential for the implantation in 
the patient’s body. The device would then be 
implanted in the body without the need for immune 
suppressant medications, allowing the patient to live a 
more normal life. [7] 

 
5. Conclusions 

  Due of the principle of the dialysis method 
the patient’s may bee exposed to potential risks for 
their life’s. The paper realizes a synthesis of the 
medical and technical risk’s (the choosen treatment, 
the water treatment system and the dialysis machine) 
which can be appearing in the dialysis process, 
present’s the technical methods to minimize these 
risks, and give the answer to the major problems 
needed to be clarified: - the efficiency of this method; 
- the risks which can be appear for the patients and 
the minimization possibilities of these risks, including 
biocompatible artificial kidney implantation. 
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ABSTRACT 
 This research focused on renewable energy technologies. Using an analytical approach, 

in this paper we studied the actual impact of the energy sector on climate change and the 

promotion of renewable energy compared to the targets set by the European Union. Also, 

the paper analyzed the competitiveness of different technologies depending on their cost, 

performance and energy cost and local availability based on renewable sources. This 

research allowed the extraction of conclusions energy policy and conclusions on specific 

technological challenges. 
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1. Introduction 

Energy crises of the 70s led to vigorous 

intervention of industrialized countries in the energy 

sector. European policy agenda was a new problem, 

namely security of supply. Vulnerability of many 

countries in the EU in terms of security of supply can 

highlight the graph shown in Figure 1, where the 

dependence on imported energy. Energy dependency 

shows the extent to which an economy relies on 

imports to meet its energy needs. Import dependency 

picture shows that all EU countries depend on 

imports to a lesser or greater, except Norway and 

Denmark. In the same vein, the European 

Commission proposes a set of documents that are 

new EU energy policy and the following objectives 

(20/20/20) [10]: reduction of greenhouse gas 

emissions by 20% by 2020, compared to 1990, 

reducing global primary energy consumption by 20% 

by 2020, increasing the share of renewables in total 

energy consumption to less than 7% in 2006, 20% of 

total consumption EU energy by 2020. 

 
Fig. 1 – Energy dependence in EU (2010)  

Source data: [ 2] 
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In this paper we will deal with the issue of green 

energy. Along with energy efficiency a major 

contribution to achieving security of supply, 

sustainability and competitiveness, saving primary 

energy resources and reduce greenhouse gas 

emissions has and the increase of renewable energy in 

total energy consumption. 

If in the 70s green energy was considered and 

treated as a utopian dream researchers, the situation 

has changed over the years as a result of two events. 

The first was the publication in 1972 of the report 

"The Limits to Growth," the Club of Rome, and the 

second was the first oil crisis and the energy crisis of 

1973/1974, when renewable energy was seen for the 

first time as a possible alternative to oil. 

In addition, when oil prices fell sharply in the 

80's, vision of green energy has again lost its 

attractiveness. Yet, subsequent developments have 

confirmed the conclusions Club of Rome, and 

environmental issues began to discuss the global 

level, especially after conferences in Rio (1992) and 

Kyoto (1997). Environment and the need to ensure 

sustainable development (concept launched in Rio) 

were arguments for reconsidering new and renewable 

energy production on an industrial scale. New and 

renewable energy sources (biomass, solar, wind, 

hydro, photovoltaic cell, geothermal) have already 

become industrialized countries, national targets in 

their energy production structure. However, as will be 

seen, the use of green energy by itself did not solve 

environmental problems and in particular those 

relating to climate change and security of energy 

supply. 

 

2. The impact to date of the energy sector on 

climate change 

Sustainable Development should be noted that, 

currently, the energy is in the EU, one of the main 

producers of greenhouse gases. If not taking drastic 

measures at EU level, the current rate of development 

of energy and existing technologies, emissions of 

greenhouse gases in the EU will increase by about 5% 

and about 55% globally by 2030 . 

Concerns about global warming have changed the 

perception of nuclear energy and renewable 

resources. It is a recognized fact is that the use of 

nuclear energy and renewable ones, along with 

increased energy efficiency leads to limitation of 

emissions of gases emitted by fossil fuels. Total 

abandonment of nuclear energy would mean that 

electricity production is covered from other sources. 

Nuclear power is currently one of Europe's largest 

renewable energy without CO2 emissions. Nuclear 

power plants in 2010 to ensure a third of EU 

electricity production, thus having a real contribution 

to sustainable development. 

Therefore, the nuclear option remains open to 

European countries they want. However, processing 

and transportation of radioactive waste remains an 

issue still unresolved. 

The emissions of greenhouse gases in Europe for 

the year 2010 are shown in the graph in Figure 2. The 

graph in Figure 2 shows the total annual emissions in 

the "Kyoto base year" non-fluorinated gas that is 

1990 and 1995 for fluorinated gases. Kyoto basket 'of 

greenhouse gases include: carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O) and so-called F-

gases (hydrofluorocarbons, perfluorocarbons and 

sulfur hexafluoride (SF6). Such gases are aggregated 

into a single unit using a specific gas global warming 

potential (GWP) factors. Emissions of greenhouse 

gases are expressed in units of CO2 equivalent units. 

This indicator does not include emissions and 

absorption results from the operation land-use change 

and forestry (LULUCF), or does not include 

emissions from international aviation and 

 
Fig. 2 -  Total Greenhouse Gas Emissions (in CO2 equivalent) indexed to 1990 

Source data:[11] 
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international shipping. CO2 emissions from biomass 

energy recovery are reported as a memorandum item 

in accordance with guidelines UNFCCC and are not 

included in national totals of greenhouse gases [11].  

It can be seen, except Cyprus and Malta all 

Member States have individual targets under the 

Kyoto Protocol. EU-15 agreed (Council Decision 

2002/358/EC) in a collective 8% reduction in 

emissions of greenhouse gases for 2008-12. This 

Agreement sets out the contribution of each 

individual EU-15 member state in the EU towards the 

common goal of Kyoto. Eastern European Member 

States have individual targets under the KP, with 

reduction requirements ranging from 6% to 8%. 

 

3. Current context of use of green energy, 

objectives and reality 

To improve security of supply and meet 

 
Fig. 3 - Share of renewable energy in gross final energy consumption –target 2020 

Source data:[2] 

 

 
Fig. 4 - Share of renewable energy in gross final energy consumption – 2010 

Source data:[6] 
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environmental requirements at the same time 

(especially climate change and global warming), 

Green Paper highlights the need for renewable energy 

sources becomes increasingly important part of the 

production structure energy. By 2020, the share of 

renewable should reach 20% of total energy 

consumption in the EU (see Figure 3). 

This target is estimated based on statistics and is 

set out in Directive 2009/28/EC. Here it should be 

noted that some countries like Norway and Sweden 

have set some very ambitious targets, but their natural 

conditions allow them to achieve this target with 

hydro and wind energy. 

Renewable energy sources include wind, solar, 

hydro-electric and tidal and geothermal energy and 

biomass. More renewable energy will allow the EU to 

reduce greenhouse emissions and less dependent on 

energy imports. Stimulating renewable energy 

industry will encourage technological innovation and 

employment in Europe. Target of 20% renewable 

energy by 2020 is difficult to achieve given the 

current energy production from renewable sources is 

shown in the graph in Figure 4. 

In 2010, the share of renewables reached 12%, 

compared to 6% in 1998. However, the contribution 

of these technologies is rather marginal for now. In 

current circumstances, however, the increase amounts 

to only one percent, so should be considered as 

complementary measures and overall energy 

consumption in Europe increased by more than 1% 

per year. 

Conventional energy sources with lower pollutant 

potential (oil, natural gas, nuclear) are also reviewed, 

in the sense of support, through them, developing 

new energy resources. On the other hand, concern for 

maintaining competition in the energy market does 

not give too much leeway to boost government 

subsidies to producers of energy from unconventional 

sources. For this reason, the Commission considers 

that a harmonized minimum in grants to promote 

green energy through certification and a reform of 

environmental taxes. 

The figure 5 presents the ratio of electricity 

produced from renewable energy sources and the 

gross electricity consumption in 2010 in the EU and 

some candidate countries. 

This indicator measures the contribution of 

electricity produced from renewable energy sources 

to the national electricity consumption. Electricity 

produced from renewable energy sources comprises 

the electricity generation from hydro plants 

(excluding pumping), wind, solar, geothermal and 

electricity from biomass / waste. Gross national 

electricity consumption comprises the total gross 

national electricity from all fuels (including 

autoproduction), plus electricity imports, minus 

exports. 

Despite all the preoccupations in recent years, the 

share of global energy supply from renewable sources 

remains very low (Fig. 6), about 10%, there is also 

including energy from waste. Estimates of waste and 

use of traditional biomass are difficult to obtain, but 

these fuels are used in rural areas of developing 

countries. 

In general, the cost to most forms of renewable 

energy have declined substantially in recent decades. 

In the early 1990s, hydropower was only competitive 

with electricity generated from conventional power 

plants. Now wind and geothermal is competitive with 

other sources, conventional, but still more expensive 

solar photovoltaic technologies. These comparisons 

are made, of course, on the basis of tight cash flow. 

Thus, the cost of electricity generation from 

renewable sources in many developed countries in 

recent years have ranged in the order of 2-8 c / kWh, 

 
Fig. 5 - Electricity generated from renewable sources % of gross electricity consumption 

Source data:[2] 
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while retail prices were in the order of 14 to 25 c / 

kWh [12]. 

In terms of increasing the share of biofuels to at 

least 10% of the energy content of transport fuels in 

the EU in 2020, a study on the impact of European 

policies on biofuels, produced for the European 

Commission by the International Institute for Food 

Policy Research (IFPRI) in Washington [12] shows 

that achieving the EU target has proposed in biofuels 

would require an additional area of 17,000 km2 of 

land - nearly half the area of the Netherlands and lead 

to loss of biodiversity. 

Biofuels, which was thought to represent a saving 

solution, but it contributes to worsening both 

problems. Computer simulations made so IFPRI and 

other institutes also suggests that land use impacts - 

both direct and indirect - could undo most of the 

emission reductions achieved by the use of biofuels 

by the loss of biodiversity. 

 

4. Conclusions, technological and political 

challenges 

Global and European emissions of greenhouse 

gases are over 50% due to the energy industry, not to 

include transport emissions. 

Minimising environmental impact energy has 

three main actions: replacing polluting energy with 

less pollution, introduction of technologies to reduce 

emissions and increase energy efficiency. 

Despite all the preoccupations in recent years, the 

share of global energy supply from renewable sources 

remains very low, around 10% (see Figure 6) [12]. 

Promoting renewable energy is an issue than the 

potential of each country, it is natural potential and 

economic potential. 

Competitiveness of different technologies 

depending on their cost and performance as well as 

cost and local availability of fossil fuel based energy. 

In principle all renewable energy sources can be 

converted into electricity. In practice there will be 

some forms that will be preferred due to cost 

effectiveness. The six broad categories of renewable 

energy technologies: biomass, wind, solar, hydro, 

geothermal and marine environment can be exploited 

using a variety of conversion technologies and 

processes to produce a wide range of energy services, 

including electricity, heat (or cooling), fuel, 

mechanical power and lighting. 

Renewable energy technologies was so improved 

that they can now offer electricity at a lower cost than 

other power options whenever extension is 

prohibitively expensive or uneconomic. 

Long term development of energy storage systems 

will overcome this shortcoming. At the moment 

power from alternative energy sources increase 

consumer safety. In general, a greater diversity of 

food options will help reduce exposure to resources 

and technology. 

The problem of supply will lead to challenges that 

will develop technological systems capture and retain 

carbon in fossil fuels classics. In principle these 

technologies should be available for all countries, but 

developing countries will face obstacles because 

these technologies require large capital investment 

and expertise. 

Renewable energy technologies also have their 

opponents, highlighting loss of biodiversity through 

land use change and pollution architectural 

Without interdisciplinary cooperation, the extent 

to which several different sets of opinions and 

interests might overlap and compare it difficult to 

discern whether a solution or another is good. 

Political and economic decision makers should 

seek to distinguish between intended and unintended 

results on energy sources and to understand the 

social, economic and environmental benefits that 

characterize them. 

We believe that this study is only a preliminary 

analysis of the impact of EU policies on energy from 

renewable sources on biodiversity and the subject 

should be treated in detail. 

Aims to use renewable energy are uncertain and 

scientific uncertainties are too large to be considered 

as an argument in favor of changing EU policy in this 

area. 

 

References 

[1] Barker, T.,  Scrieciu, S, (2011), “Modeling 

low climate stabilization with E3MG: 

Towards a ‘Neweconomics’ approach to 

stimulating energy-environment-

economysystem dynamics”, The Energy 

Journal (2011), pp. 137-164. 

[2] http://epp.eurostat.ec.europa.eu/statistics_expl

ained/index.php/Sustainable_development_-

_Consumption_and_production#Overview_of

_main_changes. 

[3] Ekins, P., Speck, St., GFC Briefing Paper 7: 

Competitiveness and Environmental Tax 

Reform (London, Green Fiscal Commission, 

(2010). 

 

Fig. 6 - Share of World’s Primary 

Energy Supply (by sector, 2010). Source 

data: [12] 

207 

 



 

 

 

[4] Sustainable Prosperity, “Carbon Pricing, 

Social Equity and Poverty Reduction”, Policy 

brief, May 31 2011. Available from 

www.sustainableprosperity.ca/article1398 . 

[5] Property-Assessed Clean Energy (PACE) 

Programs (Washington, D.C., Department of 

Energy, 2011). Available from 

www1.eere.energy.gov/wip/solutioncenter/fin

ancialproducts/pace. 

[6] International Energy Agency –IEA website 

“World Energy Statistics and Balances” 

database. Available from http://stats.oecd.org. 

[7] Alliance for Rural Electrification, Best 

Practices of the Alliance for Rural 

Electrification: What Renewable Energy Can 

Achieve in Developing Countries (Brussels, 

2009). Available from 

www.ruralelec.org/fileadmin/DATA/Docume

nts/06_Publications/Position_papers/ARE_Pu

blication_Case_studies_for_renewable 

energy_in_Developing_countries.pdf. 

[8] Francisco, Al., West L., Forbes, S., CCS 

Demonstration in Developing Countries: 

Priorities for a Financing Mechanism for 

Carbon Dioxide and Capture and Storage, 

Working Paper (Washington, D.C., World 

Resource Institute, 2011), Available from 

http://pdf.wri.org/working_papers/ccs_demon

stration_in_developing_countries.pdf . 

[9] Canadell, J.G., et al. (2007), Contributions to 

accelerating atmospheric CO2 growth from 

economic activity, carbon intensity, and 

efficiency of natural sinks, in  PNAS, 

Proceedings of the National Academy of 

Sciences of the United States of America , 

vol. 104, no. 47, p.18866-18870. 

[10] Commission of the European Communities - 

Communication From The Commission to the 

European Council and the European 

Parliament - An Energy Policy For Europe 

{Sec(2007) 12} Brussels, 10.1.2007 

Com(2007) 1 Final. 

[11] http://epp.eurostat.ec.europa.eu/statistics_expl

ained/index.php/Sustainable_development_-

_Consumption_and_production#Electricity_c

onsumption_of_households. 

[12] UNDP, aviabile from http://www.undp.org   

[13] Bioenergy Report, October 2011: Assessing 

the Land Use Change Consequences of 

European Biofuel Policies, 

http://www.ifpri.org/book-775/ourwork/ 

researcharea/climate-change. 

[14] Boyd, J., Banzhaf, S., 2007. What are 

ecosystem services? Then eedforstandar - 

dized environmental accountingunits. 

Ecological Economics 63, 616–626.  

[15] Braat, L.C., Brink, P., The Cost of Policy 

Inaction: the Case of not Meeting the 2010 

Biodiversity Target. Report to the European 

Commission Under Contract: 

ENV.G.1./ETU/2007/0044, Wageningen, 

Brussels, Alterra Report1718/ 

/http://ec.europa.eu/environment/nature/biodi

versity/economics/ index en.htm.  

[16] Burkhard B.,(2012), The indicators ide of 

ecosystem services, http://dx. 

doi.org/10.1016/j. ecoser.2012.06.001, 

1(1),26–30.  

[17] Daly, H., Farley, J., (2010), Ecological 

Economics: Principles and Applications: 2nd 

edition, first ed. Island Press, Washinton DC. 

[18] Braat, L.C., Hein, L., Willemen, L., (2010), 

Challenges in integrating the concept of 

ecosystem services and values in landscape 

planning, management and decision making, 

Journal of Ecological Complexity 7 (3), 260–

272.  

[19] De Groot, R.S., Brander, S. van der Ploeg, 

Global estimates of the value of ecosystems 

and their services in monetary terms, 

http://dx.doi.org/10.1016/j.ecoser.2012.07.005

, 1 (1), 50–61.  

[20] Primmer E., Furman, E.,(2012), 

Operationalising ecosystem service 

approaches for Governance: do measuring, 

mapping and valuing integrate sector-specific 

know- ledge systems? http://dx.doi.org 

/10.1016/j. ecoser.2012.07.008,1(1)85–92.  

 

208 

 



 

The 6
th

 edition of the 

Interdisciplinarity in Engineering International Conference  

 “Petru Maior” University of Tîrgu Mureş, Romania, 2012 

 

 

 

 

 

 

 

INNOVATIVE CONCEPT FOR HUMAN DEVELOPMENT 

AND PROFESSIONAL DEVELOPMENT IN AN ECO-

ENTREPRENEURIAL UNIVERSITY 
 

Avram TRIPON
#1

, Petruţa BLAGA
#2

 

# 
Management-Economy Department, „Petru Maior” University of Târgu-Mureş, 

 N. Iorga st., No.1, Târgu-Mureş, 540088, ROMANIA 
1tripon59@yahoo.com 
2petruta.blaga@upm.ro 

 

ABSTRACT 
The paper objective is to create and develop an innovative concept for human 

development and professional development in an eco-entrepreneurial university – for 

student practice and development ReCADD Project, financed by the ESF - “The clubs 

network for promoting adaptability and sustainable development”. 

As a result of collaboration among universities, beneficiaries and stakeholders, in order 

to increase competitiveness and performance student practitioners, to enhance 

organizational culture. 
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1. Introduction 

Across the EU, globalization, technological 

change and restructuring will have significant impacts 

on medium- and long-term skills demand, as they will 

impact on the size of sectors and professional groups 

but are also likely change the content of job 

requirements. Currently, according to projections 

from CEDEFOP, the European centre for the 

development of vocational training, the transition 

towards a service economy will intensify in the EU4. 

Most job creation up to 2020 is projected for higher 

level occupations but also for occupations involved in 

service activities [8]. 

Europe has identified new engines to boost 

growth and jobs. These areas are addressed by 7 

flagship initiatives. Within each initiative, both the 

EU and national authorities have to coordinate their 

efforts so they are mutually reinforcing. Most of these 

initiatives have been presented by the Commission in 

2010 [10]. It follows: 

• Smart growth: Digital agenda for Europe, 

Innovation Union, Youth on the move;  

• Sustainable growth: Resource efficient Europe, 

An industrial policy for the globalization era;  

• Inclusive growth: An agenda for new skills and 

jobs, European platform against poverty.  

Innovation is recognized as an essential 

component of the economic growth process, where it 

can be broadly defined as the development, 

deployment and economic utilization of new 

products, processes and services. The paper objective 

is to create and develop an innovative collaborative 

platform for stimulation of the innovative potential in 

online continuous training of human resources in 

organizations, as a result of collaboration among 

universities, research centers, beneficiaries and 

stakeholders, in order to increase competitiveness and 

performance, to enhance organizational culture, that 

sustains society and knowledge based economy, in 

the context of sustainable development [2]. 

In the current European context this paper 

develops ReCADD Project, financed by the ESF - 

SOPHRD 39/3.2/G/37787 - “The clubs network for 

promoting adaptability and sustainable development” 

[7]. 

 

2. The Europe 2020 strategy and national 

context 

The Europe 2020 Strategy to go out of the crisis 

and prepare EU economy for the next decade 

identifies three key drivers for growth [5], to be 

implemented through concrete actions at EU and 

national levels: smart growth (fostering knowledge, 

innovation, education and digital society), sustainable 

growth and inclusive growth (raising participation in 

the labor market, the acquisition of skills and the fight 
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against poverty) [9]. This battle for growth and jobs 

requires ownership at top political level and 

mobilization from all actors across Europe. Five 

targets are set which define where the EU should be 

by 2020 and against which progress can be tracked.  

In order to meet the targets, the Commission 

proposes an Europe 2020 agenda consisting of a 

series of flagship initiatives. Implementing these 

initiatives is a shared priority, action being required at 

all levels: 

• Innovation union - re-focusing R&D and 

innovation policy on major challenges, while 

closing the gap between science and market to 

turn inventions into products. 

• Youth on the move - enhancing the quality and 

international attractiveness of Europe's higher 

education system by promoting student and 

young professional mobility [3]. 

• A digital agenda for Europe - delivering 

sustainable economic and social benefits from a 

Digital Single Market based on ultra fast 

internet. 

• Resource-efficient Europe. 

• An industrial policy for green growth – helping 

the EU's industrial base to be competitive in the 

post-crisis world, promoting entrepreneurship 

and developing new skills. 

• An agenda for new skills and jobs – creating 

the conditions for modernizing labor markets, 

with a view to raising employment levels and 

ensuring the sustainability of our social models, 

while baby-boomers retire. 

• European platform against poverty - ensuring 

economic, social and territorial cohesion by 

helping the poor and socially excluded and 

enabling them to play an active part in society. 

The ambition of Europe 2020 means that 

leadership and accountability must be taken to a new 

level [9]. 

The knowledge, skills and aptitudes of the 

European workforce are a major factor in the EU’s 

innovation, productivity and competitiveness. 

Growing internationalization, the rapid pace of 

change, and the continuous roll-out of new 

technologies mean that Europeans must not only keep 

their specific job-related skills up-to-date, but also 

possess the generic competences that will enable 

them to adapt to change. People’s competences also 

contribute to their motivation and job satisfaction in 

the workplace, thereby affecting the quality of their 

work. 

The Reference Framework sets out eight key 

competences [4]: 

• Communication in the mother tongue; 

• Communication in foreign languages; 

• Mathematical competence and basic 

competences in science and technology; 

• Digital competence; 

• Learning to learn; 

• Social and civic competences; 

• Sense of initiative and entrepreneurship; 

• Cultural awareness and expression.  

The key competences are all considered equally 

important, because each of them can contribute to a 

successful life in a knowledge society. Many of the 

competences overlap and interlock: aspects essential 

to one domain will support competence in another. 

Competence in the fundamental basic skills of 

language, literacy, numeracy and in information and 

communication technologies (ICT) is an essential 

foundation for learning, and learning to learn supports 

all learning activities. There are a number of themes 

that are applied throughout the Reference 

Framework: critical thinking, creativity, initiative, 

problem-solving, risk assessment, decision-taking, 

and constructive management of feelings play a role 

in all eight key competences. 

 

3. The implementation of innovative concept 

The partners have found that is useful and 

necessary to conjugate the efforts to meet the specific 

needs identified for the target group. These needs 

intend to promote adaptability and sustainable 

development of flexible forms of work organization, 

specific training, ensuring health and safety at work 

[6]. In this way we are able to create a rich and 

diverse organizational culture, to overcome the 

concepts of duality and judgment of our lives, to 

accept globalization, to develop confidence in a 

changeable system through personal involvement, 

development of a platform focused on promoting the 

adaptability and sustainable development, in 

traditional activities and Internet – for student 

practice. 

 

4. Concept relevance 

How does a modern and effective eco-system for 

innovation work in an eco-entrepreneurial 

university? 

A modern innovation policy should move from a 

project-oriented approach to a much more systemic 

approach. This is essential to obtain an effective, 

sustainable and flexible eco-system for innovation in 

an eco-entrepreneurial university: 

• the impact of each project and each investment 

should be optimized; 

• the quality of policy should substitute the 

quantity of policy; 

• the right balance should be establish between 

the project unit and the sum of projects and 

actors in the eco-system in eco-entrepreneurial 

university. 

An innovation system works as an eco-system for 

innovation when it catalyses constructive processes of 

collaboration, innovation, clustering, knowledge 

sharing, knowledge dissemination,  and further 

supports all the other activities already taking place 

between a high number of research, technology and 

education institutions as well as between small and 

larges companies. 

210 

 



 

 

 

Not two businesses are alike and not two 

companies are faced with the same challenges. A eco-

system for innovation in an eco-entrepreneurial 

university should for these reasons be designed in 

such a way that it offers support, collaboration, 

knowledge, and access to a relevant skilled work 

force for all types of businesses, no matter where they 

are in their development process. Companies are at 

the centre of the system, which acts as a fertile 

ecosystem where all sub-systems complement each 

other. 

Besides access to talent, competition, open 

markets, and good research and innovation policies, 

we may speak of a good ecosystem for innovation 

and business in an eco-entrepreneurial university if it 

provides a relevant framework and fertile conditions 

enabling companies to do business and to growth. It 

should be a dynamic, flexible, sustainable, and self 

adjusting system built upon good connections and 

links between institutions and people. Finally, it 

should support the knowledge triangle (research, 

education, and innovation) focusing on the role of the 

public sector in regards to research and education, 

building up collaborations between the public and the 

private sector.  

The best way to develop a modern innovation 

policy and create the right framework conditions for 

the eco-system in an eco-entrepreneurial university is 

to learn not only from past successes and best 

practice, but also to a much higher degree from the 

many failures, mistakes and wasted investments 

which all policy makers, enterprises and project 

managers are involved in [11]. 

 

5. Concept presentation 

The overall objective of the innovative concept for 

human development and professional development in 

an eco-entrepreneurial university is to create internal 

capacity for companies to develop their human 

resources in relation with the market needs and 

economy restructuring. The operational objectives 

aimed to create a University eco-entrepreneurship 

including: Park human development and professional 

development; NGOs House; radio - tv centered on 

human development and professional development, a 

network of local clubs in order to promote 

adaptability and sustainable development - with a 

Central resource center. We are focusing on using the 

international experience, starting from 

communication and innovation in networks, 

improving the adaptability of enterprises and 

employees, disease prevention campaigns, modern 

labor organization, harmonization of professional 

activity with private life, active aging, women’s 

participation on labor market. 

The focus is: 

• interactive activities in order to change social 

attitudes and stereotypes towards vulnerable 

groups at the workplace, promoting equal 

opportunities, improving adaptability of 

workers to technological and organizational 

innovations [1] (particularly women, older 

workers, persons with low qualifications and 

vulnerable groups) etc.; 

• specific campaigns for the prevention of 

disease risks in order to maintain an adequate 

working environment etc.; 

• training employees, entrepreneurs, individuals, 

managers at all levels, specialists from the 

medical system, occupational medicine 

specialists in large teams for innovative 

activities; 

• support measures to ensure favorable context 

conditions involving enterprises, social partners 

and other relevant stakeholders to promote the 

principle of equal opportunities and 

develop/implement appropriate organizational 

models etc.; 

• support for networking among enterprises to 

promote quality and sustainable development; 

• raising awareness and strengthening policies on 

quality standards, including the transfer of best 

practices for sustainable development; 

• offering prizes for enterprises that promote 

flexible work organization and services; 

• disseminate flexible economic organization 

models able to reconcile the requirements of 

companies competitiveness; 

• support for implementation of "family friendly" 

contractual forms adapted to the working 

program, including flexible work program 

schedules for elderly employees; 

• support to ensure an adequate and safe working 

environment; 

• designing and implementing five complex 

projects; 

• networking services which provide promotion 

and support for developing, implementing 

innovative methods for flexible organization of 

work; 

• creative/innovative solutions to improve 

communication in organizations. 

The concept provide: 

• develop links with stakeholders; 

• has a keen involvement and affirmation squad - 

first class; 

• training the trainers and the local 

tutors/animators within courses accredited 

according to Order no. 3163 of 1 February 

2012 - Methodology framework  for the 

organization and operation of graduate 

programs and professional development 

training [12]; 

• support/assistance for development and 

implementation of a local project, using 

complex procedures for the clubs network; 

• a conference and a classical debate - 

information and awareness campaign to 

identify the needs and local 

achievements/experiences; 
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• an open on-line debate, to identify the needs 

and local experiences; 

• classical applied activities (Workshop), at the 

local club - online support by group of experts; 

• participation in stages, to develop flexible 

organizational models useful in enterprise and 

achieve a statute of clubs managed by a 

Honorary Board of Directors; 

• a site www.recadd.ro [7], Forum on-line 

“Communication and innovation for 

adaptability and sustainability in 

organizations”, Integrative Activities on-line on 

topics of local interest etc.; 

• classic and online tutorial/consulting for 

members by the Resource Centre (placed in the 

appropriate space) using complex assessment 

procedures for the local potential in a global 

context; 

• support for promoting transnational exchanges 

of experience to increase the adaptability; 

• park human development and professional 

development; NGOs House; radio - tv centered 

on human development and professional 

development; 

• access to innovative interregional and 

transnational activities, to promote adaptability 

of workers and enterprise and including the 

establishment of the “Association for the 

promotion of adaptability and sustainability - 

for student practice”. 

 

6. Conclusions  

The ReCADD project - possible eco-

entrepreneurial university, outcomes are [7]: 

• contributes to increasing the skills of 

employees and foster the creation of new jobs - 

for student practice; 

• promote liberal professions; 

• includes innovative activities; 

• helps to develop new methods for combating 

discrimination and inequalities in the labor 

market; 

• lead to the achievement of a higher level of 

qualification or to create new jobs; 

• contributes to carry out additional activities 

which could not be funded from other sources 

in the next period; 

• helps the development of self-employment; 

• transforms/adapts best practices for student 

practice. 

The possible eco-entrepreneurial university for 

student practice generates a positive effect on short, 

medium and long term because is using: 

• innovative methods for flexible organization of 

work, new working practices; 

• professional illness prevention, health and work 

safety facilitation, providing a friendly working 

environment and encourage reconciliation 

between work and private life; 

• information and awareness campaigns to 

change social attitudes and stereotypes towards 

vulnerable groups; 

• efficient training in new methodologies, ICT, 

environmental protection and pollution control,  

promoting trans-national exchange of 

experience regarding the adaptability; 

• quality certificates for companies that promote 

flexible work organization and facilitate 

reconciliation of work and family. 

 

 

References 
 

[1] Blaga, P. (2001), Resursele umane şi nevoia 

de schimbare Analele Universităţii din 

Craiova, Universitatea din Craiova, 

Romania, pp.75-78. 

[2] Tripon, A. and Blaga, P. (2005), 

Development of an innovative network for 

the increase of the competitiveness through 

holistic strategies in firms/organizations – 

project, Inter-Ing 2005 Proceedings, 

Tg.Mureş, Romania, pp. 235-239.  

[3] Tripon, A., Blaga,P. and Herman, E. (2007), 

Study regarding the professional training of 

persons over 35 years of age at ”Petru 

Maior” University of Tg.Mure, Management 

of technological changes Proceedings, 

Alexandroupolis, Greece, pp. 247-256. 

[4] The Key Competences for Lifelong Learning 

– A European Framework, Belgium, 2007, 

http://ec.europa.eu/dgs/education_culture/pu

bl/pdf/ll-learning/keycomp_en.pdf 

[5] The European Commission website (2009), 

Lisbon Strategy for Growth and Jobs. 

Towards a green and innovative economy. 

[Online]. Available: 

http://ec.europa.eu/growthandjobs/pdf/compl

et_en.pdf, 

http://ec.europa.eu/archives/growthandjobs_

2009/ 

[6] The Fondul Social European în România 

website (2010), Investeşte în Oameni. 

Inovaţie în Administraţie.  [Online]. 

Available: http://www.fseromania.ro  

[7] The ReCCAD website (2010), Reţea de 

cluburi pentru promovarea adaptabilităţii şi 

dezvoltării durabile. [Online]. Available: 

www.recadd.ro  

[8] Mutual Learning Support Services Contract 

DG Employment, Social Affairs and Equal 

Opportunities. Synthesis report submitted by 

GHK in consortium with CERGE-EI, 

London, 2010, http://www.mutual-learning-

employment.net/uploads/MLP_Synthesis_re

port_2010_final%20to%20COM_FINAL_12

Jan2011.pdf 

[9] The European Commission website (2012), 

Europe 2020: Commission proposes new 

212 

 



 

 

 

economic strategy in Europe. [Online]. 

Available: 

http://europa.eu/rapid/pressReleasesAction.d

o?reference=IP/10/225&format=HTML&ag

ed=0&language=EN&guiLanguage=en 

[10] The European Commission website (2012). 

[Online]. Available: http://ec.europa.eu 

[11] The Europe INNOVA 2012 website (2012), 

Stress Test of European Innovation. 

[Online]. Available: 

http://www.conferencemanager.dk/EuropeIN

NOVA2012-Copenhagen 

[12] MECTS (2012), Order no. 3163 of 1 

February 2012 - Methodology framework  

for the organization and operation of 

graduate programs and professional 

development training, [Online] Availabe: 

http://www.lege-online.ro/lr-ORDIN-3163-

2012-(135335).html 

 

213 

 



 

The 6
th

 edition of the 

Interdisciplinarity in Engineering International Conference  

 “Petru Maior” University of Tîrgu Mureş, Romania, 2012 

 

 

 
 
 
 

 

MODELING AND SIMULATION OF STATIC VAR 
COMPENSATOR FUZZY CONTROL FOR POWER SYSTEM 

STABILITY ENHANCEMENT  
 

Stelian-Emilian OLTEAN#1, Mircea DULĂU #2, Adrian-Vasile DUKA #3 
# Electrical Engineering and Computer Science Department, Petru Maior University of Tîrgu Mureș 

Nicolae Iorga str., no. 1, Tîrgu Mureș, Romania 
1stelian.oltean@ing.upm.ro 
2mircea.dulau@ing.upm.ro 
3adrian.duka@ing.upm.ro 

 

ABSTRACT 
The static var compensators SVC are FACTS devices in shunt connection which can be 
used for power system enhancement. The paper investigates a modern approach for SVC 
control using fuzzy logic based controller. The simulations and effects of shunt 
compensation on power system transmission stability are also presented. The SVC 
modeled in the paper is a TCR-FC type with two components: the thyristor controlled 
reactor (TCR) and the fixed capacitor (FC). The performances of fuzzy based control of 
the SVC are compared with a conventional compensation and the advantages of modern 
control to offer significant damping to the system oscillations are highlighted. Matlab 
Simulink environment was used for system modeling and simulations.  

Keywords: static VAR compensator, fuzzy logic control, FACTS devices, power system stability 

 
1. Introduction 
The need of more efficient electricity systems 

management has given rise to innovative technologies 
in power generation and transmission. Flexible AC 
transmission systems, FACTS as they are generally 
known, are new devices that improve transmission 
systems. Flexible AC Transmission System (FACTS) 
means alternating current transmission systems 
incorporating power electronic-based and other static 
controllers to enhance controllability and increase 
power transfer capability [1]. 

Although PID controllers, lead/lag networks and 
other conventional controls are simple and easy to 
design, their performances deteriorate when the 
system operating conditions vary widely and large 
disturbances occur. In power system large differences 
occur every time and the dynamic and steady state 
stability is endangered. Fuzzy logic control approach 
is an emerging tool for solving complex problems 
whose system behavior is complex in nature [8], [9]. 

In [1]-[7], [13] different types of FACTS devices 
and their controls are modeled, conventional, 
adaptive or intelligent methods are studied:  

- Static Var Compensators (SVC), which are the 
most important FACTS devices. They have been used 
for a number of years to improve transmission line 

economics and system losses by resolving dynamic 
voltage problems and reactive power control. 

- Thyristor controlled series compensators 
(TCSC) are an extension of conventional series 
capacitors through adding a thyristor-controlled 
reactor. TCSC increase energy transfer, dampening of 
subsynchronous resonances, and control of line power 
flow [17]. 

- STATCOM are GTO (gate turn-off thyristor) 
based SVC’s [2]. They don’t require as large 
inductive and capacitive components as SVC’s to 
provide inductive or capacitive reactive power to high 
voltage transmission. 

 - Unified Power Flow Controller (UPFC). 
Actually an UPFC is the result of connecting a 
STATCOM with TCSC in the transmission line. This 
device combines the benefits of a STATCOM and a 
TCSC [3]. 

FACTS devices are normally connected in three 
modes: shunt connection like the Static Var 
Compensator SVC, in series connection to a line like 
Thyristor Controlled Series Compensator TCSC or in 
combined shunt and series connection like the 
Universal Power Flow Controller UPFC [18].  

A TCR-FC compensator is the main device 
considered in the present paper for power system 
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enhancement. The control of the total admittance 
provided by the TCR-FC is made based on fuzzy 
logic.  

The next chapters describe how work a Static Var 
Compensator, the modeling of the TCR-FC and the 
design of the fuzzy controller for power system 
enhancement. In the final section the simulations and 
comparison of the experimental results are also 
presented. 

 
2. The SVC operation, power system 

configuration and modeling 
The particular SVC modeled in this chapter 

consists of a thyristor controlled reactor (TCR) stage 
to provide the lagging vars and a fixed capacitor FC 
which offers the leading vars.   

The lagging reactive power (inductive reactive 
power) and TCR current amplitude can be controlled 
continuously by varying the thyristor firing angle 
between 90 and 180. The TCR firing angle can be 
fully changed within one cycle of the fundamental 
frequency, thus providing smooth and fast control of 
reactive power supplied to the system [4], [18]. 

The leading vars (capacitive reactive power) are 
usually provided by a different number of capacitor 
bank units. By combining these two components, 
fixed capacitor and continuously controlled reactor, a 
smooth variation in reactive power over the entire 
range can be achieved and the sum of the reactive 
power becomes linear. 

So, the TCR-FC can be seen as an adjustable 
reactance that can perform both inductive and 
capacitive compensation. The reactive power 
injection of a SVC connected to a busbar and the total 
shunt admittance of the SVC are given by: 

LCSVC

SVCSVC

BBB
VBQ


 2

  (1) 

In (1) QSVC is the reactive power injection of the 
SVC (TCR-FC type), BSVC the admittance of the 
SVC, BC the constant admittance of the fixed 
capacitor and BL the variable admittance of the 
thyristor controlled reactor. 

For a TCR-FC compensator the admittance 
depends on firing angle α [7], [18]. 
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The inductive reactance and capacitive reactance 

are XL and XC. 
The block diagram from figure 1 was considered 

to test the power system enhancement using the fuzzy 
logic based control of SVC. We borrowed the single 
machine infinite bus theory consists of a synchronous 
generator connected via a transmission line, 
represented by reactance xe, to a large power system, 
represented by the infinite busbar.  

The static VAR compensator will be located at the 
generator busbar to provide significant damping 
during transient conditions. 

 
Fig. 1 – Power system configuration 

 
The synchronous generator is described by a 

third-order nonlinear mathematical model, 
represented by Park's equations [15].  
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Where Tel, Td, E1, x1, x’1 and x2 are given by (4). 
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Where: 
δ is the rotor angle; 
ω – angular speed; 
H – time constant; 
Tm – constant mechanical torque; 
Tel – electrical torque; 
Td – damping torque; 
E’q – q axis transient voltage; 
τ'd0 – d axis open circuit transient time constant; 
Efd – field voltage; 
Vb – infinite busbar voltage; 
x'd – d axis transient reactance; 
xd – d axis reactance; 
xq – q axis reactance 
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The generator is also equipped with an automatic 
voltage regulator AVR for the field voltage Efd, 
characterized by a first order model (5), time constant 
TAVR and constant KAVR. 

  fd
AVR

tref
AVR

AVR
fd E

T
VV

T
KE 

 1  (5) 

 
Figure 2 contains the control block diagram of the 

SVC. The auxiliary control loop of the SVC uses 
stabilizing signals, such as speed, frequency, phase 
angle difference etc., to improve the dynamic 
performance of the integrated system. 

 

 
Fig. 2 – SVC control loop 

 
The dynamic equation (6) describes the control 

loop of the SVC. 
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3. Fuzzy control design 
This section discusses the basics of the fuzzy logic 

control design as applied to the static VAR 
compensator. 

The design of a fuzzy controller can be resumed 
to choosing and processing the inputs and outputs of 
the controller and designing its four component 
elements (the rule base, the inference mechanism, the 
fuzzification and the defuzzification) [8]-[10], [18]. 

Figure 3 shows the fuzzy control structure. 

 
Fig. 3 – Fuzzy controller for SVC 

 
The inputs and the output of the fuzzy system are:  
- the rotor speed deviation (error) e; 
- change in speed deviation (error derivative) c; 
- the output is the supplementary voltage uS. 
The universe of discourse of the variables (that is, 

their domain) is normalized using scaling gains (ge, 
gc, gu) to cover a range of  [-1, 1]. A standard choice 
for the membership functions is used with five 

membership functions for the three fuzzy variables 
(meaning 25 = 52 rules in the rule base) and 
symmetric, 50% overlapping triangular shaped 
membership functions, meaning that only 4 =22 rules 
at most can be active at any given time.  

The linguistic terms from the fuzzy sets presented 
in the figure 4 are negative big NB, negative small 
NS, zero Z, positive small PS and positive big PB. 

 
Fig. 4 –Membership functions 

 
The fuzzy controller implements a rule base made 

of a set of IF-THEN type of rules (25 rules). These 
rules can be determined heuristically based on the 
knowledge of the plant [9]. An example of IF-THEN 
rule is the following: IF e is negative big NB and c is 
negative big NB THEN uS is negative big NB. 

The resulting rule table and IF-THEN example 
are shown in the figure 5. 

 
Fig. 5 – Rule base for the fuzzy controller 

 
The min-max inference engine is a good 

alternative, which for the premises, uses maximum 
for the OR operator and minimum for the AND 
operator. The conclusion of each rule, introduced by 
THEN, is also done by minimum. The final 
conclusion for the active rules is obtained by the 
maximum of the considered fuzzy sets. To obtain the 
crisp output, the centre of gravity (COG) 
defuzzification method is used.  

The crisp value is the resulting controller 
output which will be the supplementary voltage 
(control signal) for the firing control of the SVC. The 
goal is to control the reactive power, damp the rotor 
angle oscillation and to improve the transient stability 
of the power system [3], [15], [18]. 
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4. SVC control scheme and experimental 
results 

In figure 6 is shown the SVC fuzzy control 
diagram for power system stability enhancement used 
for simulations.  

In the diagram the SMIB block contains the model 
of the generator connected through a transmission 
line to an infinite busbar. This block has as inputs the 
field voltage Efd, the mechanical torque Tm, the 

infinite busbar voltage Vb, where we will simulate the 
fault and the SVC admittance BS, modified by the 
SVC control loop. In the SMIB model, the generator 
and the static VAR compensator are connected to the 
same busbar, characterized by voltage Vt.  

The static VAR compensation is adjusted to 
exchange capacitive or inductive current to the 
system and to damp the rotor angle and speed 
oscillations. 

 
Fig. 6 – SVC control scheme 

 
The following parameters were used for the 

simulation (p.u.): 
Transmission line 

xe=0.2; 
Generator 

xd=2; xq=2; t’d0=5; H=3; x’d=0.3; Tm=0.5; Kd=2; 
AVR 

KAVR=100; TAVR=0.1; 
SVC 

Bsmin=-0.3; Bsmax=0.3; Bs0=0.1; usmin=-0.2; 
usmax=0.2; Ksvc=50; Tsvc=0.1; 

Fuzzy controller 
ge = 0.01; gc = 0.04; gu = 1; 

First case that we have studied was the behavior 
of the power system after a 0.5 second fault (3-phase 
short-circuit) near the infinite busbar without the 
auxiliary signal provided by the fuzzy logic 
controller.  

The figure 7 shows the evolutions of the rotor 
angle and the speed deviation after the fault. The 
SVC conventional loop tries to damp the oscillation 
of the signals, but the performances are not so good, 
because the settling time is about 25 seconds. 

 

 
Fig. 7 – Rotor angle and speed  
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The figure 8 shows the evolution of the total 
admittance provided by SVC (Thyristor controlled 
reactor combined with the fixed capacitor TCR-FC) 
to enhance the power stability without the auxiliary 
fuzzy loop. 

 
Fig. 8 – Total admittance of the TCR-FC 

 
In the second case in the simulations we 

considered the same fault (0.5 second 3 phase short-
circuit), but with the auxiliary fuzzy loop for the SVC 
control.  

Figure 9 shows the rotor angle, speed and the total 
admittance in presence of the auxiliary signal 
provided by the fuzzy logic controller. 

 

 

 
Fig. 9 – Rotor angle, speed and total admittance 

The fuzzy controller has an important role in 
damping the oscillation caused by the temporary 
fault. So, the SVC control loop including the fuzzy 
controller damps the oscillation in a more efficient 
way and the settling time is reduced to 10 seconds. 

The auxiliary signal from the fuzzy logic 
controller is shown in figure 10. 

 
Fig. 10 – Auxiliary signal from the fuzzy loop 
 

 
5. Conclusions 
The paper presents the fuzzy logic control of a 

static var compensator for power system 
enhancement. The single machine infinite busbar 
SMIB theory and model were used for power system 
configuration and the simulations and experimental 
results were obtained using Matlab-Simulink 
software. 

SVC’s are FACTS devices in shunt connections 
used to improve transmission line economics and 
system losses by resolving dynamic voltage problems 
and reactive power control. So, a type of SVC was 
investigated in this paper to provide significant 
damping during transient conditions on power 
system.  

The TCR-FC (thyristor controlled reactor TCR 
and fixed capacitor FC) was located on the generator 
busbar and the behavior of the power system was 
studied after the 3 phase short-circuit that occurs near 
the infinite busbar. This type of SVC can be seen as 
an adjustable reactance that can perform both 
inductive and capacitive compensation to improve the 
quality of the power system. 

We proposed in this paper a SVC fuzzy control 
diagram which use a conventional SVC loop with an 
auxiliary signal computed by the fuzzy logic 
controller. The fuzzy logic controller has as inputs the 
speed deviation and the speed deviation rate. The 
output of the fuzzy controller is the supplementary 
voltage. The main goal of introducing the auxiliary 
loop is to damp the oscillations of the rotor angle 
after the fault.  

Comparative results made after the simulations 
with the fuzzy logic controller auxiliary loop 
emphasize a shorter settling time and a better 
damping of the power system oscillations. 

Other functional signals (rotor angle, frequency, 
power, busbar voltage) and controllers can be used in 
the auxiliary loop and will be tested in future works. 
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ABSTRACT 
The static var compensators SVC are FACTS devices in shunt connection which can be 
used for power system enhancement. The SVC modeled in the paper comprises a fixed 
capacitor and a thyristor-controlled inductor to improve the generator damping. The 
paper investigates a modern approach for SVC control using adaptive control strategy. 
The design methodologies and the characteristics of the self-tuning control of the SVC are 
also presented. The least square method with forgetting factor was considered for the 
system identification; meanwhile the minimum variance method was used for the SVC 
control. 
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1. Introduction 
The need of more efficient electricity systems 

management has given rise to innovative technologies 
in power generation and transmission. Flexible AC 
transmission systems, FACTS as they are generally 
known, are alternating current transmission systems 
incorporating power electronic-based and other static 
controllers to enhance controllability and increase 
power transfer capability [1]. 

In the literature [1-7], [17], different types of 
FACTS are applied to meet these goals:  

- Static Var Compensators (SVC), which are the 
most important FACTS devices. They have been used 
for a number of years to improve transmission line 
economics and system losses by resolving dynamic 
voltage problems and reactive power control. 

- Thyristor controlled series compensators 
(TCSC), an extension of conventional series 
capacitors through adding a thyristor-controlled 
reactor. TCSC increase energy transfer, dampening of 
subsynchronous resonances, and control of line power 
flow [7]. 

- STATCOM are GTO (gate turn-off thyristor) 
based SVC’s [10]. They don’t require as large 
inductive and capacitive components as SVC’s to 
provide inductive or capacitive reactive power to high 
voltage transmission. 

 - Unified Power Flow Controller (UPFC). 
Actually an UPFC is the result of connecting a 
STATCOM with TCSC in the transmission line. This 
device combines the benefits of a STATCOM and a 
TCSC [11]. 

 

Although PID controllers, lead/lag networks and 
other conventional controls are simple and easy to 
design, their performances deteriorate when the 
system operating conditions vary widely and 
disturbances occur. During the past two decades 
power system has undergone many changes and 
variations of the parameters may occur at any time.  

Modern solutions like intelligent and adaptive 
systems can be used to solve complex problems and 
to improve the dynamic and steady state stability. 

Depending on the type of the real plant 
considered, an adaptive or intelligent systems were 
studied in [10-15], [18-22]. In fact, excepting the 
intelligent systems, the adaptive systems are the only 
way to compensate the large variations of the plant 
parameters. 

The SVC modeled in the paper is a TCR-FC type 
with two components: the thyristor controlled reactor 
(TCR) and the fixed capacitor (FC). The total 
admittance of the TCR-FC is provided to the power 
system using a self-tuning system.  

The next chapters describe how work a Static Var 
Compensator, the modeling of the TCR-FC, some 
theoretical aspects about the indirect self-tuning 
control and the design of the self-tuning controller for 
power system enhancement.  

The adaptive algorithm used for the SVC control 
is obtained from the minimum variance (MV) theory 
and the controller parameters are determined 
commonly after an on-line identification of the plant 
parameters. We choose for plant identification the 
recursive least square method with exponential 
forgetting factor. 
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2. The SVC operation principles 
The particular SVC modeled in this chapter 

consists of a thyristor controlled reactor (TCR) stage 
to provide the lagging vars and a fixed capacitor FC 
which offer the leading vars.   

The lagging reactive power (inductive reactive 
power) and TCR current amplitude can be controlled 
continuously by varying the thyristor firing angle 
between 90 and 180. The TCR firing angle can be 
fully changed within one cycle of the fundamental 
frequency, thus providing smooth and fast control of 
reactive power supplied to the system [13], [17]. 

 
Fig. 1 – TCR control 

 
The leading vars (capacitive reactive power) are 

provided by a different number of capacitor bank 
units (only one bank is shown in the diagram) which 
are switched on or off in steps. The capacitor 
switching operation is completed within one cycle of 
the fundamental frequency and the TSC provides a 
faster and more reliable solution to capacitor 
switching than conventional mechanical switching 
devices [13]. 

An alternative current filter is usually used to 
reduce and absorb the harmonic current components 
generated by TCR. Thus, the leading vars are 
switched in steps, the lagging vars can be varied 
smoothly. By combining these two components, fixed 
capacitor and continuously controlled reactor, a 
smooth variation in reactive power can be achieved 
and the sum of the reactive power becomes linear. 

 
Fig. 2 – TSC control 

 
Applications with only TSC's are also available, 

providing stepwise control of capacitive reactive 
power, but improved performances can be obtained 
by using a fixed capacitor (FC) connected in parallel 
with thyristor controlled reactor (TCR), resulting a 
TCR-FC configuration like in [5], [12]. 

So, the TCR-FC can be seen as an adjustable 
reactance that can perform both inductive and 
capacitive compensation. The reactive power 
injection of a SVC connected to a busbar and the total 
admittance of the SVC are given by (1). 
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In (1) QSVC is the reactive power injection of the 
SVC (TCR-FC type), BSVC the admittance of the 
SVC, BC the constant admittance of the fixed 
capacitor and BL the variable admittance of the 
thyristor controlled reactor. 

For a TCR-FC compensator the admittance 
depends on firing angle α [13]. 
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The inductive reactance and capacitive reactance 

are XL and XC. 
 
3. Theoretical aspects on indirect self-tuning 

control with MV and LSM algorithms 
Adaptive controls are well suited for systems with 

unknown changes (parametrical, nonlinearities or 
disturbances). In these modern strategies the 
controller parameters can be initially tuned and online 
modified by the adaptation mechanism. In the 
literature are two major directions: model reference 
adaptive control and model identification adaptive 
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control (usually named self-tuning control). Both of 
these modern controls it can have a direct or indirect 
parameter modification scheme [16], [20], [22]. 

The adaptive system considered in the paper is the 
self-tuning control, which actually has a model 
identification indirect adaptive scheme. The block 
diagram is presented in figure 3 and contains four 
major parts: the adjustable controller, the plant, the 
plant identification block and the adjustable 
mechanism [16]. 

 
Fig. 3 – Indirect self-tuning control 

 
The plant in our case will be the power system 

and SVC connected to the generator busbar. The plant 
parameters are identified at every discrete moment 
using the input and output data from the plant by the 
identification block.  

The most practical identification algorithm is the 
least squares method LSM or other variant of this 
type [16]. These kinds of methods can be used for the 
discrete on-line identification of processes that are 
described by the following transfer function: 
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The main disadvantage of the pure recursive least 
square method is the absence of signal weighting. 
Each input and output affect result by the same 
weight, but actual process parameters can change in 
time. Thus newer inputs and outputs should affect 
output more than older values. This problem can be 
solved by exponential forgetting method. 

The parameters are recursively estimated using 
the least square method with an exponential 
forgetting factor with the algorithm (4). 
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where   T

mn bbbaaak ]......[ 1021  are the 
computed process parameter estimations; 
          Tmdkudkunkykyk ]...1[  

 contains the output and input values; F(k) the 
covariance matrix updated in each step; K(k+1) the 
parameters identification gains, ε(k+1) the 
identification error, λ forgetting factor (0..1). 

Initial value of matrix F determines influence of 
initial parameter estimations to the identification. 

Using the plant parameters obtained from the 
identification block the adjustment mechanism will 
modify the parameters of the controller. The 
controller designed in the next chapters is a direct 
digital control type with minimum variance MV 
algorithm. 

The direct digital controls DDC are designed to 
replace conventional controllers with numerical 
algorithms, which in most cases are determined by 
minimizing different criteria. The minimum variance 
MV algorithm supposes a control signal so that the 
variance of the error signal is minimized [16]. 

  2)()())(( kykyMkuJ pr   (5) 
 
4. Self-tuning control of the SVC for power 

system enhancement 
The block diagrams from figure 4 show the power 

system enhancement using the self-tuning control of 
the SVC. We borrowed the single machine infinite 
bus theory consists of a synchronous generator 
connected via a transmission line, represented by 
reactance xe, to a large power system, represented by 
the infinite busbar.  

The static VAR compensator will be located at the 
generator busbar to provide significant damping 
during transient conditions [4], [7], [15].  

 
Fig. 4 – Indirect self-tuning control of the SVC 
 
Although the synchronous generator can be 

described by Park’s nonlinear relationships, at the 
sampling instant t=kTs the adaptive system uses a 
discrete second order linear model. 

        kuqBkyqA   11  (6) 
Where y(k) is the sampled output   (generator 

speed deviation) at instant k, u(k) sampled input Su of 
the SVC, Ts sampling period, q-1 backward shift 
operator, k sampling instant, A and B the second order 
polynomials (7). 
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The discrete second order model of the power 
plant with SVC is transformed in a second order 
difference equation. 
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The LMS identification block has the goal to 
estimate recursively in real time the four coefficients 
of the relation (8) by continuously measuring the 
input samples u(k) and the output samples y(k). 

If the reference for the speed deviation is zeros the 
minimum variance DDC controller has the algorithm 
(9), which is the minimization of relation (5). 
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where the G and F are the DDC-MV controller 
polynomials. 
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The coefficients of the controller polynomials 
depend on the coefficients of the plant polynomials 
(g0=-a1, g1=-a2).  

The plant parameters are considered unknown 
(varies in time) and being identified by the LSM 
identification block, which means the controller 
parameters are also modified in every sampling 
instant by the adjustment mechanism. So, because the 
coefficients of the DDC controller are updated 
continuously using the minimum variance algorithm, 
the computed control signal u(k) can be considered an 
optimal instant value.  

 

Figure 4 highlights in the second diagram the 
auxiliary adaptive control loop diagram of the SVC to 
improve the dynamic performance of the integrated 
system. 

The dynamic equation (11) describes the control 
loop of the SVC. 
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In the design procedure the generator is also 
equipped with an automatic voltage regulator AVR 
for the field voltage Efd, characterized by a first order 
model (12), time constant TAVR and constant KAVR. 
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5. Simulations and experimental results 
In figure 5 is shown the SVC self-tuning control 

diagram for power system stability enhancement used 
for simulations.  

In the diagram the SMIB block contains the model 
of the generator connected through a transmission 
line to an infinite busbar. This block has as inputs the 
field voltage Efd, the mechanical torque Tm, the 
infinite busbar voltage Vb, where we will simulate the 
fault and the SVC admittance BS, modified by the 
SVC adaptive control loop. In the SMIB model, the 
generator and the static VAR compensator are 
connected to the same busbar, characterized by 
voltage Vt.  

The static VAR compensation is adjusted to 
exchange capacitive or inductive current to the 
system and to damp the rotor angle and speed 
oscillations. 

  
Fig. 5 – SVC control scheme (Matlab/Simulink) 
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The following parameters were used for the 

simulation (p.u.): 
Transmission line 

xe=0.2; 
Generator 

xd=2; xq=2; t’d0=5; H=3; x’d=0.3; Tm=0.5; Kd=2; 
AVR 

KAVR=100; TAVR=0.1; 
SVC 

Bsmin=-0.3; Bsmax=0.3; Bs0=0.1; usmin=-0.2; 
usmax=0.2; Ksvc=50; Tsvc=0.1; 

 
First case that we have studied was the behavior 

of the power system after a 0.5 second fault (3-phase 
short-circuit) near the infinite busbar without the 
auxiliary signal provided by the adaptive loop.  

The figure 6 shows the evolutions of the rotor 
angle and the speed deviation after the fault. The 
SVC conventional loop tries to damp the oscillation 
of the signals, but the performances are not so good, 
because the settling time is about 25 seconds. 

 

 
Fig. 6 – Rotor angle and speed  

 
In the second case in the simulations we 

considered the same fault (0.5 second 3 phase short-
circuit), but with the auxiliary adaptive loop for the 
SVC control.  

Figure 7 shows the rotor angle, speed and the total 
admittance in presence of the auxiliary signal 
provided by the self-tuning controller. 

The self-tuning controller has an important role in 
damping the oscillation caused by the temporary 
fault. So, the SVC control loop including the self-
tuning controller damps the oscillation in a more 
efficient way and the settling time is reduced to 10 
seconds. 

 

 

 
Fig. 7 – Rotor angle, speed and total admittance 

 
6. Conclusions 
The paper presents the adaptive control of a static 

var compensator for power system enhancement. The 
single machine infinite busbar SMIB theory and 
model were used for power system configuration and 
the simulations and experimental results were 
obtained using Matlab-Simulink software. 

A type of SVC was investigated in this paper to 
improve transmission line economics and system 
losses by resolving dynamic voltage problems and 
reactive power control. The TCR-FC (thyristor 
controlled reactor TCR and fixed capacitor FC) was 
located on the generator busbar and the behavior of 
the power system was studied after the 3 phase short-
circuit that occurs near the infinite busbar. This type 
of SVC can be seen as an adjustable reactance that 
can perform both inductive and capacitive 
compensation to improve the quality of the power 
system. 

To provide significant damping during transient 
conditions on power system the SVC control diagram 
uses a conventional SVC loop and an auxiliary signal 
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computed by the self-tuning controller. The plant 
parameters were identified at every discrete moment 
using the input and output data from the plant by the 
identification block using the least squares method 
with an exponential forgetting factor. Using the plant 
parameters obtained from the identification block the 
adjustment mechanism modified continuously the 
parameters of the minimum variance based controller. 
The main goal of introducing the auxiliary loop was 
to damp the oscillations of the rotor angle after the 
fault.  

Comparative results made after the simulations 
with the adaptive controller auxiliary loop 
emphasized a shorter settling time and a better 
damping of the power system oscillations. 
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ABSTRACT 
Processes with large time constants, like the level process, represent a large number of 
applications in industry. These systems must be treated in both steady and dynamic state 
and effective control solutions should be proposed. In a PI controller working under 
saturation, problems like windup appear. This paper presents a classical PI-controlled 
feedback loop, which is part of an industrial level control system. Based on the existing PI 
controller, antiwindup and feedback compensation schemes are proposed in order to 
improve the system’s performances. Matlab-Simulink models are implemented to validate 
the control system design. 

Keywords: control engineering, mathematical modelling, level process, PID controllers,                      
antiwindup, compensation 

 
1. General problem of level control  
In the system shown in Fig.1 [5], according to 

ANSI/ISA’s S5.1-1984 (R 1992), a level transmitter 
(LT1), a level indicator (LI1), a level controller (LC1) 
and a control valve (LV1) are used to control the 
liquid level in a tank. 

The purpose of the level control system is to 
maintain the liquid in the tank at a desired level, 
considering a random flow rate into the tank.  

The level transmitter measures the fluid level and 
converts it into a useful signal, which is sent to a level 
controller [3], [14], [17].  
 

 
Fig. 1 – Level control unit 

The level controller evaluates the measurement, 
compares it with the setpoint, and produces a series of 
corrective actions that are sent to the control valve.  

The valve controls the flow of fluid in the outlet 
pipe in order to maintain a level in the tank. Other 
devices, such as electrical motors and pumps, are 
used as control elements [3], [14], [17]. 

This control system needs to be treated in 
stationary and dynamic regimes and from the point of 
view of the technical control solutions. 

Mathematical models are needed for these 
processes, in order to: 

- determine the mechanism of the process; 
- simulate the behaviour; 
- establish the control structures; 
- establish the control strategies. 

 
2. Mathematical modelling of level processes 
Level processes are characterized by large time 

constants and/or large time constants and time delays 
(dead time). 

Two cases are considered when modelling level 
processes [3], [17]: 

- evacuation at a constant flow; 
- evacuation at a variable flow, which depends 

on the height of the liquid in the tank. 
In the case of constant flow (evacuation through a 

pump), in stationary regime, the input quantity and 
the output quantity are equals. 
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000  ea FF    (1) 
where: Fa0 is the supply flow; 
 Fe0 – the output flow; 
  – the liquid density. 

In dynamic regime, the difference between the 
introduced and extracted flows is equal with the 
accumulated quantity: 

     tL
dt
dAtM

dt
dFtF ea   0  (2) 

where:  A is the tank section; 
 L(t) – the level at time t; 
 M(t) – the liquid mass at time t. 

For time variable values short variations over the 
stationary values are considered: 
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and (2) becomes: 

     tLL
dt
dAFtFF eaa  000   (4) 

Based on equation (1), it results: 

   tL
dt
dAtFa    (5) 

and, after normalization to the stationary values: 
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  – controlled value and    
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execution value, we get [3], [17]: 
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The transfer function, from the variation of the 
supply flow Fa(t) to the level variation L(t), is: 
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In the case of variable flow, for the stationary 
regime, equation (1) stands. In dynamic regime, the 
difference between the introduced and extracted 
quantities is accumulated and, the final transfer 
function has the form: 
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3. Control strategies for the level processes 
Consider the feedback system shown in Fig.1, 

where, the transfer function for the level process has 
the form (7), for which a PI control strategy is 
recommended [3], [7].  

In the ideal situation, there are no limits on the 
control action, and the closed-loop system appears as 
usual, with a feedback connection [6], [10]. 

However, in real situations, due to the fact that the 
valve saturates when it is fully open or close, there is 
a saturation element between the PI controller and the 
process, which limits the control action (Fig.2) [9]. 

Suppose that a step reference is large enough to 
cause the actuator to saturate. The integrator 
continues integrating the Eps (error), and the Cmd 
control signal continues growing [6], [11].  

At the same time, the input signal of the level 
process is limited to its maximum value, given by the 
saturation, and therefore the Eps signal remains large. 

It is necessary to bring the integrator’s output 
back within the linear band, where the control action 
is not saturated. The integration turns around only 
when the sign of the Eps changes. 

One solution, [4], [6], [15], [16], [18] which turns 
the integral action around, when the actuator 
saturates, is an integrator antiwindup for PI controller 
(Fig.2 and Fig.3). 

 
Fig. 2 – The block diagram for level control with/without integrator antiwindup 
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Fig. 3 – PI controller with integrator antiwindup 

 
First, the effect of the antiwindup circuit is to 

reduce the overshoot, from %30  to %7  (Fig.4) 
and second, to reduce the control signal (Fig.5) [9].  
 

 
Fig. 4 – The step response with/without integrator 

antiwindup 
 

 
Fig. 5 – The control signal with/without integrator 

antiwindup 
 
 
 

When the actuator saturates, the feedback loop 
with antiwindup gain (Ka), connected around the 
integrator, become active [4], [6]. 

The value of Ka is chosen large enough so that, 
under all possible error conditions, the antiwindup 
loop is able to keep the input to the integrator (I_1, 
I_2) at small values. 

Reference [6] shows that: “From the point of view 
of stability, the effect of the saturation is to open the 
feedback loop and leave the open loop plant with a 
constant input and controller as an open loop system 
with the system error as input.” 

In order to improve the dynamic performance of 
the system, there are other solutions to be considered, 
which refer to cascade and feedback compensation.  

If cascade compensation is used, the 
compensating device is placed in cascade with the 
initial controller and the process, on the forward path.  

If the feedback compensation is used, the 
compensating device is placed in the feedback path. 

The compensation elements affect the root-locus 
of the open-loop transfer function and the closed-loop 
transfer function may be different. 

References [2], [6], [8], [10], [12], [13] show 
examples and design procedures for different types of 
compensators. 

The performance analysis of the initial closed-
loop system (PI controller and level process) shows a 
very good steady-state error, an acceptable transient 
time for a slow process, but a large value of the 
overshoot ( %30 ).  

In order to decrease the overshoot, the following 
transfer function is implemented as feedback 
compensation [6], [8], [10]:  
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The block diagram for the level process control 
with PI controller and feedback compensation is 
shown in Fig.6 [9].  

The step response of the system with/without 
compensation is presented in Fig.7 and the control 
signals with/without compensation are shown in  
Fig.8 [9].  

 
Fig. 6 – The block diagram for level control with feedback compensation  
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Fig. 7 – The step response with/without 

compensation 
 

 
Fig. 8 – The command signal with/without 

compensation 
 

First, the effect of the feedback compensation is to 
reduce the overshoot ( %12 ) and second, to reduce 
the control effort, but with some oscillations. 

 
4. Conclusions 
The purpose of the control actions in the case of 

technological processes is to maintain a functional 
state, where the quality values are optimal. Most of 
the time this refers to following variables such as 
level, flow, pressure and temperature and to keep 
them at a desired value. 

Due to the dynamic behaviour of such plants, the 
structures used to control these variables are different, 
but the control problems remain the same. 

In any control system, the output of the actuator 
can saturate, which means the feedback path becomes 
open, due to the lack of change in the control signal. 

These conditions result in a very large overshoot 
and the necessity to implement control strategies to 
improve this situation is obvious. 

From the point of view of the closed-loop 
system’s performances, the antiwindup solution is 
better than the compensation solution. 
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ABSTRACT 
This paper presents a simple concept of low cost mobile robot control system for source 

following applications. The robot uses two analog sensors and two independent motors 

for steering. The control system itself is a modified class D amplifier that generates 

complementary PWM signals modulated by the difference of the signals from the sensors. 

Keywords: mobile robot, motion control, source tracking, operational amplifier, PWM 

 
1. Introduction 

The mobile robots are found in many 

contemporary applications. Starting with the rather 

simple line followers and ending with complex 

artificial vision based robots, their applications 

include service robots, medical robots, terrestrial, 

under water, aerial and space autonomous vehicles, 

entertainment equipment, toys and many others [10]. 

There are several approaches to mobile robot path 

planning and motion control. They usually depend on 

numerical control algorithms implemented in 

microprocessor systems. 

Most of the modern mobile robots use embedded 

systems [2]. The efficiency and flexibility of such 

control systems is obvious in the advanced mobile 

robots applications. 

A lot of effort has been made in the recent years 

to develop advanced sensing and control solutions for 

mobile robots. Most spectacular advances have been 

made in the field of image processing, computer 

vision and artificial intelligence based motion control 

[8] [11], but also in the mechanical design [4]. 

However, there still is an interest for simpler 

analog electronics based control systems for mobile 

robots, such as MechBot [7]. Other projects also 

promote the analog controller mobile robots. Beam 

Robotics is one of them [6]. Educational use of 

mobile robots is well known and this means it is a 

good way to promote technical concepts. Analog 

computation is one of them [1]. 

Therefore, when the motion control requirements 

are not highly demanding, a simpler and usually 

cheaper approach may be used. This paper presents a 

very simple analog control system for a mobile robot. 

2. The mobile robot structure  

The control system presented in this paper is 

intended for a minimal mobile robot structure as the 

one in Fig. 1. 

 

 
Fig. 1 – The robot minimal structure 

 

This implies using two analog sensors to provide a 

measure of the distance between the source and the 

sensor, as a voltage signal. For example, these sensors 

may be photoresistors, reflection sensors, etc. and the 

corresponding signal conditioning circuits [3]. 

For motion and steering, the robot should be 

equipped with two wheels driven by two independent 

motors. The motors should have drivers that allow 

PWM proportional control. 

The control system itself is responsible for 

acquiring the sensors information and to elaborate the 

driver control signals. 

The mobile robot should be able to orient itself 

and to go in the direction of the stimulus source. In 

other words, the robot should behave in such way that 

the intensity of the stimulus is the same in both 

sensors. 

 

3. The control system design 

In order to meet the behavioral requirements, the 

control system that is proposed in this paper has the 

structure given in Fig. 2. 

 

230 

 



 

 

 

 
Fig. 2 – The control system structure

 

 

 
Fig. 3 – The control system schematics 

 

The control system contain four major blocks, one 

for the input conditioning, two for output generation 

and one for the internal signal. 

The complete schematic of the control system is 

shown in Fig. 3. 

The main blocks are easily identifiable. The input 

stage is build around the differential circuit with the 

U3 operational amplifier. The dual output stage is 

built using two comparators U4 and U5 with 

complementary connected inputs. The internal 

triangle wave generator is built using two operational 

amplifiers U1 and U2. 

The voltage from the two sensors represents the 

input of the differential amplifier. This block 

amplifies the difference between the inputs with the 

well known formula in (1) [5] [12]. The output 

voltage Vdiff is obtained from the weighted difference 

between the sensor voltages VSensor1 and VSensor2. 

 
  1

4

6

2

457

746

SensorSensordiff V
R

R
V

RRR

RRR
V 




 (1) 

With the appropriate choice of resistors, this 

formula can further be simplified, but the complete 

formula has been presented for clarity. 

The triangle wave generator is built around two 

operational amplifiers U1 and U2 [9]. This circuit is 

actually an oscillator and integrator. The rectangular 

output of the U1 oscillator is transformed into a 

triangular signal by the U2 based integrator. The 

frequency of the oscillator can be configured by the 

appropriate choice of the resistor R1 and the capacitor 

C1 as given in (2). 
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   (2) 

The signals from the input stage and the triangular 

signal generator enter a parallel output stage built 

using two comparators U4 and U5. 

U4 creates a non-inverting comparator that 

provides the positive rail voltage when the wave 

generator signal is greater than Vdiff and the negative 

rail voltage when the generator signal is lower than 

Vdiff. 

The U5 comparator behaves complementary to 

U4, i.e. when the generator voltage is higher than Vdiff 

the negative rail voltage is provided as output and 

when the generator voltage is lower than Vdiff the 

positive rail voltage is provided as output. 

The two comparator outputs are actual 

complementary PWM signals that are sent to the 

motor drivers to produce complementary behavior. 
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The PWM signals are modulated by the difference of 

the input signals from the sensors. 

A diagram of the signals in the control system is 

given in Fig. 4. Only one PWM output is shown for 

the clarity of the graphics. The other output is 

complementary to the first one, in terms of voltages. 

 

 
Fig. 4 – The control system signals 

 

It is important to note that the triangular signal 

will not necessarily be of the same amplitude as the 

output PWM signal or even the input difference 

signal. 

This means there will be two saturation regions in 

the upper and lower part of the voltage band: from the 

peak of the triangular signal to the corresponding 

power supply rail, the input difference will always 

generate a constant output that is equal to the power 

supply rail. 

Also, when the input difference voltage is 

between the peaks of the triangular signal, the output 

duty cycle is linearly dependent to it. 

When the resulting input signal Vdiff is zero, the 

outputs have equal duty cycles. 

 

4. Conclusions 

The mobile robots usefulness is well known and 

their applications range from hobby and toys to 

advanced robotic space exploration and service 

robots. The control systems that are used in most 

applications require embedded microprocessors. 

Their flexibility, control algorithms complexity and 

autonomy is impressive. However, there still is 

interest for analog computation where simpler 

algorithms are suitable. 

This paper presented a simple control system with 

differential input and complementary PWM output. 

The output is obtained from a triangular constant 

frequency signal that is compared against the 

difference of the two input voltages. 

The simplicity of this control schematics makes it 

suitable for unidimensional source tracking 

applications. 
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ABSTRACT 
The Extended Kalman Filter (EKF) has become the algorithm of choice in numerous 

nonlinear estimation applications. This method applies the standard linear Kalman filter 

algorithm with linearization of the nonlinear system. This algorithm can easily lead to 

divergence. The Unscented Kalman Filter (UKF) is a derivative-free alternative method, 

and it is using a statistical linearization technique. Based on presentation of the 

principles of the EKF and UKF we study the differences between the two methods from 

the point of view of their implementation. To illustrate the state estimation process we 

considered as examples the mathematical models of three different nonlinear systems. 

One of these proposed nonlinear processes is the reactive magnetron sputtering. The 

performances of the two approaches have been compared using numerical simulation. 

Keywords: Estimation, probability distribution function, extended Kalman filter, nonlinear system, Gaussian 
noise, linearization, unscented transformation, unscented Kalman filter, covariance  

 
1. Introduction 
For many various control algorithms (for 

example: Linear Quadratic Regulator LQR, Model 
Predictive Control MPC) one of the requirements is 
that the entire state vector of the controlled systems 
has to be accessible for measurement. In more 
realistic cases only the outputs of the plant (rather 
than the state vector) can be measured. In this case 
the state estimation process often plays an important 
role in the process control implementation and in the 
monitoring applications.  

In case of the industrial processes there are many 
disturbing factors which influence the process control 
such as model and measurement uncertainties and 
many different unknown noise sources. In this case 
representing the model state by an approximate 
probability distribution function has a significant 
advantage. In this paper we use the Gaussian 
probability distribution function to represent these 
uncertainties. The simple Kalman filter (KF) can be 
used only in case of linear dynamic systems and this 
algorithm propagates the mean and covariance of the 
probability distribution function of the model state in 
an optimal way.  

Almost all practical systems have some 
nonlinearities. If the studied system can be described 
with a nonlinear dynamic model than the most 
commonly used algorithm for the state estimation is 
the Extended Kalman Filter (EKF). In this case the 
state distribution is propagated analytically through a 
linear approximation of the system around the 
operating point at each time instant. This linear 
approximation may introduce errors in the estimated 
states, in other words with this method the results 
may not be appropriate for some systems. The 
Unscented Kalman Filter (UKF) is a derivative free 
method, and it resolves this problem by using a 
deterministic sampling approach.  

Section 2 describes the principles and the 
algorithms of the EKF. Section 3 first introduces 
briefly the unscented transformation and after that the 
UKF algorithm. In Section 4 there are studied three 
examples to compare the performances of the EKF 
and UKF. One of these examples is the nonlinear 
reactive magnetron sputtering process. Discussion of 
the results and the conclusions are presented in 
Section 5. 
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2. The EKF algorithm for nonlinear state 

estimation 

We consider the following nonlinear process 
model: 
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tvttutxgty

twttutxftx
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,  (1) 

where x(t)∈ℜn is the state vector, u(t)∈ℜm is the 
system input vector and y(t)∈ℜp is the noisy output 
vector of the system. The functions f:ℜn→ℜn and 
g:ℜp→ℜn are nonlinear and they need to be 
continuous; w(t) is the process noise and v(t) is the 
observation noise. Both noises are Gaussian, 
independent random processes with zero means and 
known time invariant covariance matrices: 
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where the E is the expected value operator.  
The Kalman filter propagates the mean and 

covariance of the probability distribution function of 
the model state in an optimal way with minimization 
of the mean square error. The Kalman filter dynamics 
results from the consecutive cycles of prediction and 
filtering.  

The EKF algorithm for state estimation can be 
applied to the discrete time system model. For this 
reason we discretize the nonlinear model equations 
with the sampling interval Ts. In accordance with this 
the nonlinear process is represented by the following 
discrete time equations  
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The steps of the EKF state estimation algorithm is 
presented below [1], [7]:  
0. Initialization step at k=0.  
- Initial estimated state vector }{~

0xEx o =   

- Covariance matrix: })()~{(
~
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T

x xxxxEP −⋅−=  

1. Linearization step ( 1≥k ): linearizing the model 
(with the Taylor series expansion) we can calculate 
the following matrices:  
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2. Prediction step: Calculation of the predicted state 
mean and covariance (time update) 
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3. Calculation of the filter gain vector: 
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4. Correction step: The estimates are updated with 
latest observation (measurement update) 
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The EKF gives an approximation of the optimal 
estimate. The non-linearities of the system’s 
dynamics are approximated by a linearized version of 
the non-linear system model around the last estimated 
state [7]. This algorithm can be divergent if the 
consecutive linearizations are not a good 
approximation of the non-linear model. 

 
3. The Unscented Transformation and UKF 

algorithm for nonlinear state estimation  
Consider the non-linear system described by the 

equation (3). The state distribution is also represented 
by Gaussian random variables, but this method is 
using a minimal set of carefully chosen sample 
points. These points, called sigma points, completely 
capture the true mean and covariance of the states and 
are propagated through the nonlinearity. For 
calculating the statistics of a random variable which 
undergoes a nonlinear transformation we can use the 
unscented transformation (UT) [2], [6]. 

Consider a random variable x (dimension n), 
which is propagating through a nonlinear function  

)(xfy =    (10) 

The mean of x is }{xEx =  and the covariance of 

x is })(){( T
x xxxxEP −⋅−= . To calculate the 

statistics of y, we form a matrix ℵ  of 12 +⋅n sigma 
vectors according to the following: 
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where λγ += n  is a scaling parameter 

and nkn −+⋅= )(2αλ . The constant α determines the 

spread of the sigma points around the mean value x  

and usually ]1,10[ 4−∈α . The constant k is a 

secondary scaling parameter and it is usually set to 0 

for state estimation. ( )
ixP is the i-th column of the 

matrix square root. These iℵ vectors are propagated 

through the nonlinear function 
nify ii ⋅=ℵ= 2,...,0)(   (12) 

The mean and covariance for y are approximated 
using a weighted sample mean and covariance of the 
posterior sigma points: 
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The weights are given by 
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where β is used to incorporate prior knowledge of the 
distribution of x (for Gaussian distribution the 
optimal value is 2).  

The standard UKF state estimation algorithm, 
with additive (zero mean) noise, is presented below 
[3], [4], [5]: 
0. Initialization step at k=0: 
- initial estimated state vector }{~

0xEx o =   

- covariance matrix: })()~{(
~

00000,
T

x xxxxEP −⋅−=   

1. Sigma points’ calculation for k>=1 
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2. Propagation of the sigma points: 
- transform the sigma points through the state-update 
function 
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- calculate the apriori state estimate and apriori 
covariance: 
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The weights )(m
iW  and )(c

iW are defined in 

accordance with relations (16). 
3. Update of the output vectors: 
- transform the sigma points through the 
measurement-update function 
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- calculate the mean and covariance of the 
measurement vector 
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4. Calculate the cross covariance matrix: 
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5. Calculation of the Kalman filter gain vector 
1

,,, )
~

(
~ −−⋅= kykyxk PPK   (24) 

6. Calculate the estimated state and the covariance in 
accordance with the standard Kalman filter algorithm: 
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The UKF principle is simple and easy to implement 
because it does not require the calculation of 
Jacobians at each time step [7]. The most 
computationally intensive operation in the UKF 
corresponds to calculating the new set of sigma points 
at each time update. 

 
4. Simulation studies 

In this section we present some simulation results 
to compare the different characteristics of EKF and 

UKF algorithms. The simulations of the estimation 
algorithms were made for three different nonlinear 
systems. The numerical algorithms were implemented 
in Matlab environment. In all examples the 
simulations have been made in the following 
conditions: 

- The process noise and measurement noise are 
applied to the system; both noises are Gaussian with 
zero mean and with know standard deviation. 

- The initial values (the initial state vector 
o

x~  and 

the initial covariance matrix) and the process noise 
and measurement noise covariance matrices are 
chosen to be the same for both algorithms.  

npx IkP ⋅=0,
~

     nq IkQ ⋅=     pr IkR ⋅=    (27) 

- The measurements update sampling time of the 
Kalman filters coincides with the system sampling 
time (Ts). 

- For the UKF algorithm the scaling parameters 
are set to the following values 

 021 === kβα .  (28) 

Example 1. 
Consider the nonlinear system represented by the 

following differential state equations [16]: 
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The output is: 
Ttxtxty )]()([)( 21=    (30) 

This system is discretized with a sampling 
time sec1.0=sT . Process and measurement noises 

are added to the system states and measurements. The 

initial state is T
x ]04.1[0 = , this value is used at 

numerical simulation and the input signal is constant 
2.0=u . The initial state estimate and the tuning 

parameters are: 
Tx ]52[~

0 −−= 1.01.010 === rqp kkk . 

The real states (non-measurable values with noises) 
and the estimated states using the EKF and UKF 
algorithms are shown in Fig.1. To compare the 
performances of the two approaches we can calculate 
the cumulative square error for both cases (separately 
for each state). We can use the following relationship: 
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The graphical representation of these errors is shown 
in Fig. 2. The traces of covariance matrices of the 
EKF and the UKF decrease a lot in the first steps, 
their variations (the traces of matrices) are presented 
in Fig. 3. 

Example 2. 

For comparison of the two approaches consider 
now the following nonlinear system [17]: 

)()()()(

)()()()(

122

2
2111

tutxtxtx

txtxtxtx

⋅+−=

⋅+−=

&

&
   (32) 

The output in this case is )()( 1 txty = . 
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Fig. 1 - Estimated states x1 and x2 using EKF and 

UKF algorithms for the system 1 with large initial 

state covariance (P=10)  
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Fig. 2 – The cumulative square error separately 

for each of the states x1 and x2 using EKF and 

UKF algorithms (system 1) 
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Fig. 3 – Variation of traces of the estimated 

covariance matrices using EKF and UKF methods 

(system 1) 

 
The simulation and tuning parameters are: 

T
x ]23[0 −=     sTs 1.0=      5.0=u  

T
x ]10[~

0 = 2.03.02 === rqp kkk  

The real states (non-measurable values with 
noises) and the estimated states using the EKF and 
UKF algorithms are shown in Fig.4. The cumulative 
square errors for both methods and variations of the 
traces of the covariance matrices are presented in 
Fig.5 and Fig. 6.  
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Fig. 4 - Estimated states x1 and x2 using EKF and 

UKF algorithms for the system 2 with small initial 

state covariance (P=1)  
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Fig. 5 – The cumulative square error separately 

for each of the states x1 and x2 using EKF and 

UKF algorithms (system 2) 

 
Analyzing the results shown in Fig. 1 and Fig. 4 

we can observe that both EKF and UKF estimates 
converge very fast to the real values. The UKF 
algorithm gives a better approximation in accordance 
to the cumulative square error (Fig. 2 and Fig.3). If 
we analyze the results of the variation of estimated 
covariance matrices (Fig.3 and Fig.6), we can observe 
that the covariance for the EKF method is smaller 
than for the UKF. The choice of the initial covariance 
matrices and the initial state estimate vector influence 
the results of estimation for both algorithms. 
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Fig. 6 – Variation of the estimated covariance 

matrices using EKF and UKF methods (system 2) 

 
Example 3. 

 
In this section we try to use these estimation 

algorithms for the reactive sputtering process. A very 
sensitive aspect of the reactive sputtering process is 
the dynamic equilibrium of the reactive gas inside the 
chamber and of the metal atoms which form the 
compound with the reactive gas atoms on the surface 
of the substrate [8], [9], [12]. The dynamic model of 
the reactive magnetron sputtering process is defined 
by the system of equations [15]: 
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(33) 

In this mathematical model the following 
notation has been used: 
pN- the partial pressure of reactive gas (nitrogen) in 
the sputtering chamber; 
θt- the fractional surface of the target covered by 
compound molecules; 
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θc- the fraction of the condensation area covered by 
compound molecules; 
FN- the flux of reactive gas molecules (N2) on the 
target or on the substrate; 
qin- the input reactive gas flow; 
qp- the gas flow evacuated by the vacuum pump; 
At- the target area; 
Ac- the substrate (condensation) area (including the 
substrate and the chamber); 
mN- mass of the reactive gas molecule (28 a.u. 
( kgua

271066.1..1 −⋅= )); 

mTi - mass of the metal (47.9 a.u.); 
ηM- sputtering yield of the elemental metallic material 
(titanium); 
ηN- sputtering yield of the compound (titanium 
nitride); 
αtM, αcM- sticking coefficients for the nitrogen 
molecule (to the titanium target or to the covered 
part); 
NTi- the superficial density of the titanium atoms on 
the surface of the metallic target; 
J- the particle density of argon ions on the surface of 
the target, which can be calculated using the 
relationship: 

)/( eAIJ td ⋅= ;  (34) 

e- the charge of electron ( C
19106.1 −⋅ ); 

Id –the intensity of the discharge current;  
k1- proportional coefficient, calculated in function of 
temperature and chamber volume.  

VmN

TR
k

NA ⋅⋅

⋅
=1 ; (35) 

R – ideal gas constant ( molKJ /8314 ); 

NA – Avogadro’s number ( 12310022.6 −⋅ mol ); 
T – temperature; 
V – volume of the sputtering chamber. 

This mathematical model in state space 
representation (33) has three state variables (pN, θt and 
θc) two input signals (qin and Id) and for the output 
signal we can choose between the fractional surface 
of the target θt or/and the fractional surface of the 
condensation area θc covered by compound 
molecules. The reactive sputtering process has been 
simulated employing a Runge-Kutta step control 
algorithm. The sampling time was typically set to 
0.001 s ([10]-[13]). The parameters used for 
simulation are listed in Table 1.  

 
Table 1. Parameters used for simulation 

Notation Value 

T 300K 
V 331075 m−⋅  
ηM 1.5 
ηN 0.3 
NTi 

21210140 m
−⋅  

At 221084.0 m−⋅  
Ac 222.0 m  

αtM, αcM 1 

For simulation we considered the reactive gas 
flow as input. The discharge current intensity was set 
to AI d 12.1= . We considered that one of the input 

signals (reactive gas flow) is constant 
][5 sccmqin = and the output is the second states 

( )()()( 2 ttxty tθ== ). For this case the UKF scaling 

parameter α is set to 10-4 and the tuning parameters 
are: 

1.0002.010

10200

010

00102
6

3

7

==⋅
















⋅

⋅

= −

−

−

pkRQ

The measured output with noise and the estimated 
output for both methods are shown in Fig. 7. The 
estimated states are presented in Fig. 8, Fig. 9 and Fig 
10. For a better illustration we presented here only a 
parts of the simulation results. 

0 0.5 1 1.5 2 2.5 3
-0.1

0

0.1

0.2

0.3

Measured and estimated output (EKF)

time [s]

y
m
,y
e

 

 

0 0.5 1 1.5 2 2.5 3
-0.1

0

0.1

0.2

0.3

Measured and estimated output (UKF)

time [s]

y
m
,y
e

 

 

Measured

Estimated

Measured

Estimated

 
Fig. 7 – Variation of the measured and estimated 

outputs using EKF and UKF methods (system 3) 
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Fig. 8 – Variation of the measured and estimated 

partial pressure (x1(t)=pN(t)) using EKF and UKF 

methods (system 3) 
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Fig. 9 – Variation of the measured and estimated 

fractional surface of the target covered by 

compound molecules (x2(t)=θθθθt (t)) using EKF and 
UKF methods (system 3) 
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Fig. 10 – Variation of the measured and estimated 

fractional surface of the condensation area 

covered by compound molecules (x3(t)=θθθθc (t)) using 

EKF and UKF methods (system 3) 

 
Similarly to the previous examples we calculate 

the cumulative square error for these three states. The 
results are presented in Fig. 11. The UKF method 
gives a better approximation than the EKF method for 
the all three states. The variation of the trace of 
covariance matrices is the same (Fig.12). 
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Fig. 11 – The cumulative square error separately 

for each of the states using EKF and UKF 

algorithms (system 3) 
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Fig. 12 – Variation of the estimated covariance 

matrices using EKF and UKF methods (system 3) 

 

5. Conclusions 
This paper shows that the UKF for state 

estimation is an interesting alternative to the EKF 
because it has an improved performance. This method 
is simpler to implement compared to EKF. The 
computational load is comparable to the other 
approach (EKF), where the Jacobians are computed 
numerically in each step of the algorithm. 
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ABSTRACT 
This paper investigates the robustness of a time delayed system controlled by a PI 
controller with a Smith Predictor used to compensate the dead time. A heat exchanger 
process is used as a test bed for the proposed control structure. Feed-forward control is 
used to compensate for the disturbance effect. The effectiveness of the design procedure is 
tested using Matlab-Simulink models and frequency analysis for the robustness is 
performed. 

Keywords: Smith Predictor, time-delay system, robust control 

 
1. Introduction 
Time delays between inputs and outputs are very 

common in industrial processes. Typical examples of 
time-delay systems are communication networks [4], 
chemical processes [13], tele-operation systems [1] 
etc. For processes with long time delays it is often 
difficult to achieve good control using just PID 
control strategies. The effect of the dead time on the 
process reduces the stability of the system and limits 
the achievable response time of the system.[3] By 
adding a Smith Predictor to the control loop it is 
possible to compensate the system’s time delay 
effects. The Smith Predictor control structure contains 
the process mathematical model in the feedback loop. 
However, the exact plant model and the delay time 
are needed in order for the Smith Predictor to have 
the desired effect [1,15].  

Most of the time, for non-linear systems, such as 
the heat exchanger process considered in this paper, 
plant models are affected by uncertainties and cannot 
be modeled exactly. These processes may exhibit 
gain and time constant changes as well as varying 
time delays which need to be compensated robustly in 
order to maintain the closed loop specifications both 
under nominal conditions and under time delay 
uncertainties.[13] 

In this paper, a Smith Predictor is designed for a 
heat exchanger process. The limitations of PI control 
as compared to the more effective Smith Predictor 
control strategy are illustrated by means of digital 
simulation. The robustness of the design to model 
uncertainties is analyzed in both time and frequency 
domain. Simulation results show also the tracking 

capabilities of the system as well as the disturbance 
rejection. 

 
2. Smith Predictor  
The general form of a time-delay SISO process is 

given by: 
( ) ( ) sesGsP τ−=     (1) 

where G(s) is a delay free transfer function and τ is 
the time delay. 

The most common way to control such processes 
is to use the Smith Predictor. The structure of this 
controller is shown in fig. 1. 

 
Fig. 1 – Smith Predictor control structure 

 
The closed loop transfer function from ysp to y is 

given as: 

( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) sesCsGsCsGsCsP

sCsPsT
pp

τ−−++
=

1

     (2) 

 where Gp(s) is the nominal plant model and C(s) is 
the controller. If the Smith Predictor uses the same 
plant model as the delay free transfer function in P(s) 
(Gp(s)=G(s)), then transfer function (2) becomes: 

( ) ( ) ( )
( ) ( )

( ) ( )
( ) ( )

se
sCsG

sCsG
sCsG

sCsPsT
pp

τ−
+

=
+

=
11

    (3) 
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This way, the closed-loop transfer function, 
except for the factor e-τs, has the same form as the 
closed-loop system controlled by C(s) in the absence 
of time delay. The resulting control structure provides 
a delayed response with the same shape as that of the 
delay-free system, as if the delay were shifted outside 
the feedback loop. [9,15] 

 
3. The heat exchanger process 
The heat exchanger shown in fig. 2 is considered. 

The top inlet delivers fluid to be mixed in the tank. 
To regulate the temperature of the tank fluid to a 
desired set point, the amount of steam supplied to the 
heat exchanger is modified via its control valve. 
Variations in the temperature of the inlet flow are the 
main source of disturbances in this process [11,14]. 

 

 
Fig. 2 – Reactor with heat exchanger 

 
In [5,11] the heat exchanger model is identified. 

The considered plant model is typical of a first order 
plus dead-time (FOPDT) and is given by: 

( ) se
sT
k

sP
f

f τ−
+

=
1

  (4) 

where: τ=14.7s, kf=1 (normalized units were 
considered) and Tf = 21.3s. 

The transfer function in (4) models the way a 
change in the voltage driving the steam valve opening 
affects the tank temperature. 

The model of the inflow disturbance is shown in 
equation (5). 

( ) se
s

sD 35

125
1 −

+
=   (5)  

The transfer function in (5) models the way a 
change in the inflow temperature affects the tank 
temperature.[11] 

 
4. Design of the control structure 

 
A. Design of the feedback PI controller 

The main controller C(s) in the Smith Predictor 
shown in fig. 1 can be chosen to be a proportional-
integral (PI) controller of the form: 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

sT
KsC

i
C

11    (6) 

Assuming that the desired closed-loop response 
for the delay-free plant should have a time constant 

Tm, the following controller design is obtained: [7,10] 

mf

f
C

fi

Tk
T

K

TT

=

=
   (7) 

According to [7], for the design of the feedback 
controller C(s) in the Smith Predictor, the desired Tm 
should be specified as a ratio of Tm to the process 
time constant Tf, a suitable range of this ratio being 
0.2 to 1. 

The performance of the resulting PI controller is 
severely limited by the long dead time. Figure 3 
shows the loss of stability when increasing the 
proportional gain KC. While the closed-loop system 
presents a faster response time, the increase in 
overshoot quickly leads to instability. 
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Fig. 3 – Loss of stability for feedback PI control 

when increasing KC 
 

Figure 4 shows the compared response to a step 
input in case the system is controlled by the PI 
controller and for the Smith Predictor structure which 
considers the same controller. Disturbance rejection 
for the two designs is also shown in fig. 4. 

The tuning parameters for C(s) were computed 
based on (7) and considered Tm=18s. 
 

0 100 200 300

0

0.2

0.4

0.6

0.8

1

1.2

1.4
From: ysp

To
: y

0 100 200 300 

 
From: dStep Response

Time (seconds)

A
m

pl
itu

de

Smith Predictor
PI controller

 
Fig. 4 – Compared step response for PI controller 

and Smith Predictor 
 

241 

 



 

 
 

As seen in fig. 4 the Smith Predictor improves the 
system’s response to set point changes, but in the task 
of disturbance rejection both control structures show 
a similar behavior which could be improved. 
 
B. Model mismatch 

If there isn’t an exact match between the plant and 
the internal model used by the Smith Predictor, then it 
is important to study the robustness of the Smith 
Predictor to uncertainties in the process dynamics and 
dead time. Figure 4 showed the system’s response 
when the internal model Gp(s)e-τs matched the plant 
model P(s) exactly. This is not the case in practical 
situations, when the internal model is only an 
approximation of the real plant. 

Equation (4) defines a nominal model of the heat-
exchanger process, characterized by the three 
parameters: kf, Tf and τ. The uncertain model of the 
process considers a variation of the process 
parameters within a specific range: 

[ ]
[ ]
[ ]τΔ±τ=τ

Δ±=

Δ±=

~

~

~

fff

fff

TTT

kkk
  (8) 

The values kf, Tf and τ are the nominal values of 
the process parameters, and ∆kf, ∆Tf and ∆τ are the 
maximum deviations from the nominal values [6]. 
According to (4) and (8), there are many admissible 
transfer functions for this process, defined by each 
possible combination of kf, Tf and τ in the given 
intervals. For the purpose of this study two 
representative plant models were considered within 
the specified range: 
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   (9) 

and the analysis of fig. 4 was performed again. The 
time response to a step change in the set point and 
disturbance are shown in fig. 5. 
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Fig. 5 – Compared step response for PI controller 

and Smith Predictor for different plant models 
 

As seen in these figures, both designs are sensitive 
to model uncertainties. However, the Smith Predictor 
control structure seems to outperform the simple PI 
controller for the task of set point tracking. In the case 
of disturbance rejection a better response is needed. 

To test the Smith Predictor’s sensitivity to 
modeling errors a frequency analysis of the open loop  
form ysp to dy is performed in order to check the 
stability margins. The perturbed process models are 
used for this analysis. The Bode diagram for P1(s) is 
shown in fig. 6. 
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Fig. 6 – Stability margins 

 
The magnitude curves show a gain margin of 

16dB for P1 and P2, while the phase margin is 
infinite. According to [8,12] these values assure the 
closed loop stability and robustness of the system to 
model uncertainties. However, as seen in fig. 5 better 
disturbance rejection is needed. 
 
C. Design of the feed-forward controller 

To improve disturbance rejection, a feed-forward 
controller is added to the control structure in fig.1. 
The modified structure of the system with the feed-
forward controller, and Smith Predictor is shown in 
fig. 7 

 

 
Fig. 7 – Smith Predictor with feed-forward 

controller for disturbance compensation 
 

The effect of the disturbance d on the output 
signal y is expressed by: 

( )dDFPy +⋅=    (10) 
According to [2, 11], in order to eliminate the 

effect of the measured disturbance we need to choose 
the feed-forward controller F so that: 
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( ) 0=+⋅ dDFP    (11) 
This leads to:  
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−≅−=   (12) 

In reality, modeling inaccuracies prevent exact 
disturbance rejection, but feed-forward control will 
help minimize temperature fluctuations due to inflow 
disturbances. [11] 

Figures 8 and 9 show the compared response to a 
step change in the set-point and for a step change in 
the disturbance for each of the following three cases: 

- case 1: the system is controlled by the PI + 
feed-forward controller (fig. 8); 

- case 2: the system is controlled by the Smith 
Predictor structure + feed-forward controller 
(fig. 9); 

- case 3: the system is controlled by a PI 
controller designed using Ziegler-Nichols 
tuning method, with the parameters of 
equation (13) + feed-forward controller (fig. 
10): 

5.483.3

3.1
9.0

=τ=

=
τ

=

i

f
C

T

T
K    (13) 

In all cases the nominal P(s) and perturbed plants 
P1(s) and P2(s) are considered. 
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Fig. 8 – Step response for case 1 
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Fig. 9 – Step response for case 2 
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Fig. 10 – Step response for case 3 

 
By analyzing the time response of the three 

control structures, the following performances for set-
point tracking are summarized in table 1.  

 
Table 1. Performances 

 SP PI PI (Z-N) 
Overshoot 0 31.8% 1.82% 
Settling time 84.9s 135s 206s 
 

Figure 11 shows the controlled output in the task 
of set point tracking for the nominal plant. The set-
point changes in steps at time 50s, 350s and 650s.  A 
step disturbance d=-0.5 is applied to the system at 
time t=150s. The system is controlled by the Smith 
Predictor structure + feed-forward controller of fig. 7. 
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Fig. 11 – Set point tracking 

 
5. Conclusion 
In this paper the robustness of a Smith Predictor 

control structure for a heat exchanger process is 
analyzed. When compared to the classical PI, the 
Smith Predictor greatly improves the system’s 
response to set-point changes. When compared to the 
performances of a PI controller designed using 
Ziegler Nichols, the closed loop system shows a 
substantial decreases in settling time. While the 
designed Smith Predictor seems to perform robustly 
to changes in the set-point and to model uncertainties, 
the disturbance needs to be compensated separately 
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using a feed-forward controller. The introduction of 
the feed-forward controller reduces the amplitude of 
the disturbance effect on the output signal y better 
that it was possible under the control of the Smith 
predictor alone. The proposed control structure of fig. 
7 combines the benefits of the Smith predictor 
regarding robustness to model uncertainties and set-
point changes and that of feed-forward control for 
disturbance rejection. 
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ABSTRACT 
Modern society is affected by issues of the economic crisis and we are forced to explore 

new ways to produce heat and make our lives comfortable. This paper makes a 

comparison between two ways of heating that can be the alternatives to classical 

technologies. Heating based on induction and heating based on radiation could be the 

future of home heating. 

Keywords: gradient, heat transfer, induction, radiation, simulation  

 
1. Introduction 

Modern society seems to be assaulted, not only in 

terms of rhythm and logic of economic growth, but 

also of a few problems like: energy, raw materials, 

food, water, health, environment, peace, etc. We are 

obligated to develop new devices and ideas to satisfy 

our vital needs. This way, we must do favorable 

conditions for continuous development of human 

civilization. In this period of economic crises, humans 

are looking new solutions to make their life more 

pleasant. In these times, we are concerned about 

conserving natural resources to maintain a certain 

political order. The fact that humanity multiplied 

nearly four times, and the number of people 

continuous to grow, from the end of the Second 

World War is something that should be a warning 

signal. 
In past, engineers have found every time 

intelligent ideas, human resources and materials that 

were able to overcome the critical points of society 

and to rearrange world in the orbit of modern 

civilization processes, of course, not without 

difficulties. This is the planetary aspect of our home. 

And even in this period, even we achieved a lot of 

things; we face again with the eternal problem of 

energy. Energy is almost every time blamed for 

balance between economy and social stability. In this 

context, the challenges made of financial crisis, 

energy crisis - real or imagined - of science, economy 

and current policy, points out a striking similarity 

with the revolutionary era of the knowledge, of 

technique and technology, in particular. 

Retrospectively, energy development reveals a 

direct proportionality between energy and gross 

national income per capita of a country. Thus, urban 

civilization, too often forget the state of stiffen caused 

by past events, was quite easily lured by the size and 

depth of scientific-technical revolution today - head 

of the spear of modern economic progress. The public 

knows that the future technologies will improve and 

will make more interesting his life. 

Effects of this race against time did not hesitate to 

show: immature consumption of raw materials 

reserves, accumulated as a result of geochemical or 

biological phenomena developed over hundreds of 

millions of years, dissipating energy and reducing 

environmental pollution, widening of the economic 

differences between states and so on. Company "great 

compromise" achieved in a short time to create the 

illusion of unlimited consumption, false prosperity 

which provides not only that abundance thinks, but 

also products that are out of fashion in a short time. 

This is one of the reasons for this study was made, 

because the authors want to research the field of the 

electrical heating. It is beyond any doubt that 

technology has created pseudo-needs and false values, 

including the production and use of energy, which 

were determined initially in triumphalism spirit of 

revolution in science, and then turning in profit. 

 

2. Heat transfer 

Thermodynamics is the part of physics that studies 

thermal equilibrium. But also studies the systems 

physicochemical properties and the processes that 

lead to thermal equilibrium [1]. Thermodynamics deal 

245 

 



 

 

 

with steady-state problems and with the study the 

problems of media exchanges. Heat transfer, on the 

one hand, deals with the problems related to the lack 

of thermal equilibrium systems, and therefore non-

equilibrium phenomena. Laws of thermodynamics 

hold truths and principles for heat transfer. 

The technical applications of thermodynamics are 

made known by scientists as the technical 

thermodynamics and heating engineering. The main 

applications of thermodynamics relates to the 

production, transmission and use of heat for technical 

purposes. 

 
Fig. 1. Scalar field is represented in white and 

black and the black represents the highest values. 

The gradient of this field is represented by blue 

arrows. 

 

The two images above represent the scalar field 

(in black and white). The black representing higher 

values and the corresponding gradient fields are 

represented by blue arrows [6], [7]. 

Calculating the vector gradient of a scalar field is 

a process in which  a vector field whose vectors are 

directed at each point in the direction of the growth 

rates of the scalar field, and whose way is the greatest 

rate of change. 

 

3. Gradient interpretation 

A given room where the temperature is given by a 

scalar field, so each point temperature (we assume 

that the temperature does not vary over time) is the 

place where we can explain the theory.  

Then, at each point of the room, the gradient will 

show the way in which temperature increase most 

rapidly. Gradient magnitude will determine how 

quickly the temperature increases in that direction. 

We can take the example of a hill whose height above 

sea level has a specific form. Gradient of a point is a 

vector that indicates the direction of slope at that 

point. How steep is the slope at that point it is given 

by the gradient vector module. 

The gradient can be used to measure changes of 

the scalar field in other directions, not just the 

direction in which the change is the most prominent, 

but even in performing an inner process. If we 

consider again the example of the hill and we suppose 

that the steep slope of the hill is 30%. Then if a road 

that goes straight up the hill, the steepest slope of the 

road will be even 30%. If instead, the road bypasses 

the hill at an angle to the right (vector gradient), the 

slope will be less. For example, if the angle between 

path and direction of maximum slope, projected onto 

the horizontal plane is 60°, the steepest slope on the 

road will be 20% or 40% multiplied by the cosine of 

60°.  

This observation can be expressed mathematically 

as follows: gradient hill height multiplied by the 

scalar function with a unit vector in the vector gives 

the hill slope. This is called the directional derivative. 

 

 
 

Fig. 2. Earth’s atmosphere gradient. 

 

4. Simulation software 

In modern research domains, scientists use 

simulation software. Even the modern personal 

computer was built for this [2]. Simulation software is 

based on the process of modeling of a natural 

phenomenon with a set of mathematical formulas. It 

is a great opportunity for modern researchers to 

observe a natural process through simulation without 

actually performing this operation. Simulation 

software is used by engineers on a large scale to 

design equipment and the final product will be 

improved. Also this software can make a great 

economy, because the process is not so expensive.  

This computer programs can simulate electric 

circuits, weather conditions, mechatronics, chemical 

reactions, feedback control systems, atomic 

processes, and even biological processes. Any 

phenomena that can be reduced to mathematical 

formulas and equations can be simulated on a 

personal computer. But simulation can be difficult 

because the majority of natural processes are subjects 

to a big number of influences. This problem is 

simplified by developing the most important factors 

that affect the scope of the simulation. Simulation is 

used to test new theories. After the science man 

creates a theory of causal relationships, then he can 

explain the relationships in form of a computer 

program. If the program shows a process that is 

performed in the same way as the real process, then 

the proposed relationships are correct. 

 

5. Experiments 

We wanted to make a comparison between two 

different of electric heating: radiative heating and 

inductive heating. 

For this study we considered a normal room with 

height of 2.4 meters and 5 meters long. 
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Fig. 3. Heater is placed in the left corner of the 

room. 

 

As we know, induction is a method that it is used, 

in present, to heat metals. This method is used in steel 

industry. It was used for the first time in World War 

II, and it has been used since then in industry. This 

kind of heating method works by using copper wires 

in a coil and then placing a normal object to be heated 

in the center of the coil. The object should not touch 

the wires. The alternating electricity that passes the 

wires creates a magnetic field, which causes eddy 

currents in the object, resulting in heat [5], [8], [9], 

[10], [11]. 

Radiant heating is based on the fact that if a metal 

or ceramic is hot, then the heat will be dispersed 

toward cooler objects. The heat emitted by the hot 

object will touch the colder objects. This process was 

also used in industry. Radiant heat can be dispersed in 

many forms. Whether we used pipes filled with hot 

liquid, or wires passed with an electrical current, the 

heat is generated outward from the heat sources to 

objects [3] [4]. 

 

 
 

Fig. 4. Temperature gradient magnitude for 

induction heater. 

 

 
 

Fig. 5. Temperature gradient magnitude for 

induction heater. 

 

By comparison of the two images it is observed 

that the use of heating devices based on radiation 

created a special result. Therefore, there is a more 

uniform distribution of thermal field on the left and 

right slot. Field heat is distributed almost 

symmetrically in the left and in the right side of the 

heat source. 

 

 
 

Fig. 6. Temperature gradient arrows for induction 

heater. 

 
Fig. 7. Temperature gradient arrows for radiation 

heater. 
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In the second comparison we saw that the gradient 

lines are longer for procedures based on heating by 

radiation. This means that the heating of the room is 

achieved more quickly by using radiation. One 

important thing is that induction creates a uniform 

heating room space. 

 

 
Fig. 8. Temperature gradient arrows for induction 

heater (for the length of the room). 

 

 
Fig. 9. Temperature gradient arrows for radiative 

heater (for the length of the room). 

 

A close look at the last group photo, confirms that 

heating based on radiation grows faster than the 

heating based on induction. The radiative heat is 

suddenly dropping with the distance from the source. 

 

6. Conclusions 

It is important to study different ways of heating 

based on electricity. Currently, due to economic 

crisis, scientists need to look closely at the new ways 

of producing heat. We have done experiments using 

the gradient theory and simulation software and these 

showed that heating method based on radiation has 

several advantages over that based on induction 

heating that allows a more rapid heating of a living 

rooms. However, its disadvantage is the fact that 

heating is not homogeneous as if method based on 

induction. 
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ABSTRACT 
At the International Physics Laboratory wear resistant nanostructured thin film coatings 

are produced and studied. Reactive magnetron sputtering is used to create TiN and TiON 

wear resistant thin film coatings. In the present study there is a detailed presentation of 

the dynamic model building process, which includes the derivation of appropriate 

mathematical relationships, as well as the different procedures used to determine the 

values of the various constants. The base of the modeling process is the ideal gas law. 

With proper deduction we obtained a mathematical form, which was useable for our 

experimental equipment. We created different Matlab applications in order to determine 

the values of the constants based on real measurements. 

Keywords: inert gas, reactive gases, partial pressures, dynamic model, reactive sputtering 

 
1. Introduction 

Reactive magnetron sputtering process is used 

to create different thin film coatings, which are 

utilized in several industrial applications [3].  

At the International Physics Laboratory, 

situated at the Sapientia University, wear resistant 

nanostructured thin film coatings are produced and 

studied for industrial use. Reactive magnetron 

sputtering is used to create titanium nitride (TiN) and 

titanium oxynitride (TiON) wear resistant thin film 

coatings. 

The composition and structure of the layer 

depends on many factors, for example the used 

amount of inert and reactive gases, the sputtering 

power, the layer growth rate and dynamic pressure in 

the vacuum chamber. The success of the sputtering 

process is determined by the proper control of these 

factors. It is important to emphasize that in the 

sputtering process due to collective effects in the 

plasma, the modification of each parameter affects 

the others, so the development of appropriate control 

methods is essential [1]-[2],[4],[20]-[25]. In order to 

develop these control methods and units, it is 

necessary to built up dynamic models, which are 

specific for the used experimental equipment.  

In order to achieve the two types of thin film 

coatings mentioned earlier with the desired structure 

and properties, it is necessary to introduce into the 

vacuum chamber nitrogen and oxygen reactive gases 

next to the argon inert gas. The dynamic pressure is 

determined by the flow rate of the gases and the 

pumping speed of the turbomolecular pump. The 

pumping speed is influenced with the help of a 

butterfly valve situated directly in the exhaust duct. 

This can be seen in fig. 1. 

The purpose of this article is to present the 

process in witch the dynamic models of the three 

partial pressures produced by the gases was obtained. 

Based on these models we managed to build up in 

Simulink the compact model of the dynamic pressure. 

 

2. Experimental equipment  

The simplified schematic of the reactive 

sputtering system is shown in fig. 1. As we can 

observe, the inert and reactive gases are introduced 

into the vacuum chamber through mass flow 

controllers (MFC). With these units we can not only 

determine the desired flow rate, but we can measure it 

as well. The prescribed and measured values are 

expressed in standard cubic centimeter per minute 

(SCCM). 

The dynamic pressure is measured with the 

help of a Pfeiffer Vacuum capacitive transducer. The 

analog voltage from the unit is digitalized with a 16
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Fig. 1 – Simplified schematic of the reactive sputtering system 

 
bit resolution AD7705 sigma-delta analog to digital 

converter [14]. With this configuration we obtained a 

3,5∙10
-7

 Torr resolutions. Throughout the sputtering 

process the value of the dynamic pressure is between 

2,5∙10
-3

 and 3∙10
-3

 Torr. Taking in consideration the 

measuring resolution, we can determine accuratly and 

precisely the value of the pressure in the operating 

interval mentioned sooner. 

The butterfly valve is equipped with an 

actuator which consists of a Futaba S3152 digital high 

speed servo unit [17] and a Hengstler RI41 rotary 

encoder [16]. The use of the encoder is necessary in 

order to determine the actual position of the valve. 

The measuring resolution is 4,7∙10
-3

 degrees. The 

actuator assembly was designed and built for this 

application.  

We developed a Data Acquisition and Pressure 

Control Unit [5],[18]-[19] based on two 

dsPIC30F6010A microcontrollers [13]. We integrated 

in this unit the sigma-delta analog to digital converter, 

the power sources for all the onboard and peripherial 

units, different electronic circuits that link the MFCs 

and the actuator to the microcontrollers, as well as 

circuits desgined for communication with a central 

computer [15],[11]. 

 

3. Methodology 

In the present study there is a detailed 

presentation of the dynamic model building process 

[6]-[9],[12], which includes the derivation of 

appropriate mathematical relationships, as well as the 

different procedures used to determine the values of 

the various constants. The base of the modeling 

process is the ideal gas law (1):  

nRTpV        (1) 

where p is the pressure in Pascal, V is the volume of 

the gas, n is the number of moles, R is the ideal gas 

constant and T is the temperature in Kelvin. By 

replacing the number of moles with the ratio between 

the mass of the gas and the molar mass, we managed 

to obtain a dynamic model (2). 

 

RT
M

m
pV      

dt

dp

RT

MV

dt

dm
   (2) 

 

In this equation the 
dt

dm  member is equal with 

the difference between the introduced and evacuated 

gas flows (3).  

outin qq
dt

dm
       (3) 

 

The value of the gas flow introduced into the 

vacuum chamber is measured with the MFC units, but 

the value of the gas flow evacuated is unknown. In 

order to determine this it is assumed that the 
outq  is 

equal with the product of the pressure and the 

pumping efficiency which is a function of the 

butterfly valve angle alpha (4): 

 

  Spqout
      (4)  

 

where  S  has the following form (5): 

 

      cos1SSKS 21
     (5) 

 

where K  is a constant, 
1S  and 

2S  are the fixed and 

variable areas of the butterfly valve (fig. 2). We did 
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not have the exact parameters of the valve assembly, 

therefore we could not determine the areas mentioned 

before. In order to solve this problem it is assumed 

that expression (5) can be overwritten with the 

following equation (6): 

 

     cos1KKS 21
  (6) 

 

where 
1K  and 

2K  are constants that can be 

determined now with real pressure, gas flow and 

valve angle measurements.  

 

 
Fig. 2 – Schematic of the butterfly valve assembly 

a). cross section b). longitudinal section 

 

Based on preliminary tests and measurements 

it was necessary to improve expression (6) by 

changing 
2K  with the following equation (7): 

 

baK2           (7) 

 

where a and b are constants.  

By using expressions (1-7) we managed to 

obtain the dynamic model desired (8). 

 

      cos1baKp
MV

RT
q

MV

RT

dt

dp
1in

  (8) 

 

With proper deduction we obtained a 

mathematical form, which was useable for our 

experimental equipment. The next step is to 

determine the values of the various constants for each 

gas used in the sputtering process based on real 

measurements. These measurements were obtained 

with the microcontroller based electronic data logger 

mentioned before, which was developed specifically 

for the sputtering equipment. The resulting data was 

saved in different databases. 

One of the key features in this work is the 

development of the different Matlab applications 

created to automatically determine the values of the 

constants analyzing the data from the databases 

mentioned sooner. The main task here is to 

implement the mathematical relationships and 

constraints. 

When determining the values of the constants, 

0
dt

dp
 . In the first step it is necessary to obtain the 

value of 
1K (9). This can be done only when 0 . 

Given these constrains, using expression (8) we 

obtained the equation for 
1K  (9): 

 

p

q
K in

1 
                  (9) 

 

In the following, for every alpha-pressure pair 

the Matlab application calculated the values of 
2K  

(10). 

  




cos1p

Kpq
K 1in

2
          (10) 

 

With the values obtained and equation (7) 

constants a and b can be determined with ease. 

 

4. Results 

With the described methodology mentioned 

earlier, we managed to get three separate models for 

the three partial pressures, created by the inert and 

reactive gases introduced into the vacuum chamber. 

The values of the various constants (table 1) were 

determined using the Matlab applications. 

 

Table 1 – Values of the constants 

Gas/Constant K1∙10
-7

 a∙10
-8

 b∙10
-6

 

Argon 1,3234 -5,677 4,4254 

Nitrogen 1,5158 -6,672 5,2315 

Oxygen 0,9083 -6,284 9,0330 

 

We conducted several tests in order to verify 

the correctness of the methodology and of the three 

dynamic models. At first, it was necessary to confirm 

that the sum of the partial pressures is equal with the 

dynamic pressure. In order to do that, we introduced 

only argon gas into the chamber and measured the 

pressure which in this case is equivalent with the 

partial pressure of the argon gas. Next we used only 

nitrogen and conducted the same measuring 

sequence. In the third step the same amount of argon 

and nitrogen gases were introduced into the vacuum 

chamber. This way we could measure the sum of the 

two previous partial pressures. The test results are 

shown in fig. 3. 

 

 
Fig. 3 – Measured dynamic and partial pressures 

in function of the alpha valve position 
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Fig. 4 – Simulink subroutine - dynamic model 

 

The result clearly shows that the sum (red line) 

of the argon (dashed red line) and nitrogen (dashed 

green line) partial pressures is equal with the dynamic 

pressure (blue line). Therefore, the statement is 

correct. 

Based on the test presented, we conducted the 

second verification and measurement sequence. In 

this case the main target is to determine the accuracy 

of the models. In the first step argon and nitrogen 

gases were introduced into the vacuum chamber. The 

dynamic pressure and butterfly valve position pairs 

were stored. Using the same amount of inert and 

reactive gas and the valve positions measured before, 

we obtained the dynamic pressure with simulation. 

 

 
Fig. 5 – Measured and simulated dynamic 

pressures in function of the alpha valve position 

 

The results presented in fig. 5 support the fact 

that the sum (red line) of the partial pressures (dashed 

red and green lines) obtained with simulation is equal 

with the measured dynamic pressure (blue line).  

Pressures greater then 1∙10
-2

 Torr cannot be 

measured with the capacitive gauge mentioned. This 

can be observed on fig. 3 and fig. 5 as well.  

 

5. Discussion 

Based on these mathematical equations we 

developed a Simulink model (fig. 4) which allowed 

the simulation and fine-tuning of the regulator 

algorithms in a simulation environment. It is 

important to emphasize that the Simulink model is 

necessary in the control designing and tuning 

procedure, because the sputtering system is relative 

sensitive and by leading it in certain states we can 

damage the equipment. 

The average value of the variance between the 

real measurements and the ones provided by the 

Simulink model is less then 2%. In order to achieve 

this accuracy it was necessary to improve expression 

(6). Preliminary tests helped us to define a knew 

equation for 
2K . It was also needed to design and 

develop a measuring unit (which includes the 

transducers) with appropriate resolutions. As we 

mentioned in the paper, one of the key features are 

the different Matlab applications. By exploiting the 

computing capacity of a personal computer, we were 

able to use and process significant amount of data. 

This also contributed to making the model as accurate 

as possible. 

With this procedure, methodology and with 

the help of the Matlab applications developed, we can 

create models not only for our experimental 

equipment, but also for others as well with similar 

construction used in reactive sputtering processes. 

 

6. Conclusions 

As a result, we obtained three separate 

mathematical equations. Based on these, we created a 
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Simulink model, which is indispensable in the 

designing procedure of the dynamic pressure control 

algorithm and unit. Besides the methodology, we 

developed a microcontroller based measuring and 

control unit. 
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ABSTRACT 

An important aspect of pHRI (physical Human Robot Interaction) is to assure the safety 

of the human participant in the interaction. One of the approaches to assure safety is to 

plan the paths executed by the robot based on a certain safety criterion. This acts as a 

constraint for decision making of intelligent systems. This paper introduces the Fault-

Tolerant Distance as a novel safety criterion. It assures an injury free interaction between 

the robot and a human even in the case of a malfunction in the structure of the robot 

hardware or software. 

Keywords: Human Robot Interaction, HRI, safety criterion,  

 
1. Introduction 

Robotics is a truly interdisciplinary domain. It 

unites mechanical systems, electrical machines, 

control systems and also computer science. Physical 

Human Robot Interactions (pHRI) receive more and 

more attention, because of its various benefits. In 

factories robots collaborating with humans can 

increase the productivity. Robotic assistants 

cohabitating with humans can improve the quality of 

life of the elderly or persons with disabilities. The 

most important aspect of pHRI is to assure the safety 

of the human participant in the interaction.  

Considering the safety of a human while interacting 

with a robot expands further the interdisciplinary 

character with safety technologies and in some cases 

even psychology. 

The goal of this paper is to introduce a novel 

safety criterion, described at a conceptual level, 

which can assure the safety of the human inside the 

workspace of the robot, even if the robot 

malfunctions. 

 

2. State of the art 

An important aspect of pHRI is to assure the 

safety of a human inside the workspace of a robot. 

The approaches to assuring safety can be categorized 

by different criteria. 

Pre-collision strategies aim to reduce injuries 

before the collision occurs, post-collision strategies 

aim to reduce injuries after a collision occurred. A 

similar categorization can be also found in [1-3]. In 

order to better understand the difference between the 

two approaches [4] an analogy from the automotive 

world is presented. The aim of the pre-collision 

strategies is similar to the aim of the automotive ABS 

(Anti-Blocking System) systems, while post-collision 

strategies can be compared to the automotive airbags. 

By the nature of the implementation of these 

strategies they can be further categorized as design 

strategies and control strategies. 

Planning the path of the robot in order to avoid 

collisions is a pre-collision safety strategy. The safety 

criterion is the condition that assures that the robot 

will not harm the human participant during the 

interaction. Path planning with obstacle avoidance is 

carried out to prevent collisions between the human 

obstacle and the robot. It is important to consider the 

human as a special type of obstacle, protected by a 

safety criterion. While collisions with different 

objects in the workspace can only cause material 

damage, collision with a human can potentially cause 

injury or even death.  

In the simplest case this safety criterion is a safety 

clearance, a minimal distance around the human body 

that the robot cannot violate. A safety clearance of 

2cm is suggested in [5]. This 2cm threshold is a rather 

empirical limit. The MAROCO framework for human 

robot cooperation, presented in [6], also suggests 

Euclidean distance as safety criterion, but no 

threshold value is specified. A general framework for 

path planning is presented in [7]. The elastic strip 

framework can be used for motion planning in the 

case of human robot interaction, but safety criterion 

other than distance is mentioned in the article. Safety 

clearance based criteria has the advantage of being 

computationally simple, but it assures that there will 

be no collision between the robot and the human only 

when everything is working properly. However, in 
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the case of a software or hardware fault the collision 

avoidance cannot be assured anymore. 

A more complex safety criterion can be found in 

[8]. The Danger Index (DI) suggested here is defined 

as the ratio between the current TCP force and 

minimum impact force that would cause harm to the 

human body upon impact. The DI is more complex 

than safety clearance, because it quantifies the threat 

the robot induces upon the human, but unlike the case 

where safety clearance is used, the collision of the 

robot is possible if the impact force does not harm the 

human. However, a collision is not preferred, even if 

no injury occurs during the collision. 

Similarly to the DI, the Kineto-Static Danger 

Field (KSDF), presented in [9], is also based on 

velocity. The KSDF has a potential field like 

formulation. It characterizes the energy accumulated 

in the robot, but no objective threshold of the index is 

specified what would guarantee safety. 

In [10] a predictive version of the DI is suggested, 

called Cumulative Predictive Danger Index (CPDI). 

A neuronal network based estimator estimates the 

movement of the human. The scenario, where the 

movement of the human is not akin to the prediction, 

is handled by the non-predictive DI, presented above. 

The case where the robot does not follow its 

trajectory (i.e. it malfunctions) is not handled. 

The Head-Injury Criterion (HIC) was developed 

for crash testing applications in the automotive 

industry [11]. It asses the severity of a crash, similarly 

to other criteria used in the automotive industry (e.g. 

3ms-Criterion [12]). Although these are an effective 

measure of car crashes robotic path planning aims to 

avoid collisions. 

Some of the above cited papers use complex 

safety criteria for path planning in human 

environments, but all of them consider that the robot 

will function properly. A malfunction of the robot can 

cause serious injuries also when the presented safety 

criterions are used. In order to assure safety for every 

scenario, the worst case scenario has to be 

considered. 

 

3. Fault tolerant safety criterion 

The nature of the possible faults is various (e.g. 

software faults, cable faults, etc.). The key to assuring 

the safety of the human participant in the interaction 

is to consider the worst case scenario, where a fault 

causes robot malfunction. If using such an approach 

is used , a novel safety criterion can be formulated 

that assesses “worst case” situation instead of “best 

case” or “common case” situation.   

The emergency brakes are the only part of the 

robot which can be trusted in the case of a 

malfunction. This is due to the reduction of the risk of 

brake malfunction, sometimes even by using 

redundant braking systems (even in this case it can be 

considered that only one brake functionality can be 

trusted). This fault tolerant property of the braking 

system, and the fact that the brakes are (or can be) 

activated when a malfunction occurs can be the 

starting point of assuring human safety in a ``worst 

case'' scenario, in the case when robot malfunctions.  

A novel safety criterion can be formulated, based 

on the fact that for the current robot configuration the 

emergency brakes have to able to stop the robot 

before colliding with the human. 

The key difference between the state of the art and 

the proposed approach is the ability of guaranteeing 

human safety also in the case of a malfunction, a 

requirement set by safety standards. 

In order to implement such a criterion is has to be 

formulated mathematically.  

In [7] the elastic tunnel framework is presented. In 

this framework it is suggested that the path executed 

by the robot, should not be described simply as a 

curve, but as a volume of the operational space which 

is occupied by the robot during the execution of a 

path. Application of this concept to the braking path 

has not been found. 

In the case of braking the braking path of the 

robot is of interest. A workspace volume can be 

attached to this path which corresponds to the volume 

occupied by the robot during the execution of the 

braking maneuver. 

Although the execution of this braking trajectory 

is unlikely, it represents the worst-case situation. 

Let the volume occupied by the robot during the 

execution of the braking maneuver be called braking 

volume,         . If the braking volume does not 

intersect any obstacles it can be assured, that in a case 

of an emergency braking maneuver no collisions 

would take place. This can be translated to a safety 

criterion. Traditional distance criteria consider the 

minimum distance between the robot and the human. 

A novel, fault-tolerant distance criterion can be 

defined. 

The fault-tolerant distance criterion considers the 

distance between the braking volume          and 

the workspace volume occupied by the human, 

      . This concept, compared to a traditional 

distance criterion, is presented in figure 1. 

The volume occupied by the robot is presented as 

the robot convex hull       ,      . represents the 

path executed by the robot.       represents the 

braking trajectory that would be described by the 

TCP, if the brakes were engaged at   . 

During the execution of the braking maneuver the 

robot would occupy described by the braking convex 

hull         . The volume occupied by the human is 

described by the convex hull       . The convex 

hulls presented in the figure represent a simple case, 

the volume description can be further refined. 

The safety criterion becomes a binary condition, a 

collision detection between the braking volume, and 

the workspace volume occupied by the human. A 

safety observer also can be implemented based on 

this criterion. This is the virtual replacement of the 

safety fence which is currently used to separate the 

human worker from the robot in factories. 
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The disadvantage of the approach lies in the 

difficulty of real-time operation. It is not yet possible 

to generate braking trajectories in real-time. 

A workaround for this disadvantage is based on 

the fact that the braking trajectories are not affected 

by the environment, so they can be pre-computed 

offline. As this would be a very large lookup table its 

size can be reduced by considering that small changes 

in the robot state will cause small changes in the 

braking volume. In such cases the one slightly larger 

braking volume can be used to all braking volumes 

that are contained in that slightly larger volume.  

Another workaround which could be to used is 

controlled braking, where the braking trajectory is 

controlled, instead of emergency braking, this way 

the real-time computation, of offline lookup table of 

emergency braking trajectories is not necessary. The 

safety standards (ISO 10218) permit controlled 

braking, with the condition, that if it is not working, 

the emergency brakes must be engaged. 

An important characteristic of this novel criterion 

is that since it characterizes the current state of the 

robot. This way it is well suited for local planning 

algorithms, but not only. 

Convex hulls are one way of mathematically 

describing volumes. Another popular method is the 

usage of bounding boxes (oriented, axis aligned, etc.). 

For the different volume description types, 

different collision detection and distance calculations 

are recommended. Many of these are real-time 

capable. 

For the path planning the integration of the 

distance between the two volumes in the path 

planning algorithm would be beneficial. This way the 

path planner can plan paths, based on the fault-

tolerant distance, which are considered safe. This 

functionality avoids the collisions between the two 

mentioned volumes. Separating the two 

functionalities has the advantage that special safety 

certified hardware and software is only required by 

the safety observer. The separated components, 

however, must use the same safety criterion. 

. 

 

 

4. Computation the Braking Volume 

In order to compute the braking volume of the 

robot, the braking trajectory has to be known. 

Calculating the braking trajectory is not the topic of 

this paper. The theoretical aspects behind obtaining 

the braking path can be found in [13, 14]. The 

calculations of the braking trajectory cannot be done 

in real-time, but since they are not affected by the 

obstacles in the workspace, they can be simulated a 

priori, defining this way a braking volume database, 

which can act as a lookup table for the different robot 

states. Obviously size reduction of this database must 

be considered. 

Figure 2 presents visually how to obtain the 

braking volume, once the braking trajectory is known.  

In order to compute the braking volume, these 

following steps have to be completed: 

1. The CAD model of the robot is required as 

input to the process. Most commercially available 

robots have their CAD model available freely. 

Custom made robots are usually built after their CAD 

design.  This requirement does not limit the 

applicability of the method. Although there are many 

CAD model formats, they all have the same aim, 

describing the volume required by the robot 

accurately (up to micrometers). Most CAD formats 

can be converted to almost all other formats, using 

the correct software tools. 

2. CAD models are well suited for 

manufacturing processes, but they are less suitable for 

mathematical models. In order to include CAD 

models in mathematical models it is a common 

practice to convert them, loosing this way the 

precision of CAD models, but gaining simplified 

mathematical description, and so lowering the needed 

computational power. There are more ways that 

volumes can be described mathematically, all having 

their advantages and disadvantages. Their principle is 

to approximate the volume described, with 

mathematical entity that is less precise than the CAD 

model, but has the advantages, that is require less 

computing power when included in a mathematical 

model. The simplified volume, having a regular shape 

must always fully incorporate the precisely described 

volume. Hence the name of such volumes is bounding 

 
Fig. 1 Difference between distance criterion and fault-tolerant distance criterion 

256 

 



 

 

 

volume. It is important to parameterize this volume 

model. Every linkage of the robot should be described 

separately. The parameterization of this volume 

model is based on the kinematic constraints of the 

robot, and these constraints link together the 

bounding volumes, surrounding the linkages. 

3. The current state of the robot is an input to 

the process. The state of the robot must include all 

parameters which are relevant from the point of view 

of braking simulation. As mentioned before this 

aspect is not the topic of this research. 

4. The braking path can be generated based on 

the state of the robot. The path describes the 

coordinates of the TCP while the robot executes a 

braking maneuver from the state described earlier.   

5. The braking volume is based on the braking 

path and the parameterized volume model. It 

represents the volume in Cartesian space occupied by 

the robot during the execution of the braking 

maneuver. It can be obtained as the Minowski sum of 

all the instances in discreet time of the parameterized 

volume model while executing the braking path. The 

execution of the braking trajectory represents the 

worst case scenario which is unlikely to happen. The 

braking volume quantifies the worst case scenario, 

and it is the basis of the fault-tolerant distance 

criterion.  

The Fault-Tolerant Safety Criterion is defined as a 

binary condition. This eliminates the empirical factor 

of defining different safety thresholds for other 

published safety criteria. It expresses the overlapping 

of the volume occupied by the human inside the 

workspace of the robot, and the braking volume. As 

such, it can be formulated as a collision detection 

problem (also called intersection check). If the two 

volumes do not overlap, the criterion is satisfied.  

                    (1) 

Where          represents the braking volume, 

       represents the volume occupied by the 

human,   represents the intersection of the two 

volumes, and   represent an empty set. 

The determination of       can be done by 

modeling a human body as a volume, but the position 

of the human body in the workspace must be detected 

by a complex sensorial system (laser scanners, stereo 

cameras, etc.). Furthermore the sensor system must 

be safety certified or human robot interaction 

applications.  

The violation of this condition represents the case 

when the two volumes overlap (e.g. a collision would 

occur if the robot would brake)  

Collision detection problems are in many cases 

reformulated and solved as distance calculation 

problem. If the minimum distance between two 

volumes is greater than zero they cannot overlap. The 

minimum distance between the braking volume and 

the volume occupied by the human should be greater 

than zero, this way the equation (1) will be satisfied. 

Converting the Fault-Tolerant Safety Criterion 

from a collision detection problem to a distance 

calculation problem leads to the definition of the 

Fault-Tolerant Distance.  

                       (2) 

Where   represents the Cartesian distance 

between the braking volume,           , and the 

volume occupied by the human,       . 

The method of calculation of the distance between 

two volumes is strongly influenced on how the 

volumes are described mathematically. The important 

aspect in this matter is that this distance calculation, 

unlike the braking volume, is dependent on the state 

of the environment of the robot, not just the state of 

the robot. As such it has to be carried out in real-time. 

Different algorithms for most volume description 

methodologies can be found in the state of the art, 

that can compute the distance in real-time, having as 

input the two volumes. Furthermore, trading of the 

precision of the volume description speeds up 

calculations significantly, this way real-time 

performance can be assured. 

A fault in the hardware or software structure of 

the robot provokes the activation of the brakes. This 

assures that even if a fault occurs, the robot will not 

collide with the human.  

 
Fig. 2 Computation of the braking volume 
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Fig. 6 Path with (red) and without (blue) 

Fault Tolerant safety criterion 

The reduced of chance of collision assures the 

physical integrity of the human, psychological factors 

(e.g. fear, panic, stress) are not considered. 

 

6. Computation of Braking Trajectory 

A linearized braking model was considered to 

generate the braking volume of the robot. It is 

considered that the amplitude of the braking 

acceleration is linearly decreasing with time. 

   ̈        (3) 

Where   ̈ represents the acceleration of a joint,   

represents time and   and   are parameters of the 

braking. 

This way the velocity of the joint  ̇ becomes: 

  ̇  ∫  ̈   
     
      

  (4) 

Where        represents the moment in time when 

the braking maneuver starts, and       represents the 

moment in time when the braking maneuver ends. 

Thus the joint angle can be written as: 

    ∫  ̇   
     
      

  (5) 

Where    represents the joint angle. 

The obtained path in joint space can be converted 

to Cartesian space by discretizing the obtained curve 

in joints applying the forward kinematics function to 

the discrete points.  

         (6) 

Where   represents the pose of the robot in 

Cartesian space in vector form,   represents the pose 

of the robot in joint space in vector form and   

represents the forward kinematic function. 

 

7. Results 

The above described theory was applied to the 

theoretical model (CAD and kinematics) of a 6dof 

Kuka KR-500 robot. 

Figure 3 shows the braking trajectory of the  axis 

in a certain scenario. The scenario is presented in 

figure 4. The robot executes the trajectory marked 

with the green line, and at a certain point it executes 

the braking trajectory marked by the red line. The 

braking trajectory was obtained using equations (3-6)  

Having the braking trajectory the braking volume 

can be generated, based on the algorithm described 

earlier. The obtained braking volume for the 

presented scenario is shown in figure 5.  

A point to point motion of the robot and a human 

obstacle is considered for the validation scenario. A 

path planning algorithm has been run two times, with 

and without the fault tolerant safety criterion. The 

results are shown in figure 6 

 The red trajectory represents the path planned 

without using the safety criterion. This trajectory 

violates the Fault-Tolerant Safety criterion. If a fault 

 
Fig. 3 Braking trajectory of the q4 axis in 

joint space 

 
Fig. 4 Braking trajectory in Cartesian space 

 
Fig. 5 Braking volumes described by 

bounding boxes 
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should occur during the execution of the portions of 

the path which are close to the human obstacle, the 

robot executing a braking maneuver will collide with 

the human obstacle. The blue trajectory has been 

planned by the APF method with integrated Fault-

Tolerant Safety criterion. No other parameter of the 

path planning was changed. The qualitative difference 

can be seen on the figure. The generated path respects 

the Fault-Tolerant Safety criterion. This way, a fault 

should occur at any time during the execution of the 

path, the robot executing a braking maneuver will not 

collide with the human obstacle. 

 

7. Conclusions 

A novel approach to assuring safety of the human 

participant in pHRI has been presented. This novel 

criterion can guarantee the safety of the human even 

in scenarios where the robot malfunctions. The 

criterion characterizes the current state of the robot, 

relative to the current state of the obstacle. This way 

it is well suited both for local and for global planning 

methods. It characterizes a state as safe or unsafe, 

without empirical thresholds. 

The method requires as input the braking 

trajectory of the robot. Unfortunately it is not yet 

possible to generate the braking trajectory of a robot 

in real-time. However, since the braking trajectory 

does not depend on the environment, it is possible to 

generate the braking trajectories offline, and use large 

lookup tables, or databases to have access to this 

information in real-time. 
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ABSTRACT 
Europe’s energetic challenges have led to a new approach and to daring programs 

initiated by production companies (GenCo), system and transport operators (OTS), 

distribution companies (DisCo), regulating authorities (OpCom, OPE), energetic services 

companies (ESCO) and consumption centers.  This new approach regards the design, 

exploitation,  voltage control and optimization of power grids.  Voltage control and 

stability approaces are receiving special attention in all power systems.  

The paper proposes and  presents the basis aspects of voltage stability concept, develops 

the modal analysis theory  and investigate a case study results of  Reactive Participation 

Factor (RPF) method. 

Keywords: power system, voltage stability, static analysis, U-Q modal analysis,  Reactive 

Participation Factor 

 
1. Introduction 

Worldwide power industries are changing 

from traditional monopolies to competitive markets, 

from vertically integrates utilities to deregulated 

electricity markets to achieve system security, higher 

efficiency and lower prices.  Competition is 

introduced in both generation side and the 

consumption side, whereas the transmission of power 

from generators to loads is integrated to provide open 

and equal access to all market participants to ensure 

fair competition. 

In modern power systems, which have a 

heavily loaded, faulted or have a shortage of reactive 

power, voltage stability is becoming an increasingly 

significant issue. A voltage collapse can be initiated 

by either a primary fault or an unexpected load 

demand increase, in combination with insufficient 

reactive power reserves or transmission capability. 

The disturbance may be a sudden equipment outage 

or a gradual increase of load. When the electrical 

power delivered to the load to satisfy the added 

demand and the power and voltage remain 

controllable, the system is  voltage stable. If the 

ability  to maintain electrical power transfer and 

buses voltage are lost the system becomes voltage 

unstable. Voltage collapse occurs when increased 

loading leads to a  loss of voltage control in a 

significant part of a power system. Though voltage 

instability is a local phenomenon, it may gradually 

develop a global problem without quick responses. 

In order to avoid voltage instability, a detailed 

knowledge of reactive power capacity in stressful 

situation, from large generators to load centers is 

important. 

 The key aspects of the voltage stability are: 

 The voltage control at the generators, 

reactive power control devices (classical and FACTS 

devices, shunt and series) in the power system; 

 The loads characteristic as seen  from the 

bulk power network; 

 The ability of the power network to transfer 

the power, particularity reactive power from the 

points of production (generators or compensation 

devices) to the areas of consumptions. 

 Coordination of the power flow control 

devices  and protection relays; 

The generators are one of the most important 

means of voltage control. Under normal conditions 

the terminal voltages are maintained constant but 

during of low-system voltages, the reactive power 

demand generators may exceed their field current or 

armature current limits. When the reactive power 

output is limited, the terminal voltage is no longer 

maintained constant. 

One of the most practically method to evaluate 

the power systems voltage stability is the modal 

analysis. They give voltage stability-related 

information from a system-wide perspective and 

identify areas that have voltage problems. When the 

system reaches the voltage stability critical point 
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 (point of collapse), the modal analysis is helpful in 

identifying the voltage stability critical areas and 

elements (buses, branches and generators)  which 

participate in each mode [1], [6], [7]. 

This paper present  comprehensives aspects 

about voltage stability concepts and methods of 

analysis. It  will describe the modal analysis 

approaches that it provides information regarding the 

mechanism of instability and permit the computing of 

participations factors of network elements associated 

with each modes. A test power system will 

demonstrates the concepts and applications about 

load and generator buses impact on power systems 

voltage stability. 

 

2. Basic concepts of voltage stability. 

Methods of analysis 

In the literature several definitions of voltage 

stability can be found which considers times frames, 

types of disturbances or nature of system state. In [3] 

voltage stability is defined as the ability of the power 

system to maintain steady acceptable voltages at all 

buses in the system under normal operating 

conditions and after being subjected to a disturbance.  

Many references reflects the present status of 

this aspect [1], [3], [7], [11]. It could say that are not 

enough knowledge about voltage  this phenomenon, 

but voltage instability has been responsible for 

several major network collapses [4], [11]. The more 

recently were the blackouts  USA & Canada of the 

August 14
th 

  2003 and the Italian blackout on 28 

September 2003.  

They are some common major causes that can 

be associated with voltage instability: 

 Transmission system limitations; 

 Load behavior including on-load tap 

changers; 

 The influence of control and protection 

system. 

The main factor causing voltage instability is 

the inability of the power system to meet the demand 

for reactive power that result from: 

 Limitations on the product of the reactive 

power (generators limitation or the tripping the fairly 

generators); 

 Limitation on the transmission of reactive 

power (reactive power losses increase with line 

loading); 

 Increasing reactive power demands; 

 Transmission line charging  reactive power 

decreases as voltage decreases. 

A small system is used to demonstrate the 

particular properties of voltage stability [1], [5].The 

system is equipped with a generator, a transmission 

line and a load area. It can be more components 

(transformers, compensation devices) or more details 

can be taking into account (AVR,  P-Q performance 

diagram of generator, on-load tap changers) [6]: 

 

Fig 1. Simple radial system diagram 

 

The active power-voltage function has a 

characteristic called P-V curve (figure 2). As can be 

seen  there is a maximum amount of power that can 

be transmitted by the system. Another property is that 

a specific power can be transmitted at two different 

voltage levels. The high-voltage/low-current solution 

is the normal working mode (point A). One way to 

describe this relationship is: 
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The point of Maximum loadability, or point of 

collapse, can be calculated by solving the equation: 
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        (2) 

by implicit derivation 
dV

dP
=0 in equation (1) or by 

evaluating the load-flow Jacobian singularity [6], [9]. 

 

Fig 2. The P-V curve for : E=1 p.u., R=0 p.u., 

X=1p.u., Q=0 p.u. 

 

Another possibility to demonstrate the capacity of the 

small transmission system is the characteristic V-Q.  
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Fig 3. The V-Q curve for different active load 

 

The necessary amount of reactive power in the 

load end for a imposed voltage level V is plotted in 

figure 3. The figure shows the characteristic of 

compensating device (capacitor and SVC). 

The V-Q curves are produced by running a 

series of load flow cases. The minimum point of a V-

Q curve (reactive power injection positive) is the 

critical point , i.e. all points of the curve to the left of 

the minimum are assumed to be unstable. The points 

to the right of the minimum are assumed to be stable. 

If the minimum point of the V-Q curve is above the 

horizontal axis, the system is reactive power 

deficient. Additional  in feed of reactive power is 

required to prevent voltage collapse. If the critical 

point is below the horizontal axis, the system has 

some VAr margin.  

Voltage collapse starts at the weakest bus and 

then spreads out to other weak buses. Therefore the 

weakest bus is the most important in the voltage 

collapse analysis using V-Q techniques.  

The voltage-weakest bus is one that would 

exhibit one of the following conditions: a) has the 

highest voltage collapse point; b) has the lowest 

reactive power margin; c) has the highest percentage 

change in voltage. 

A numbers of methods stability is based on V-

Q curves, which is computed for individual buses and 

providing a locals measure of stability. Many 

algorithms produce a number that is a function of the 

MVAr from the minimum curve to the zero MVAr 

line, known as the “reactive margin” of the bus. 

The analysis of voltage stability for a given 

system state involve the examination of two aspects: 

 Proximity to voltage instability: How close 

is the system to voltage instability? 

 Mechanism of voltage instability: How and 

why instability occur? What are the factors 

contributing to instability? What are the voltage –

weak areas? 

A short summary of methods to performed the 

voltage stability studies is give below [1], [5], [8], 

[10]: 

 Voltage stability margin. The most basic and 

commonly is to use system’s theoretical P-V and V-Q 

curves (called “nose-curves”) together with the load 

characteristics. The point on the nose curve when the 

maximum power occurs is called “critical point” and 

is considered the voltage stability limit.  

 Analytical methods. Some methods and 

voltage stability local or global index have been 

developed for practical power system: minimum 

singular value of load-flow Jacobian Matrix; 

Sensitivity  Analysis between power flow and bus 

voltage changes; Modal analysis by computing 

eigenvalues and eigenvectors; Optimization method 

by maximizing the voltage stability margin; Energy 

Function Method; Continuation Power Flow 

Analysis. 

 Time domain simulation. Dynamic 

simulation are mostly performed with software tools  

that used detailed models of the system components 

(EUROSTAG, EDSA, ETMSP, VSTAB). The 

models of system devices must be adapted to the 

demands of long-terms simulation, depending by 

times frame for power system phenomenon. 

 

3. U-Q Modal analysis 

For voltage stability analysis it will be used 

the conventional power-flow model (linearised power 

flow equation): 
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 (3) 

where  

pJ , puJ , qJ , quJ  are Jacobian submatrices 

representing the sensitivities of active and reactive 

power with respect voltage angles and magnitudes. 

p , q  are the vectors of incremental changes of 

active and reactive power in buses; 

Δθ , Δu  are the vectors of incremental changes of 

buses voltage angle and magnitude; 

Assuming that pJ  is no singular and Δp= 0, the 

equation (3) can be rearranged as: 

 ΔuJΔq R        (4) 

where 

pu

1

pθqθquR JJJJJ
       (5) 

is the reduced Jacobian matrix containing the 

q and v vectors components only. The sumatrix RJ  

becomes singular at the critical point of the P-V  nose 

curve that characterizes the maximum power transfer 

capability of a system. 

Voltage stability characteristics of the system 

can be identified by computing the eigenvalues and 

eigenvectors of the reduced Jacobian matrix RJ : 

 ξΛηJ R                       (6)          
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 Λ  - diagonal eigenvalue matrix; )( idiag Λ ; 

ξ    - right eigenvector matrix;   

η    - left eigenvector matrix;  

Based on the eigenvalue theory, (4) can be written as: 

q
ηξ

qηξΛqJu ii  



n

i i

R

1

11


    (7) 

or: 

 mm qΛu
1       (8) 

where: 

ΔUηu m - vector of modal voltage variations;  

ΔQηq m - vector of modal reactive power 

variations; 

The difference between the (4) and (8) 

equations is that 
1Λ  is a diagonal matrix whereas 

the reduced Jacobian matrix in general is 

nondiagonal.  

It can be seen that if i =0, the voltage 

experiences collapse when mode i reactive power has 

a small variation. Other modes are not affected. It can 

therefore say that the voltage collapse is actually the 

collapse of a modal voltage [1], [2], [8]. If i >0 the 

system is voltage stable. The magnitude of the 

eigenvalues can provide a relative measure of the 

proximity to instability. 

The contribution of each physical voltage to 

the modal voltage, which can be measured by the 

magnitudes of eigenvector η  can be used to 

determine the buses most prone to voltage collapse. 

For the same amount of physical  reactive power 

change at a given bus, the bus with a larger 

eigenvector entry would yield more significant modal 

power change 

 

4.  Reactive Participation Factor 

The Reactive Participation Factor (RPF) of 

bus k in mode i is given by the bus participation 

factor  as [1], [6], [8], [13]: 

 

       RPF i = ikkikiP       (9) 

 

Since it is the critical modal reactive power 

that causes voltage collapse, the RPF that measure the 

relative magnitude of the eigenvector elements can 

reveal those buses where reactive power changes 

have more influence on the system voltage stability. 

Buses with larger RPF values are the critical ones 

limiting system margin from the reactive power 

perspective. They represent a good location for 

planning and operating reactive power control. 

There are generally two types of modes: 

 localized mode has few buses with large 

RPF values and all the other buses with close to zero 

participations. A typical localized mode occurs if a 

single load bus is connected to a very strong network 

through a long transmission line. 

 Non – localized mode has many buses with 

small but similar RPF values and the rest of the buses 

with close to zero RPF.A typical non-localized mode 

occurs when a region with a large system is loaded up 

and the main reactive support is exhausted. 

In [2] it propose a formulation to extend this 

methodology that  assuming  Δq=0  and suggests a 

new index for voltage stability studies: APF (Active 

Participation Factor). 

The Generator Reactive Participation Factor 

(GRPF) of generator g in mode i  is given by: 

    

         GRPF i =  
}{max i

g
ng

i

g

Q

Q

g







        (10) 

GRPF indicate, for each mode, which 

generator supply the most reactive power in response 

to an incremental change in system reactive loading. 

GRPF index provide important information regarding 

proper distribution of reactive reserves among all the 

machines in order to maintain adequate voltage 

stability margin[1]. 

In the practical implementations it is 

unnecessary to calculate all the eigenvalues of RJ . 

On the other hand, the calculation only the minimum 

eigenvalue is not sufficient. So, in practice it is 

seldom necessary to compute about 5 of the smallest 

eigenvalues to identify all critical modes. 

 

5. Test-system simulation and results 

The propose technique and the RPF index 

have been assessed on a 220 kV test-power system 

(NEPLAN archive) that contains: 23 buses, 26 lines, 

17 loads, 5 synchrounous machines and 5 of 2W 

transformer (figure 4). The slack bus is  bus 5. 

Generator limits are ignored and typical PQ model is 

used for the loads. To illustrate the application of 

modal analysis, we perform two following case:  

a) The base case scenario - normal steady-

state rating (case A); 

b) The modified (altered) case – the system 

       approaches voltage instability (case B);  

 

Table 1. Voltage magnitude in p.u. 

Bus U[p.u.] 

case A 

U[p.u.] 

case B 

Bus U[p.u.] 

case A 

U[p.u.] 

case B 

8 0.93 0.86 14 0.98 0.84 

9 0.91 0.67 24 0.93 0.82 

10 0.95 0.68 26 0.94 0.72 

11 0.97 0.61 27 0.95 0.71 

12 0.95 0.71 28 0.95 0.72 

13 0.96 0.73 30 0.95 0.73 
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Fig 4. Single-phase diagram - test power system 

and area prone to instability based on RPF 

 

Figure 5 gives the three smallest eigenvalues 

of  RJ  of each of the two operating point A and B. 

We see that the magnitudes of eigenvalues decrease 

as the system approaches instability. At the operating 

point B, the smallest eigenvalue is 0.0595 indicating 

that the system is on the verge of instability. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Three smallest eigenvalues. Case A 

 

 
Fig. 6. Three smallest eigenvalues. Case B 

As  discussed earlier, the mode of interest is the 

one with zero or minimum eigenvalue (critical mode). 

Table 2 shows the results of  the eigenvectors for the 

smallest eigenvalue of RJ  matrix in the both cases. 

Table 2. Eigenvectors comparison 

 

Bus 

Eigenvectors 

-case- 

 

Bus 

Eigenvectors 

-case- 

A B  A B 

8 0.065 0.101 14 0.122 0.129 

9 0.173 0.316 24 0.261 0.146 

10 0.181 0.365 26 0.311 0.293 

11 0.222 0.521 27 0.401 0.311 

12 0.211 0.312 28 0.376 0.263 

13 0.365 0.282 30 0.151 0.098 

 

The eigenvectors of RJ  reflects the impact of 

reactive power on the voltage stability of a system.  

Figures    gives the load bus and generator RPF for 

the least stable mode (=0.0595) for the operating 

condition B. 

Fig. 7. Load bus reactive participation factors 

Fig 8. Generator reactive participation factors 

(GRPF) 

Based on RPF results, it can identifies the area 

prone to voltage instability and generators with higher  

RPF in the least stable mode. This area have no 

sufficient reactive support and is the best location for 

reactive power injection. 
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 6. Conclusions 

The main contributions can be summarized as 

follows: 

 The nowadays problem and basis concept  

 of voltage stability is summary presented. A 

more traditional method for illustrating the 

phenomenon is to plot the characteristics P-V and V-

Q of transmission system. The most important 

techniques of static analysis are also presented. 

 The paper present a classic static approach 

based on modal analysis that can be successful 

applied to voltage stability analysis of practical 

system. The modal analysis give voltage-stability 

related information, clearly identify areas that have 

voltage problems and provides information regarding 

mechanism of instability. The theory of RPF 

(Reactive Participation Factor) is presented. 

 The paper uses a 23 buses system to explain 

the voltage stability modal analysis problem and the 

proposed RPF index. This index quantifies the 

reactive support need of different areas and 

generators. 
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ABSTRACT 
This paper presents a solution applicable in rural areas from the central part of Romania 

to improve roads and persons safety. Idea of the research lies in the development of a 

methodology of economically and environmentally friendly optimal design of street 

lighting system based on photovoltaic sources. 

In this paper the impact study of using electricity from solar power was developed in 

Mures county. Based on this data an efficient system in terms of specific indicators 

lighting was designed. In order to validate the proposed solution an experimental 

laboratory model for the main criteria evaluation was built. 

Keywords: photovoltaic system, lighting system, optimal design, lighting quality indicators, energy efficiency 

 
1. Introduction 

Outdoor lighting is an issue that can’t be 
neglected in everyday life, with particular importance 
for both pedestrians and drivers as well. Each 
category has specific characteristics that must be 
taken into account when designing and realizing these 
types of lighting systems. 

A defining characteristic for the road traffic is to 
ensure the safety of pedestrians and vehicles in 
conditions of relatively high speeds movement of the 
last category. Therefore it is necessary to assure the 
lighting conditions that can provide a minimum 
acceptable level of safety. In principle this level of 
safety consists of (in terms of driver aims): 

• lighting level that can provide an early 
observation of dangers (obstacles, bumps, etc.); 

• observation of markings and road signs; 
• lighting level that can provide timely 

observation of other road users (vehicles or 
pedestrians). 

It is widely recognized that a good road 
illumination significantly increases traffic safety at 
night. This goal can be achieved with high initial 
investments, but this is offset by the benefits 
obtained. Specialized literature reports a reduced 
accidents number up to 50% at night on streets with 
good lighting systems [1]. This number can be 
quantified in monetary savings due to a reduced 
number of accidents in the costs of accidents saved as 
is stated in [2]. 

A good lighting system is one that allows public 
traffic at night safely and with maximum comfort in 
conditions as close to those during the day. Comfort 
of a lighting system lowers to the minimum the 
driver’s nervous tension and fatigue [3], [6]. 

These and other issues provide to the street 
lighting systems a particular importance for the 
development of a proper night time road traffic 
course.  

 
2. Theoretical aspects of street lighting 

evaluation 

An important objective to achieve an appropriate 
street lighting system is how to make the calculation, 
the quantitative and the qualitative evaluation of the 
lighting system. 

The development in street lighting systems is 
characterized by three criteria types of the system: 

• lighting criterion; 
• luminance criterion; 
• luminance and visibility of objects criterion. 
Each of these criteria is based on fundamental 

parameters of photometry (light, luminance, 
brightness, contrast, etc). 

Currently, in the calculation and evaluation of 
street lighting systems, CIE recommends the use of 
luminance criterion. In the CIE 115-1995 publications 
were introduced notions such as: visibility level, 
small target visibility (STV) as a new concept for 
assessing the quality of street lighting [1], [9]. 
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Currently, for the calculation and evaluation of 
street lighting, CIE recommends the use of luminance 
criterion. In the CIE 115-1995 publication were 
introduced notions such as visibility level or small 
target visibility (STV) as a new concept for assessing 
the quality of street lighting [1], [9]. Because this 
criterion is not entirely clear, both in terms of 
influence factors and quantitative levels allowed, CIE 
permits the use or non-use of this criterion to each 
member (country). As a consequence, the basic 
criteria recommended by C.I.E in 115-95 publication 
still remains the luminance criterion. 

The performed researches on the area that 
influences the observer view while driving a car that 
moves at a certain speed on the road, led to the 
conclusion that this area is between 60 and 160 m and 
the height of the observer's eye from the road is 
considered to be 1.5 m, at an angle corresponding to 
this area between 0,54 and 1,43. [4] 

In these conditions, each lamp located along the 
street will produce a bright spot in the form of T 
letter, whose appearance depends on: 

• the nature of street surface; 
• the light intensity distribution of lamp; 
• the height mounting of the lamp and the relative 

distance to the observer; 
• the nature and flow of the light source; 
• local geographical conditions. 
At a certain common level of luminance used for 

public lighting obstacles are generally perceived 
through the silhouette effect on the difference in 
luminance between the obstacle and the background 
of that stand. It is therefore necessary to have a 
sufficiently large and uniform fund luminance. From 
here, it results a necessary average luminance level of 
2cd/m2 to provide a contrast of 0,3. Under these 
conditions an object of 0.2 x 0.2 m can be seen from a 
distance of 100 m. It should be noted that the 
reflection factors of pedestrians are generally low, 
their values not exceeding 0,10 in 75% of cases. 

To assess the quality of a lighting system the so-
called uniformity factors were introduced. Those 
uniformity factors are [5]: 

• general uniformity factor 

med

g
L

L
U min=    (1) 

where: 
Lmin - minimum luminance obtained by 

calculation on a certain surface; 
Lmed - average luminance obtained by 

calculation on a certain surface; 

n

L

L

n

k
k

med

∑
== 1    (2) 

where: 
Lk - luminance calculated in a point of the 

surface; 
n - number of points of the surface calculation 

area; 
• longitudinal uniformity factor 









=
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L

L
U g    (3) 

where: 
Lmin and Lmax are values for points located along 

the movement axis of a corridor.  
• transverse uniformity factor 









=

max

min

L

L
U t    (3) 

where: 
Lmin and Lmax are values for points located along a 

direction transverse to the movement axis.  
Experience has shown that to appreciate the 

quality of lighting systems, general (Ug) and 
longitudinal (Ul) uniformity factors are sufficient. The 
absence of a longitudinal uniformity causes “stairs” 
or "serpentine" effects, which are unpleasant or 
harmful for comfort and security. General uniformity 
allows assessing overall impression of quality 
lighting. It also refers to transverse uniformity factor 
(Ut). A good transverse uniformity allows a clear 
distinguish of the road width and a better appreciation 
of its continuity. 

One of the main objectives of street lighting is to 
create a well lighted road surface due to which 
objects can be seen. However, upper parts of tall 
objects from the road and roadside objects - 
especially in curved sections - are seen in the 
background of the road surroundings. In conclusion, 
proper road surroundings lighting leads to a better 
object perception of the driver and to a speed in real 
time adaptation. 

The percentage of light surroundings function is 
to provide a sufficient lighting for road surroundings, 
so that objects can be seen. This light is also useful 
for the pedestrians in areas with crosswalks. Where 
lighting is already assured for the surrounding area, 
the use of this percentage is not considered necessary. 

Percentage of road lighting surroundings is 
represented by the average illumination on 5m or less 
strip widths if space does not allow (these bands are 
adjacent to the edges of both sides of the traffic 
direction) compared to the average illumination on 
adjacent bands - of 5m or half the lane width, 
whichever is smaller on the traffic direction. For a 
two-way traffic direction, both directions are treated 
as one, unless they are separated by more than 10 m. 

Physiological and psychological glare imposes 
difficult issues to solve in road lighting and depends 
on: 

• luminance of light sources; 
• sources size; 
• sources position in the visual field; 
• source luminance and average fund luminance 

ratio. 
There are other factors which increase the glare 

phenomena, such as the undesirable presence of large 
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areas with a high reflectance such as windows or road 
signs with high luminance especially in the big cities. 

To assess physiological glare the growth index of 
visual perception notion was introduced, index given 
by the following expression [5]: 

[ ]%65..
8.0

med

v

L

L
IT =    (3) 

where: Lv – veil luminance, given by the glare light 
produced by scattered sources forming a "veil" light 
which overlaps the perceived image of the object, 
Lmed - average luminance of the road. 

Veil luminance is calculated using the empirical 
Stiles-Holladay expression [5]: 

∑
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=
n
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v
i

E
kL

1
2θ
θ

   (4) 

where: 
Eθi - observer eye lighting given by the used 

lamps; 
2
iθ - angle between the line of sight and light 

intensity on the observer's eye direction;  
k – age factor (usually k=10) 

 
3. Optimal design of street lighting system  

From the perspective of this study, creating a 
street lighting system with photovoltaic solar panels 
involves the sizing of the main system components: 
poles and lamps, photovoltaic solar panels, batteries 
and automatic controllers. This sizing is to obtain a 
system that respects quality in technical requirements 
but closely correlated with economic criteria ([7], 
[8]), long-term benefits in terms of safety and visual 
comfort, and not least environment and energy 
perspective expressed as a minimum objective 
function: 

min[Filum]=min[α Fcost+β Fopt_teh]  (5) 
where α, β are factors that determine the share of 

investment costs and future benefits in Fcost 
functional expression and quality in Fopt_teh 
functional expression.  
The street lighting system dimensioning was 

performed with two software packages: DIALux, for 
the design of lighting systems and OptIlum software 
designed for structural, technical and economic 
optimization. DIALux software was used for its easy 
access to light sources parameters from a wide range 
available on the market and for its customizable 
account profile where it can be introduced required 
parameters for poles and lamps used in street lighting 
dimensioning. By using DIALux software, LED light 
sources operating at 12V were chose, which can 
provide an average luminance level of 2cd/m2. The 
obtained data were used as input to the optimization 
application OptIlum developed in the Octave. 

 
4. Street lighting system dimensioning 

The street lighting system dimensioning started 
from the chose of supply parameters. The 12V supply 

voltage was adopted for the lighting sources, a choice 
motivated by the continuous operation voltage of the 
LED light sources that have a long life (up to 50000 
functioning hours), a very low consumption and high 
yields versus light sources operating in AC. 

Thus, using DIALux software LED light sources 
were chosen with the following photometric and 
technical characteristics (Fig. 1): 

  - type: Philips BGP352 T45 1xECO60-2S/657 
DW; 

  - luminous flux (lighting source): 5191 lm; 
 - luminous flux (lamps): 6036 lm; 
 - lighting source power: 60,7 W;  
 - CIE flux code: 39 75 97 100 86 
 - supply: 1 x ECO60-2S/657 (corection factor 
1.000).    
 

 
 

Fig. 1 – Photometric characteristic and the image 

of the chosen lighting source  

 
The chose of photovoltaic solar panels was done 

by considering the following aspects: 
• application type on which solar photovoltaic 

panels are used, based on a preliminary calculation 
that illustrates the electrical power provided by the 
panels. 

• cells type; photovoltaic solar panels are most 
commonly built from monocrystalline cells because 
their production of a large amount of energy in 
relation to the surface. 

• cost-effectiveness; to maximize per unit the 
energy production from solar photovoltaic panels the 
cost should be considered cost-effective by dividing 
the solar photovoltaic panel cost by the number of 
provided watts. 

The photovoltaic solar panels chosen have the 
characteristics listed in Table 1 [12]. 

  
Table 1. Solar photovoltaic panels characteristics 

 
Power [W] 

Charging 
voltage [V] 

Yield 
[%] 

Charging 
current [A] 

Short-circuit 
current [A] 

130 17,8 21,5 7,30 8,18 

 
While only in very specific cases photovoltaic 

systems connected to the local network are connected 
to batteries, the batteries represent an integral 
component of independent electricity supply systems. 
Batteries store electrical energy supplied by 
photovoltaic panels and provides it further to the 
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consumers. Usually, before consumption, between 
70% and 100% of the energy is stored in these 
systems. Batteries can also provide high power, 
depending on their size allowing the energy supply 
for higher power consumers with a rated power 
higher than the photovoltaic generator power. 

However, batteries have limited lifetime technical 
term and must be replaced several times during the 
operation of a photovoltaic panel system (the 
technical term is determined by photovoltaic panel 
life, around 25 years). Calculated over the life of the 
system, cost summaries regarding the replacement of 
the batteries usually come from 20% to 40% of whole 
life costs and thus are the main cost factor, even 
before those of photovoltaic panels. 

In particular, in economic terms should be noted 
that lead-based batteries are mass produced today 
without a significant effect on the economy. In 
addition, the lack of future resources and rising prices 
on world markets is expected to increase the prices of 
lead-based batteries. 

The chosen batteries have the characteristics listed 
in Table 2 [13].  

 
Table 2. Batteries characteristics 

Volt. 

[V] 

Cap. 

[Ah] 

Length 

[mm] 

Width 

[mm] 

Height 

[mm] 

Weight 

[kg] 

12 120 531 189 223 41 

 
Automatic controller limits the battery charging 

current when the registered value of the solar 
radiation intensity is high. It must protect the battery 
from discharging below the limit (according to 
battery technology, the discharge capacity should not 
exceed 60-80% of total capacity) to prevent 
premature aging. In addition, the automatic controller 
is responsible for the battery loading strategy. In this 
purpose, the battery voltage is limited to enable a 
quick loading on the one hand and to protect the 
battery from damage due to corrosion or gassing on 
the other. 

In the operation of the automatic controller four 
operational states can be distinguished: 

• charging state: at the appearance of daylight 
solar panel starts to produce electricity that is 
transferred to the battery; 

• absorption state: when battery has reached the 
rated capacity load and nominal voltage the automatic 
controller maintains a constant voltage, independent 
from  the voltage supplied by the photovoltaic  panel; 
this state protects the battery from overheating and 
gas formation within it, which can cause an 
explosion, if the internal pressure gets too high; 

• equalization state: each battery needs from time 
to time an equalization of the electrolyte level in the 
cell, of the voltage on each cell and of the chemical 
reactions that occur in each cell of the battery; 

• standby state: after recharging it is 
recommended that the battery should not be supplied  

at the rated voltage and the automatic controller 
reduces the voltage supplied by the solar photovoltaic 
panel. 

The automatic controller is mounted in a visible 
place to see permanently the stage of battery 
charging. Mounting location should be sheltered 
according to norm IEC 60 521 against internal or 
external aggressive agents and the degree of electrical 
protection should be IP 22. The automatic controller 
makes the heat exchange through air vents executed 
on the sides to remove the heat developed inside the 
device, due to the thermal effect of current flowing 
through the device components. 

The characteristics of the chosen automatic 
controller are listed in Table 3 [14].  

 
Table 3. Automatic controller characteristics 
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5. Experimental photovoltaic road lighting 

system  

For experimental validation of the proposed 
design methodology an implementation based on a 
physical model embodied in an experimental stand 
was used. One of the used models is shown in Fig. 2. 

 

 
Fig. 2– Experimental photovoltaic road lighting 

system at day 

 

 Experimental study intended to analyze various 
practical solutions in various operating conditions of 
the rural lighting system, for example, optimal natural 
lighting conditions (Fig. 2), or reduced availability of 
natural light (night conditions) as shown in Fig. 3. 
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Fig. 3– Experimental photovoltaic road lighting 

system at night   
 

The developed model can be substituted by 
computer simulated models, but due to the subjective 
evaluation, the proposed model from this paper 
allows the study and evaluation of psychological 
factors, which on computer simulated models can be 
evaluated hardly evaluated. 

Of course, an ideal model could be developed on 
systems based on multi-sensory immersion virtual 
reality. 

 
6. Photovoltaic road lighting system modeling 

and design 

The presented methodology was used to design a 
road lighting system in a village center from Mures 
County. Spatial configuration and lighting sources 
disposition are shown in Fig. 4. 
 

 
Fig. 4– Photovoltaic road lighting system design 

 
The above design specifications and local climatic 

conditions provided an optimal configuration of the 
lighting system supplied by the photovoltaic solar 
panels of 130 watts and storage elements of 120 Ah. 

From the architectural perspective and lighting 
uniformity, a section of the lighting system is shown 
in Fig. 5. 

From the lighting sources calculations it results 
that poles on which lamps should be placed are at a 
distance of 20 m of each other.   

 
Fig. 5– Photovoltaic road lighting system modeling 

 
6. Conclusions 

In this paper is presented a rural street lighting 
solution in Mures County, which can also be applied 
successfully in other regions. 

The presented solution is based on the potential of 
photovoltaic solar energy and provides public and 
street lighting at affordable prices considering the low 
economic potential of many rural regions. 

A series of the proposed system advantages 
should be noticed. Those advantages are: the 
providing of public lighting in areas that do not 
benefit of such system or have old and inefficient 
installations, the system represents a solution able to 
operate independently from the local power grid, the 
environmental and economic advantages and the 
development of a lighting system at minimum costs at 
nowadays standards with the help of OptIlum 
optimization package, developed in this purpose, and 
of DIALux application. 

Current technologies for energy storage, lead to 
high costs of these types of lighting systems. Such 
costs could be reduced in the future by developing 
efficient and low cost storage solutions. 

Analysis and design of lighting systems by using 
experimental models proves to be a very useful tool 
in highlighting the actual phenomena and solving the 
problems that appear in the design phase. 

Used in the analysis and design stage of the 
lighting systems, dedicated software enables the 
configurations and cost optimizations.  It also allows 
a long-term analysis of amortization and operating 
costs based on estimations from electricity market 
and maintenance costs. 
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ABSTRACT 

Filtering is a common but important task in ECG signal processing which is performed in 

order to have a clean signal. Subband filtering is a new challenging method which 
enables time and frequency-dependent analysis to be performed on the ECG. The wavelet 

based decomposition provides multiresolution analysis, this comprises a hierarchical and 

fast scheme to compute the wavelet coefficient of a signal. This means the computation of 

sequentially coarser approximation of the signal and the differences between consecutive 

levels. This paper presents a discrete wavelet transform based subband filtering method 

which tries to find correlation between signal and noise. Results for different filtering 

techniques and different decompositions are compared 

Keywords:discrete wavelet transform, thresholding, wavelet shrinkage, subband filtering 

 
1. Introduction 

Signal processing is mainly concerned with the 
extraction of a signal from a sequence of 
measurements. Typically, such measurements are 
contaminated by random noise, and a primary interest 
in signal processing is in denoising the observed 
signal. A noisy environment can often contaminate 
the electrocardiogram (ECG) signal in various ways. 
In this paper, the use of a wavelet transform domain 
filtering technique as subband de-noising tool, 
implemented in ECG signal analysis, is presented. At 
the moment, the interest in using wavelet transform 
for the denoising of ECG signal is increasing. The 
multi-resolution representations of the signal, 
provided by the Discrete Wavelet Transform (DWT), 
are used for signal structure extraction. The DWT 
based approach produces a dyadic decomposition 
structure which is constant for all signals. This 
approach has a few important advantages with respect 
to the Fourier methods: a good time-frequency 
location, achieved by adaptation, fast algorithms, and 
simplicity of the implementation form. Its application 
to electrocardiogram signal processing has been 
found particularly useful due to his time-frequency 
localization capabilities Wavelet analysis has been 
extensively applied with a great success in various 
fields and for different problems, which include data 
compression, image analysis, object detection and 
signal processing (Antoniadis and Oppenheim, 1995; 
Cao, 1995; Chui, 1997; Holmes et. al., 2000; Reyneri, 
1999). Furthermore, because it provides a different 
view of signal than those offered by traditional 

techniques, wavelet analysis can often use nonlinear 
methods in filtering or compression which means the 
thresholding of the wavelet coefficients in different 
subbands and reconstruction with these. In the 
subband filtering approach the computation consists 
of the analysis and synthesis steps which correspond 
to the decomposition and reconstruction stages in 
wavelet analysis(Strang& Nguyen 1996). The 
analysis step involves filtering the approximate signal 
and retaining any other sample of the filter output 
(downsampling). The synthesis step then means 
upsampling and filtering to obtain a reconstructed 
signal. 
 

2. Materials and methods 

An electrocardiogram (ECG) signal is the 
expression of the electrical activity of heart on the 
body surface, which appears as an almost periodic 
signal. The ECG signal contains much information 
about heart disease therefore obtaining a clean signal 
is crucial in basic ECG monitoring systems and also 
is important for all other ECG processing 
applications. Three types of predominant noise that 
commonly contaminate the signal are baseline 
wander (BW) noise, electromyographic (EMG) 
interference, and 50 or 60 Hz power line interference, 
and it is important to reduce the noise without 
distorting the shape of the ECG. Figure 1 presents a 
noisy and a filtered signal, the differences could be 
important in a clinical analysis. The ECG can be 
enhanced by processing the subbands to remove 
noise.  
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The goal for ECG signal enhancement is to 
separate the valid signal components from the 
undesired artifacts, so as to present an ECG that 
facilitates easy and accurate interpretation. 

 
Fig. 1 - Noisy and clean ECG signal 

 
Fourier analysis has been for a long time the 

major approach to describe a signal in terms of its 
frequency components, expressed as an infinite sum 
of dilated cosine and sine functions with an 
appropriate set of coefficients. Any signal can then be 
written in terms of very simple building block 
functions, and the set of these functions form a basis 
for the function space L2[- π,π]. It is well known 
however that Fourier methods are incapable to 
analyze signals changing over time, with jumps, sharp 
spikes or other irregularities due to their basis. 

The motivation to applying the wavelet transform 
in ECG signal analysis and denoising consists mainly 
in the monitoring of non-stationary signals. For any 
square integrable function f(t), the continuous wavelet 
transform (CWT) is defined as a function of two 
variables, the inner product of a time-varying signal 
f(t) and the set of wavelets ψs,τ(t)given by [3]: 
 

Wf(s,τ)=<f, ψs,τ>= s
-1/2∫[f(t) ψ* ((t-τ)/s)]dt (1) 

 
whereψ* denote the complex conjugate of a complex 
valued function with zero mean and satisfying certain 
mathematical conditions [3]. The scaling and shifting 
the mother wavelet (ψ) with a factor of s and τ (with 
s>0), respectively, generate a family of functions 
called wavelets, given by: 
 

ψs,τ(t)= s
-1/2ψ((t-τ)/s)  (2) 

 

To optimize the continuous transform one can 
introduce discrete values s and τand still have a 
lossless transform.  
 

s=2
-j
, τ=k2

-j
, j,k∈Z  (3) 

 
Dilations and translations of the "mother function," 

or "analyzing wavelet" ψ(x) defines an orthogonal 
basis, the wavelet basis [3],[5]: 

 
ψs,l(t)=2-s/2ψ(2-st-τ)  (4) 

 
The discrete wavelet transform (DWT) represents a 
one dimensional signal f(t) in terms of shifted 
versions of a low-pass scaling function of multi 
resolution analysis (MRA), φ(t) and shifted and 
dilated versions of a prototype band-pass wavelet 
function of MRA, ψ(t). A wavelet decomposition (or 
transform) simply re-express a function (a data 
signal) in term of the wavelet basis (ψs,τ(t)). The 
decomposition of the signal s(t) using discrete 
analysis wavelet functions ψs,τ(t) and discrete scaling 
functions φK,k(t) can be given on different scales as 
follows: 
 

s(t)=∑j∑k(dj(k) ψs,τ(t))+ ∑k(aK(k) φK,k(t)) (5) 
 

where dj(k) are the wavelet coefficients (detailed 
signals) at scale 2

j and aK(k) are the scaling 
coefficients (approximated signal) at scale 2

K. The 
DWT can be performed using a two quadrature 
mirror filters (by the scaling (low-pass) and wavelet 
(high-pass) based filter bank. Given a signal, a low-
pass and high-passhalf-band filtering is performed on 
it, obtaining two sequences. Having already done a 
half-band filtering, one can subsample the new 
sequences by a factor of two, following the Nyquist 
theorem. The process is iterated on the low pass 
signal as long as needed. The corresponding filter 
bank has a tree structure giving the well-known 
octave decomposition of the frequency axis. Figure 2 
shows a third level decomposition structure for a 
given data signal with the corresponding 
bandwidths[3].The wavelet coefficients represent a 
measure of similarity in the frequency content 
between a signal and a chosen wavelet function. 

Fig. 2 - The DWT decomposition in subbands 
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Wavelet packet analysis is a generalization of DWT 
offering a richer (and more redundant) decomposition 
procedure. Both detailed and approximated 
components are split at each level into smaller 
components. A set of these is named the wavelet 
packet decomposition tree. Figure 3 presents a third 
level wavelet packet decomposition tree. This 
decomposition allows searching an optimal set among 
a large number of trees. The optimization can be 
based on e.g. the minimization of the entropy (this 
can be obtained by many approaches, for example the 
Shannon entropy) of analyzed signal, where the 
optimized decomposition is called the best tree. 

 
Fig. 3 - The wavelet packet decomposition 

 
3. The proposed procedure 

A possible application of the discrete wavelet 
analysis is to remove undesired components as noise 
from the signal through a denoising procedure. There 
are two basic approaches, the linear and the nonlinear 
procedures. The linear approach includes 
decomposing the signal into detail components, 
identifying the noise parts and reconstructing the 
signal without those components. The other method 
applies the nonlinear thresholding approach, which 
involves discarding the detail components exceeding 
a certain limit (threshold). This approach assumes 
that every wavelet coefficient is contaminated by 
noise and the noise is distributed over all scales. This 
method can be performed by both, hard and soft 
thresholding. This thresholding methods are 
presented on figure 5, where λ is the threshold. The 
proposed algorithm performs a third level discrete 
wavelet transform based decomposition, the noise is 
estimated from the first level detail coefficients. After 
that the first detail component is also decomposed in 
detail coefficients to find the correlation between the 
data signal and the added noise. The detail 
coefficients are thresholded in a particular way, as 
follows (can be seen on figure 5):  

1)third level DWT decomposition of the noisy 
ECG  signal and noise level estimation from the first 
detail coefficients (D1); 

2)identification of the resulting three detail 
components (D1, D2, D3,) and the approximation 
sequence (A3); 

3)third level DWT decomposition of the the 
estimated noise signal (D1) and identification of the 
3th level detail sequence (DD3);  

4)generation of the 3th level filtered detail 
sequence given by: DF3=D3 –DD3; 

5)thresholding the set of the detail sequences (D1, 
D2, and D3), with respect to the computed threshold 
(T), which results the set of the sequences (DT1, 
DT2, and DFT3); 

6)reconstruction of the denoised data signal using 
the inverse wavelet transform (IDWT) giving the 3 
detail sequences (DT1, DT2, and DFT3) and the 
approximation (non-thresholded) sequence (A3) 

 
Fig. 4 - The thresholding methods 

 

 
 

Fig. 5- The proposed thresholding procedure 

 
The DWT based subband filtering procedure is 

carried out using MATLAB (Wavelet Toolbox) 
environment, the used wavelet function was the‘db4’, 
the ECG signal is from MIT-BIH database (normal 
sinus database). To estimate the filtering efficiency, 
Gaussian white noise was added to the original ECG 
signal.  
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The supposed correlation between noise and third 
order detail component can be observed on figure 6. 
The analysis of the different DWT levels shows that 
the first level detail sequence of the noisy ECG signal 
is highly influenced by the noise energy and it can be 
seen as a superposition of the noise and a set of peaks 
which are related to the main variations from the 
signal. Some of subband filtering results are 
presented on figure 7. Both of soft and hard 
thresholding procedures were applied, but the results 
seem to be better in the case of soft thresholding. This 
wavelet-based filter in ECG signal analysis results in 
an efficient reduction of the high noisy environment, 
producing an almost noise-free output signal. This 
subband filtering based algorithm enables time and 
frequency-dependent analysis to be performed on the 
ECG, allows finding and eliminating correlated noise 
also. 

 
Fig. 6 - The presence of correlated noise 

 
Fig. 7 - Filtering results with hard and soft 

thresholding 

 
4. Results and conclusions 
The parameters used to evaluate the filtering 

performances, are: the signal to noise ratio, the 
absolute mean error and the obtained gain defined as 
follows: 

SNR=10log((Poriginalsignal)/(P noise)(6) 

SNR1=10log((Pfiltered signal)/(Pestimatednoise) (7) 

estimated noise= noisy signal-filtered signal(8) 

error=mean(abs(original signal-filtered signal))  (9) 

Gain= SNR1- SNR  (10) 

Experimental results obtained by soft thresholding 
method are presented below. 

TABLE I.  EXPERIMENTAL RESULTS 

SNR SNR1 Gain Error 

23.6440 24.0865 0.4426 0.1856 

19.9354 22.6418 2.7064 0.2813 

17.7096 21.5905 3.8809 0.3464 

15.7319 19.7694 4.0295 0.4417 

10.7346 17.1642 5.1023 0.5432 
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ABSTRACT  
This paper presents types and operating mode of vibration sensors, such as seismic mass 
type, differential capacitor sensing elements and microphones. It will be investigate the 
structure and transfer function of the seismic mass type sensing element and capacitor 
sensing element. The article presents how the piezoelectric sensing element works and 
compares with capacitor sensing element and how can be modeled with an electronic 
circuit and Simulink models. In hard accessible places vibrations can be measured also 
with microphones. These needs other signal conditioning circuits. All vibrations sensors 
have a lot of error sources by mounting, using and processing data. It will be presented the 
most important error sources and signal conditioning circuits to reduce these errors. 

 
Keywords: MEMS accelerometers, vibration measurements, signal conditioning, Simulink model  

 
 

1. Introduction 

Vibration and shock are present in all areas of our 
lives. They may be generated and transmitted by 
motors, turbines, machine-tools, bridges, towers, and 
even by the human body. Some vibrations are 
desirable; others may be destructive. For example 
certain instrument systems require stable platforms for 
best performance, but they are often used in 
applications with vibration or other undesirable 
motion. Vibration and normal vehicular movements 
can cause communication loss, can affect the behavior 
of the system and the instrument lose his 
performance. Therefore vibration measurement and 
understand the causes of vibrations is very important.  

There are a wide range of transducers or sensors 
for vibration measurement: different type of 
accelerometers and microphones.  

Accelerometers can be used in a wide variety of 
low g applications such as tilt and orientation, 
vibration analysis, motion detection, platform 
stabilization systems etc. There are many types of 
sensors that measure acceleration, vibration, shock, or 
tilt and their structure can be different. These sensors 
include piezo-film, electromechanical servo, 
piezoelectric, bulk micromachined piezo-resistive and 
capacitive sensors. Each of these sensors has distinct 
characteristics in the output signal of the sensor. 
Vibration measurement can be used for machine 
health determination as well as motion and shock 
detection for car alarms, airbags, and sports training 
products. Static acceleration due to gravity can be 
used to determine tilt and inclination.  

The piezoelectric accelerometers are widely 
accepted as the best choice for measuring absolute 

vibration. Compared to the other types of sensors, 
piezoelectric accelerometers have important 
advantages: extremely wide dynamic range, almost 
free of noise - suitable for shock measurement as well 
as for almost imperceptible vibration, linearity over 
their dynamic range, wide frequency range, compact 
and highly sensitive, no moving parts - long service 
life, self-generating - no external power required, 
great variety of models available for nearly any 
purpose, integration of the output signal provides 
velocity and displacement determination.  

An accelerometer is sensible of both static and 
dynamic acceleration in the direction of each of its 
axes. The static acceleration means the sensor 
response to gravity. Assuming that no dynamic 
acceleration exists, and the sensor errors have been 
removed, each sensor output will represent the 
orientation of its axis, with respect to gravity.    

A microphone measures the actual sound pressure 
as it exists on the surface of the microphone's 
diaphragm. Microphones are an acoustic-to-electric 
transducer that converts sound into an electrical 
signal. Referred to their principles of operation, they 
can be condenser, dynamic, ribbon, carbon, 
piezoelectric, fiber optic, laser or MEMS 
(MicroElectrical-Mechanical System) microphones. 
Because vibrations causes sound pressure variation 
these transducers can be used for vibration 
measurements especially where no sensor can be 
placed.  

Most of these sensors have a high impedance 
output what needs to be converted first into a low 
impedance signal. For sensors with charge output, an 
external charge amplifier is required. For processing 
the sensor signal, a variety of equipment can be used, 
such as: RMS and peak value meters, frequency 
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 analyzers, recorders, PC instrumentation, anti-alias 
filter to remove noises. However, the capability of 
such equipment would be wasted without an accurate 
sensor signal. In many cases the sensor is the most 
critical link in the measurement chain. To obtain 
precise signals some basic knowledge about 
accelerometers is required. [1], [5], [6].  

 

2. The vibration sensing elements 

Potential and kinetic energy interchange in bodies 
with finite stiffness and mass that can be caused from 
input energy. This input energy can comes from 
unbalance in rotating machines, fluid flow, and 
electromagnetic field or can be acoustic energy. The 
interchange causes vibrations and can be 
characterized by displacement, velocity or 
acceleration. This means, measuring these quantities 
can be obtain information about the input energy 
type, forces, slackness, source of vibration.  

The displacement, the velocity and the acceleration 
are bond. If we know the equation which describes 
the motion of a piece (of a body) due to a force, we 
can provide through single derivation the velocity 
and acceleration by double derivation. In practice we 
measure the acceleration with a proper sensor and we 
get velocity and displacement through integration, 
because integration circuits are most simple.  

The vibration is quantifying through peak level 
value, peak-to-peak level value, average value and 
RMS value.  

The acceleration transducers have two parts: 
sensing element and conversion circuit. The sensing 
element is a seismic mass type and it’s fixed on the 
moving body and takes over the movement precisely. 
The movement of the seismic mass can be described 
with the equation:  

     
2
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dt
xd

maFky
dt
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c
dt

yd
m −=⋅=++      (1) 

Where m is the seismic mass, k is springiness 
coefficient, c is the damping coefficient, a is the 
acceleration and F is the force. [8]  
The transfer function of the sensor’s system is:  
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k=0ω  has the meaning of resonance pulse 

and 
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c

2
=ξ  damping factor.  

The seismic mass acts on a piezoelectric material 
and this produce on the opposite side of the material 
electrical charges proportional to the input forces. 
How the forces act accelerometers have three 
mechanical constructions: shear system, compression 
system or bending system, as shown in figure 1. The 
reason for using different piezoelectric systems is 
their individual suitability for various measurement 
tasks and their varying sensitivity to environmental 
influences. [4],[9].  

Depending on the relation between m, k and c the 
movement of the seismic mass is proportional with 
displacement, or velocity, or acceleration of the body. 
For acceleration measurement m and c are small, 
negligible against k.  
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The piezoceramic material is sandwiched between 
two electrodes. A force applied to the disk causes a 
charge production and a voltage at the electrodes. 
Since the seismic mass is constant the charge output 
signal is proportional to the acceleration of the mass. 
[2] [6].  

 

 
Fig.1 - Piezoelectric accelerometers construction 

systems.  
 

Charge sensitivity or voltage sensitivity describe the 
relationship between input and output. The voltage 
sensitivity is expressed in mV/g or mV/ ms-2 [3] [8].  

Figure 2 shows the transfer function of the sensor in 
accordance with pulse variation at different damping 
factor when the excitation is sinus [7], [8].  

 

 
Fig.2 – Sensor’s system transfer function at 

different damping factor. 
 

There are three working zone: in zone I the sensing 
element works as an accelerometer, in zone II 
measure the frequency and in zone III works as a 
vibrometer.   

In zone I at approximately 1/5 of the resonance 
pulse the response of the sensor is 1.05. This means 
that the measured error compared to the lower 
frequency is 5%. At approximately 1/3 of the 
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 resonance pulse the error is 10%. For this reason the 
“linear” frequency range should be considered limited 
to 1/3 of the resonance frequency. The 3dB limit with 
approximately 30% error is obtained at approximately 
one half times of the resonance frequency. 

A piezoelectric accelerometer can be regarded as a 
mechanical low-pass filter with resonance peak. The 
seismic mass and the piezoceramics form a spring 
mass system. The resonance pulse of the system 
defines the upper pulse, frequency limit of an 
accelerometer. To achieve a wider operating 
frequency range the resonance frequency should be 
increased. This is usually done by reducing the 
seismic mass. However, the lower the seismic mass, 
the lower the sensitivity.  

The output of the sensor can be a charge or a 
voltage. Accelerometers with charge output generate 
an output signal in the range of some pC with very 
high impedance. To process this signal by standard ac 
measuring equipment it needs to be transformed into a 
low impedance voltage signal with a charge amplifier. 
The input stage of a charge amplifier features a 
capacitive feedback circuit which balances the effect 
of the applied charge input signal. The feedback 
signal is then a measure of the input charge. Figure 3 
shows a typical charge amplifier structure. 

 
Fig.3 - Charge amplifier circuit.  

 
The Cc is the cable capacitance, Cinp is the amplifier 

input capacitance and Cf the feedback capacitor. We 
can assume that the input voltage of the charge 
amplifier uinp is equal to zero and we get an output 
voltage proportional to the input charge. The feedback 
resistor Rf has the function to provide dc stability to 
the circuit and to define the lower frequency limit of 
the amplifier (the RC time constant). The voltage 
signal can be transmitted over longer distances.  

 

3. MEMS accelerometers  

The majority of accelerometers are based on 
piezoelectric crystals, but they are too big and to 
complicated. To increase applicability of 
accelerometers micro electro-mechanical systems, 
MEMS, type accelerometers were developed. 
Miniaturization reduces cost by decreasing material 
consumption and increases applicability by reducing 
mass and size allowing placing the MEMS in places 
where a traditional system doesn’t fit. A typical 
example is brought by the accelerometer developed as 
a replacement for traditional airbag triggering sensor 
or in digital cameras to help stabilize the image. 
Another advantage of MEMS is related with the 

system integration. Instead of a lot of external 
components connected by wire, the MEMS on silicon 
can be integrated directly with the electronics part 
including signal conditioning and interfacing.[12],[13] 

MEMS accelerometers are based on sensing 
changes in capacitance and minimal additional 
processing is needed. Capacitors can operate both as 
sensors and actuators. They have excellent sensitivity 
and the transduction mechanism is insensitive to 
temperature. Capacitive sensing is independent of the 
base material and relies on the variation of 
capacitance when the geometry of a capacitor is 
changing.[4] 

Figure 4 shows a typical MEMS accelerometer 
structure composed of movable mass with plates that 
is attached through a mechanical suspension system to 
a reference frame.  

 
Fig.4 – MEMS accelerometer’s structure.  

 
The capacitances between the movable plate and 

two stationary outer plates C1 and C2 are functions of 
the corresponding displacements x1 and x2: 
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The Analog Device accelerometers ADXL type are 
a silicon micromachined sensor with additional 
BiMOS circuit on-chip to provide signal conditioning 
too [5]. Polysilicon springs suspend the structure over 
the surface of the wafer and provide a resistance 
against acceleration forces. Deflection of the structure 
is measured using a differential capacitor, and 180° 
out of phase square waves with 1MHz frequency 
drive the fixed plates. Acceleration will deflect the 
beam and unbalance the differential capacitor, 
resulting in an output square wave whose amplitude is 
proportional to acceleration. An analogue voltage 
output can be obtained by passing the square waves 
signal through an RC filter or demodulating.  

The important parameters of accelerometer are the 
number of axis and measurement range. A ±1.5g 
accelerometer will be good for gravity measurements, 
±2g to measure the motion of a car and at least ±5g or 
more for experiences with very sudden starts or stops. 
It is also important the sensitivity and bandwidth. 
Bandwidth is the frequency we use to measure 
changes in acceleration. Frequency of the oscillator 
has to be a lot bigger than bandwidth frequency, 
because electronic circuit must read changes in 
capacitance faster than acceleration changes and 
demodulator needs a certain number of cycles before 
it calculates output. Noise characteristics of the 
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 devices are also very important. Analog Devices 
ADXL05 has voltage noise density typically around 
500 Hzg /µ , the ADXL202 has 200 Hzg /µ . Like 
we see voltage noise changes with inverse square root 
of the bandwidth. Faster we have to read 
accelerometer changes, worse accuracy we get. The 
noise characteristics will influence the performance of 
the accelerometers. [13],[14] 

 

4. Modeling the ADXL accelerometer 

Designing an acceleration measurement system 
using MEMS accelerometer means to determinate a 
few external components for the sensor, which set the 
period of the duty cycle, the bandwidth, the noise of 
the acceleration measurement, the measurement 
resolution due to the counter on the microcontroller. 
Analog Devices has simplified the design procedure 
by providing an excel spreadsheet “The XL202 
Interactive Designer” that can be downloaded from 
their website. Through this we can obtain the values 
for the external components, all we need is to feed the 
supply voltage, the bandwidth, the time required to 
calculate the acceleration for two channels, needed to 
calculate the period of the duty cycle output, and 
finally the counter rate of the measurements system is 
used to calculate the measurement resolution due to 
the counter in g’s and degrees of tilt [4],[5],[10].  

Figure 5 presents the ADXL202 sensor with 
calculated external components.  

 
Fig.5-The ADXL202 accelerometer with external 

components. 
 

The ADXL202 outputs a pulse width modulated 
signal at both outputs proportional to the tilt in X and 
Y direction determinated by the sensor’s plane. The 
period of the output signal is:  

       ( ) ( ) ΩΩ= MRsT SET 125/            (5) 

For T=0.2ms RSET=25kΩ.  
The sensing element of the ADXL202 is a 

differential capacitive type, where the central mobile 
plate is moving with the seismic mass. Figure 6 shows 
the differential capacitor structure and the voltage 
distribution between the plates.  

 
Fig.6 - Differential capacitor structure connected 

to the Sauty bridge.  

The capacitive variation is converted in voltage 
through a Sauty bridge and the output voltage varies 
linear with the central plate movement.  









−≈⋅=

−
=

+
=

2

2

00

0

0
2

0

0
1

2

2

dt
xd

k
m

d
U

y
d
U

U

d
yd

UU

d
yd

UU

out

          (5)  

At acceleration measurement we use relation 3 
which means the output voltage is proportional to 
acceleration.  

The output voltage of the bridge can be written as a 
function of the bridge elements also and the 
displacement of the central plates appears in this 
relation:  

( ) ( )
( )210

21210

2 RRd
RRyRRd

UU out +
+−−

=           (6)  

The differential capacitor is supplied through a 
constant voltage which means the variation of the 
capacitor leads to a modification of the electric 
charge.  

The model of the capacitive sensor includes the 
sensor’s capacitance CS, the mechanical elasticity  
represented by Ce, seismic mass and inertia of the 
sensor represented by L, the total resistance of the 
bridge Ri. The sensor’s capacitance CS is the 
equivalent capacitor of C1 and C2 between the fixed 
and moving plates: 

0

2
0

22 C
CC

CS

∆
−=           (7) 

If the sensor is connected to a load resistance (input 
resistance of the measurement circuit), this also acts 
in parallel with the bridge resistance, both increasing 
the high-pass cutoff frequency of the sensor (Fig.7).  

 
Fig.7- Capacitive sensor element model.  

 
Considering this model the transfer function of the 

capacitive sensor element becomes:  

( ) ( )
( ) CsRLs

sR
sX
sY

sH
i

i

++
==

2
         (8)  

Where C is the equivalent capacitor for CS and Ce.  
The capacitive sensor element can be studied 

through the equation which described the electronic 
circuit. The equations suitable for the circuit from 
figure 7 are:  

 

dt
di

Lidt
C

idt
C

uuuuVu

iRuu

eS
inLCeCsRi

iRiout

−−−=−−−=

⋅==

∫∫
11

    (9) 

The proper Simulink model is presented on figure 
8. The output signal is the voltage on the Ri resistance.  
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Fig.8 -Simulink model of the circuit.  

 
The frequency response of the system and the 

influence of the Ri resistance, is presented on the 
figure 9. [11] 
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Fig.9 -The frequency response.  

 

5. Signal conditioning circuit  

The ADXL202 is a dual axis MEMS accelerometer 
with a measurement range of ±2g, and outputs 
analogue and digital signals proportional to 
acceleration in each of the sensitive axes. The 
analogue signal can be obtained by buffering the 
signal from the XFILT and YFILT pin, or by passing the 
duty cycle signal through an RC filter. The digital 
signal is a duty cycle square wave signal, at 0g 
acceleration we have 50%duty cycle output. The 
acceleration can be determined by measuring the 
length of the pulses.  

A circuit board was developed to follow both the 
digital and analog signals with oscilloscope and to 
interface with a PC. The filtered analog voltages for 
both axes X and Y, proportional to the acceleration 
has a settable amplification 10 or 100 through a 
jumper. Figure 10 shows the amplification circuit for 
one channel.[10] 

 

 
Fig.10- The amplification circuit for the analog 

signal. 

The vibration can be fallowed in two ways, first 
read the analogue dc signal and convert into a digital 
number and display it. The second way is to measure 
the length of the pulse, by countering the high 
frequency impulses during T1. Both are done through 
a program developed in LabView.  

 

6. Conclusions  

The MEMS accelerometers are widely used for 
measuring vibration, acceleration, in platform 
stabilization systems. The sensor has several 
advantages in terms of its compact size, low cost and 
high sensitivity. They are based on sensing changes in 
capacitance and just a few external elements are 
needed.  

In many cases the accelerometer is the most critical 
part in the measurement equipment and so some 
basic knowledge about capacitive sensing elements 
accelerometers is required.  

It was presented the general structure of the sensing 
element which is a seismic type related to a 
differential capacitor. The output voltage equation and 
the equivalent electronic circuit model are also 
presented. Simulink models are developed for the 
proper equations. Transfer functions can be used to 
simulate the frequency response of the electronic 
models.  

A signal conditioning and interfacing circuit was 
developed for the ADXL202 accelerometer suitable 
for measuring machine vibrations and machine 
condition monitoring.  
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ABSTRACT 
A kitchen ventilation system has been designed and built. To establish the general 

requirements for the system and to identify the possible variants a brainstorming meeting 

has been organized. To choose the optimal set of components the multi-criteria analysis 

has been performed. The system function has been modelled, some additional 

measurements has been performed. The system has been built and put into function. 

Keywords: Ventilation, air mass sensor, brainstorming, multi-criteria analysis 

 
1. Introduction 

Industrial and domestic ventilation systems are 

widely described. Furthermore, some ventilation 

principles, structures and systems are subject of 

patents (e.g. [6]). In Eastern Europe there is a special 

situation with the ventilation of the block of flats 

kitchens. In a block of flats, ventilation is designed to 

be natural, performed by ventilation holes. These are 

conducted up to the building‟s roof, and are 

terminated in chimneys. After many years of 
“architectural” interventions of the neighborhood, 

these air conducts are partially deteriorated, 

communicating with each another. Vent hoods are 

also installed in several kitchens. They are blowing 

more than necessary, spoiling the natural evacuation 

of air through the chimney, and smell, steam, burned 

gas are pushed into neighboring kitchens. In this 

paper a solution to the problem is proposed (Fig.1.)  

To have a good start, some „thinking methods‟ 

were useful [9]. In the first part of the paper, 

application of two methods is presented. 

The first one, the „brainstorming technique‟ [5], 
was applied to choose an appropriate structure for the 

structure of the system. The second one, the „Multi-

Criteria Analysis‟ was used to find an optimum for 

the system. After that, modeling, testing and the 

realization of the system are described. 

 

 
Fig.1 – Ventilation without and with the controlled 

artificial ventilation system 

 

2. Methodology and results 

The system must monitor the direction and 

velocity of the airflow through the ventilation hole. 

The appropriate airflow sensor has to be chosen. If 
the velocity decreases below a preset threshold, or 

even more, the direction changes to inward, an 

evacuation fan is started. An appropriate fan has to be 

chosen. According to the measured values the 

artificial ventilation has to be permanently adjusted to 

an optimal intensity, not necessarily to the maximal 

one. The excessive growth of the air pressure in the 

ventilation system is avoided in this way. The system 

must be reliable, easy to use and produce low 

operational costs. 
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Brainstorming 

General requirements for the system had to be 

identified. For this a brainstorming meeting (method 

elaborated by Alex Faickney Osborn)  was organized 

in January 2011. The group was composed of the 
leader of the meeting (engineer), secretary (engineer), 

member (expert in ventilation systems design), 

member (engineer in telecommunication systems), 

member (technician in the digital equipments field). 

The components of the future system and possible 

variants for each were identified. 

Pressure transceiver: 

 Differential (PD) 

 Thermal mass flow (PT) 

Command for the evacuation fan: 

 Manual (CM) 

 Automatic (CA) 

 Dual (CD) 

Regulation: 

 In steps; with “squirrel cage” rotor (RS) 

 Linear; PWM regulation (RL) 

Some unfeasible ideas were dropped immediately, 

at the meeting, other ones later, after they had been 

proved to be unfeasible after additional verifications. 

 

Multi-Criteria Analysis [5] 

Multi-Criteria Analysis (MCA) was applied to 
identify the most appropriate set of variants for the 

system. The criteria to analyze the system had been 

established at the brainstorming meeting: 

 CF Implementation expenses (costs) 

 CI Operational costs 

 U Easy to use 

 F Reliability 

 D Design 

 CS Conformity to standards 

 NA non-intrusive (aggressive) 

 
The pair-wise comparison between the criteria is 

shown in Table 1. If the criterion in the row is more 

important the matrix element is 1, if less important it 

is 0. ½ means equal importance. is the weight factor 
calculated with the FRISCO formula (1) 

 

2

N
'p

5,0mpp

crt
i   (1) 

p points (on  a row) scored 

Δp the  difference between the score of the 

analysed element and the score of the 

element on the last level 

m number of criteria outranked by the regarded 

criterion 

Ncrt number of regarded criteria;  
Δp‟ difference between the score of the regarded 

criteria and the score of the first criteria 

 

Table 1. Comparison between criteria 

 CF CI U F D CS NA Points Level  

CF 0.5 0 0 0 0 0 0 0.5 7 0.11 

CI 1 0.5 0 0 0.5 1 1 4 3 2.00 

U 1 1 0.5 0 1 1 1 5.5 2 3.56 

F 1 1 1 0.5 1 1 1 6.5 1 5.43 

D 1 0.5 0 0 0.5 1 0.5 3.5 4 1.54 

CS 1 0 0 0 0 0.5 0 1.5 6 0.47 

NA 1 0 0 0 0.5 1 0.5 3 5 1.14 

 

Possible realization variants are shown in Table 2. 
 

Table 2. Possible variants 

Variant Transceiver Command Regulation 

V1 PD CM RS 

V2 PD CM RL 

V3 PD CA RS 

V4 PD CA RL 

V5 PD CD RS 

V6 PD CD RL 

V7 PT CM RS 

V8 PT CM RL 

V9 PT CA RS 

V10 PT CA RL 

V11 PT CD RS 

V12 PT CD RL 

 

One of these variants was to be chosen as the best 

one. In this direction, every variant got a mark 

measuring the contribution of the considered variant 

at fulfilling the correspondent criterion (Table 3) 

 

Table 3, Criterion fulfilling score of the variants 

Variant 

/Criter. 
V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 

CF 8 8 7 8 7 8 8 8 8 9 8 9 

CI 7 7 8 8 8 9 8 8 10 10 9 10 

U 7 6 10 10 8 9 8 7 10 10 9 9 

F 7 7 10 10 9 9 8 8 10 10 9 9 

D 7 8 10 10 8 9 7 8 10 10 8 9 

CS 8 8 9 9 9 9 8 8 9 9 9 9 

NA 6 6 8 10 8 9 6 6 9 10 8 9 

 
Combining the criterion fulfilling score of variants 

and the weight factor of criteria together, the final 

classification is described in Table 4. The „gold 

winner‟ is variant 10, thermal mass flow transceiver, 

automatic command, linear regulation. 
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Table 4. Final classification of the variants 

 Crit. CF CI U F D CS NA 
Final 

clas. 

Var.  0.11 2 3.56 5.43 1.54 0.47 1.14  

V1 
N1 8 7 7 7 7 8 6 11 

N1x  0.88 14 24.92 38.01 10.78 3.76 6.84 99.19 

V2 
N2 8 7 6 7 8 8 6 12 

N2x  0.88 14 21.36 38.01 12.32 3.76 6.84 97.17 

V3 
N3 7 8 10 10 10 9 8 4 

N3x  0.77 16 35.6 54.3 15.4 4.23 9.12 135.42 

V4 
N4 8 8 10 10 10 9 10 3 

N4x  0.88 16 35.6 54.3 15.4 4.23 11.4 137.81 

V5 
N5 7 8 8 9 8 9 8 8 

N5x  0.77 16 28.48 48.87 12.32 4.23 9.12 119.79 

V6 
N6 8 9 9 9 9 9 9 6 

N6x  0.88 18 32.04 48.87 13.86 4.23 10.26 128.14 

V7 
N7 8 8 8 8 7 8 6 9 

N7x  0.88 16 28.48 43.44 10.78 3.76 6.84 110.18 

V8 
N8 8 8 7 8 8 8 6 10 

N8x  0.88 16 24.92 43.44 12.32 3.76 6.84 108.16 

V9 
N9 8 10 10 10 10 9 9 2 

N9x  0.88 20 35.6 54.3 15.4 4.23 10.26 140.67 

V10 
N10 9 10 10 10 10 9 10 1 

N1x  0.99 20 35.6 54.3 15.4 4.23 11.4 141.92 

V11 
N11 8 9 9 9 8 9 8 7 

N11x  0.88 18 32.04 48.87 12.32 4.23 9.12 125.46 

V12 
N12 9 10 9 9 9 9 9 5 

N12x  0.99 20 32.04 48.87 13.86 4.23 10.26 130.25 

 

Modelling 

We built a simple controller circuit (Fig.  2) based 

on Microchip‟s PIC16F819 (Fig.  3) [3], [4]. 

 

 
Fig.  3 – Microcontroller 

 

Basically this microcontroller acquires analog 

signal from sensor and outputs a PWM signal to a 
power circuit, which drives the ventilator. 

The push-button in Fig.  3 serves as a mode 

switch. At powering the circuit the microcontroller 

starts in automatic mode. Pushing the mode button 

the controller toggles to manual mode, having 

maximum ventilation speed. 

The ventilator‟s speed is displayed as speed 

domains on LEDs, i.e. a LED is lit if the speed value 

fits in the current domain (Fig.  4). 

 

 
Fig.  4 – LED display 

 

The airflow sensor is an AWM92100V from 

Honeywell [1], [11]. It measures mass flow in a range 

of 200  sccm, providing 80  mV output signal, if 

Fig.  2 – Block diagram 
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properly installed [2]. This signal has to be 

conditioned in order to be passed to the 

microcontroller's A/D converter. 

The analog signal after an A/D conversion passes 

some calculations according to the transfer function 

and yields to a PWM value. 
The output of the A/D conversion is an unsigned 

integer number of 10 bits (0..1023); the resulted 

PWM value is an unsigned integer number of 8 bits 

(0..255). PWM 0 corresponds to 0% duty cycle, 

PWM 255 corresponds to 100% duty cycle. 

We simulated our assumptions using Xcos, a 

graphical editor used in designing of hybrid 

dynamical systems models, included in Scilab 

(version 5.3.3). 

The sensor‟s model includes the transfer function 

of the damper, the sensor, the amplifier, and of the 

A/D conversion. The sensor can measure airflow in 

200  ccm range. A damper had to be designed in 

order to reduce the airflow generated by the ventilator 

( 6101.3 ) and passed to the sensor. This damper 

should be a hole in the flowing air‟s way. The 

diameter of this hole will be calculated. 

Based on Bernoulli‟s law, the calculations led to 

the formula of damping factor, and from there to the 

formula of the diameter of the damping hole.  

  
1

2

Q

Q
k    (2) 

where 

 1Q is the airflow generated by the ventilator 

 2Q is the airflow measured by the sensor 

  
1

2
12

Q

Q
dd   (3) 

where 

 1d is the diameter of the ventilator 

 2d is the diameter of the damping hole 

The transfer function of the sensor is assumed to 

be linear: 
 

][4.0 ccmQ
ccm

mV
u airsensor  (4) 

 

The voltage from the sensor‟s output is passed to 

an instrumentation amplifier (Fig.  5), amplified by 

20 and translated with 3.3V. 

 
Fig.  5 – Amplifier 

 

The analog signal is then measured by the A/D 
converter of the microcontroller and the result is 

stored as a 10 bit integer. 

 

ININ
DD

MAX
AD u

5

1023
u

V

N
N   (5) 

 

We designed two approaches for this regulator. 

Both are simple feedback regulators based on 

reference value compared to measured value. 

The first approach is a delta PWM controller, the 

second one is a fuzzy [7], [8] based controller. 

Delta based PWM controller actually adds or 

subtracts a small number to/from actual PWM value 

depending on the measured airflow. Thus the 

ventilation increases if the measurement yields to an 

inward airflow, and decreases for an outward airflow. 
The fuzzy based model was designed in 

MATLAB‟s Fuzzy Toolbox [10]. 

After setting the membership functions both for 

input and output values, some simple fuzzy rules 

were set and using MATLAB's Fuzzy Toolbox 

resulted a function, which was, after a linearization, 

tested and afterward implemented. 

Because we had only one input variable (voltage 

proportional to air flow) and one output value (duty 

ratio of PWM), it was easy to set the membership 

functions. We have chosen Z, S and triangle shaped 

membership functions both for input (sensor output 
voltage, Table 5) and output variable (duty ratio of 

PWM, Table 6). 

The defuzzification used the centroid method. 

The calculations we implemented were limited to 

integer numbers. 

 

Table 5: Input variable membership functions 

No. Domain 

name 

Function 

type 

Pt.1 Pt.2 Pt.3 

1 OUT Z 511 675 - 

2 NEUTRAL Triangle 511 675 838 

3 LIN Triangle 675 838 1002 

4 HIN S 838 1002 - 

 

And the output variable membership functions table: 

 

285 

 



 

 

 

Table 6. Output variable membership functions 

No. Domain 

name 

Function 

type 

Pt.1 Pt.2 Pt.3 

1 ZERO Z 42 100 - 

2 LOW Triangle 42 100 150 

3 MED Triangle 100 150 200 

4 HIGH S 150 200 - 

 

We set four fuzzy rules: 

 

if (SENSOR is OUT) then (PWM is ZERO) 

if (SENSOR is NEUTRAL) then (PWM is LOW) 
if (SENSOR is LIN) then (PWM is MED) 

if (SENSOR is HIN) then (PWM is HIGH) 

 

From Fuzzy Toolbox resulted the relationship in 

the Fig.  6 

 

 
Fig.  6 – Fuzzy relationship between sensor’s 

output and PWM value 

 

The fuzzy relationship was linearized to obtain 

simple functions. 

The tests show that the ventilator needed a 

minimum value of 17% duty cycle ratio in order to 

start rotating. This is why we did not use the 
horizontal part of the fuzzy relationship. For the slope 

we got a linear relationship: 

 116
511

158
NN ADPWM   (6) 

where 

PWMN  - is the duty cycle ratio scaled to 0..255  

ADN  - is the result of the A/D conversion  

 

We deliberately did not simplify eq.6, because the 

microcontroller can easily make integer calculations 

and the truncation errors are acceptable in our case. 

Equation (6) was implemented in software. 

 

3. Discussion 

During tests we made measurements regarding 

ventilation in chimney. The tests were run using the 

realized system, but the controller was programmed 

to output only different PWM values for ventilator. 

The resulted ventilation effect was measured on 

the output of the sensor as a voltage proportional to 

the air flow. 

 

Table 7. Sensor’s output voltage vs. PWM 

No. PWM value[8 bits] Uout[V] 

1 0 3,64 

2 10 3,64 

3 20 3,64 

4 30 3,67 

5 40 3,7 

6 50 3,74 

7 60 3,77 

8 70 3,80 

9 80 3,80 

10 90 3,85 

11 100 3,87 

12 110 3,91 

13 120 3,94 

14 130 3,95 

15 140 3,95 

16 150 3,98 

17 160 3,99 

18 170 4,00 

19 180 4,02 

20 190 4,05 

21 200 4,07 

22 210 4,08 

23 220 4,10 

24 230 4,12 

25 240 4,12 

26 250 4,14 

 

The simulations showed that our system should 

work well for a broad range of external airflow and 
will reduce the effect of other ventilation systems 

blowing into the chimney. We were assuming a 

random external flow as in Fig.  7. Positive flow 

values mean inward airflow, negative mean outward 

airflow, t is in seconds, flow in ccm, i.e. 
min

cm3

. 

 
Fig.  7 – Random external airflow 

 

Airflow in chimney with Delta PWM controller at 

work is presented in Fig.  8. 
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Fig.  8 – Airflow in chimney with Delta PWM 

controller at work 

 

Airflow in chimney with fuzzy controller at work 

is shown in Fig.  9. The reaction time is less in this 

case. 

 

 
Fig.  9 – Airflow in chimney with fuzzy controller 

at work 

 

4. Conclusions 

With the brainstorming technique an adequate 

structure of the system was chosen. This was 

optimized with the MCA method. 

The system was modeled and practically realized 

in two regulation variants: Delta PWM and Fuzzy. 

Although the fuzzy is faster, both variants are entirely 

acceptable. 

The system is monitoring the direction and 
velocity of the airflow. If the velocity decreases 

below a preset threshold, or even more, the direction 

changes to inward, the evacuation fan is started. The 

strength of the solution is the non-intrusive working, 

which means, that the ventilation is permanently 

monitored, and the artificial ventilation is started only 

if the natural one is not sufficient. 

Even more, the direction and velocity of the air 

are being monitored during the time of the artificial 

ventilation too. According to the measured values the 

artificial ventilation is permanently adjusted to an 

optimal intensity, not to the maximal one. The 
excessive growth of the air pressure in the ventilation 

system is avoided in this way. Consequently, the 

solution is economical, ecologic and non-intrusive. 

The readiness of the system for wireless 

connectivity to an “intelligent house” type network is 

also a novelty. 

 

 

5. Future work 

We intend to extend the system with a data 

recording module, in order to obtain larger data set 

regarding ventilation. 
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ABSTRACT 
The paper is focused on a study of solar energy utilization efficiency for the water heating 
in domestic appliances. A special case of study is performed for a region specific to the 
central part of Romania. In this purpose a SCADA system for domestic water heating was 
designed and implemented. The experimental water heating system is based on solar 
panel with vacuum tubes, recirculation pump, temperature controller and hot water 
storage tank. The proposed system is used for experimental determination and calculation 
of main indicators of the solar panel and storage tank efficiency. The paper represents a 
source for solar energy efficiency solutions and studies but also as a source of 
information for selecting and sizing systems based on solar energy water heating, 
knowing the fact that evaluation is needed more frequently in specific regions due to 
accelerated climate change. 

Keywords: SCADA systems, solar energy, energy conversion, control strategy, water heating 

 
1. Introduction 
The sun is the origin and source of all forms of 

energy that humans found and served of. Solar energy 

can be transformed into other forms of energy such as 

mechanical, thermal or electrical energy. 

Availability of solar energy depends on a number 

of factors including: weather conditions, season, 

geographical location of the solar collector and not 

least, from air pollution. Therefore, at the solar 

collector level, important variations of incoming solar 

energy can be registered [1], [2], [3], [4]. 
 

2. Solar convertors 
Solar energy can be used by collecting this energy 

with solar collectors. A solar collector is a 

heliothermal converter whose purpose is to convert 

solar energy into heat. In most cases the absorbent 

surface is flat and the solar collectors are called "solar 

flat collectors" (other types of solar collectors are 

cylindrical, semi-cylindrical, etc). In Fig. 1 is 

schematically presented a typical solar flat collector. 

Essentially, the solar flat collector functioning is 

based on the absorbent surface heating under the 

action of direct or diffuse solar radiation. 

 
 

Fig. 1 – Solar flat collector 

 

Heat is transmitted to the thermal fluid in contact - 

directly or indirectly - with absorbent surface and by 

circulating this fluid the heat is transported to other 

parts of the system in which the solar collector is 

integrated. As a heat carrier fluid water, non-freezing 

liquid or air are most frequently used [5]. 

Solar collectors with radiation focusing are using 
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optic systems based on reflection or refraction to 

increase the solar radiation flux density on the surface 

of the solar radiation receiver. The most frequently 

used radiation concentrators are concave mirrors. 

This principle is used by solar vacuum tube panels. 

By using the CPC mirror (Compound Parabolic 

Concentrator) solar radiation is reflected in all 

directions on the vacuum tube. The vacuum between 

the tubes minimizes the convention and conduction 

heat losses allowing the obtaining of higher 

performances (higher efficiency and temperatures) 

[5]. 

An important advantage of solar vacuum tubes is 

that the absorbent surface is always perpendicular to 

the sunlight direction and the absorbed energy is 

almost constant during the day. 

There are two types of vacuum tube solar panels: 

  - "U - pipe" panels (Fig. 2); 

  - "Heat - pipe" panels (Fig. 3). 

 

 
Fig. 2 – “U – pipe” solar vacuum tubes panel [6]. 

 

 
Fig. 3 – “Heat – pipe”solar vacuum tubes panel 

[6]. 

 

The "U-Pipe" solar panels are made directly from 

copper pipes bent in half. The two segments are 

parallel and they are welded on two main pipes. The 

U-pipes are introduced into a vacuum tube sustained 

by a thin aluminium support. When solar energy is 

absorbed by the vacuum tubes, it is transferred to the 

U-pipes through this aluminium support and the U-

pipes are heated. Because these main pipes are not 

connected directly the heat carrier fluid will cross the 

main pipes entering into the U-pipes. By this, the heat 

carrier fluid is heated to a high temperature.  

As a key component of the "Heat Pipe" 

technology, the condenser plays an important role in 

the solar collector system. "Heat Pipe" system is 

composed of energy absorption unit and condenser 

unit. In vacuum, the inside pressure is very low and 

the inside environment can be easily evaporated when 

solar energy is absorbed. Thus, the vapours raises 

rapidly into the condenser, transferring the energy to 

the heat carrier fluid. Once the transfer had occurred 

the medium becomes liquid and goes down to the 

"Heat Pipe" solar tubes bases. 

The process is repeated so that the accumulated 

solar energy is transferred continuously to the heat 

carrier fluid (mixture containing 40% water and 60% 

glycol). Once the solar energy is absorbed by the 

vacuum tubes, it is transferred to the “Heat Pipes” 

through the aluminium support which fixes these 

pipes inside the tubes. 

Heated by the solar energy, the environment 

inside the "Heat Pipe" starts to transfer energy in the 

condenser’s area and thus the heat carrier fluid 

receives this energy and reaches very high 

temperatures. 

 

3. Solar water heating system 
The basic elements of a solar water heating 

system are the solar collector unit, the thermal storage 

unit (tank) and the recirculation pump. The schematic 

diagram of such system is shown in Fig. 4. 

 

 
 

Fig. 4 – Solar water heating system schematic 

diagram [7]. 

 

The experimental system contains the following 

elements (Fig. 5): 

 - PS solar panel of BETA 47/1500-12 type, with 

12 "Heat - pipe” glass vacuum tubes; 

- Hot water boiler B, ECO 80, 80 litres; 

- Pump P for heat carrier fluid circulation, of 

Vortex HZ401 type, DN32, and 71W single phase 

motor; 

- X2 specialized computer for pump control and 

monitoring of heat transfer from the solar collector to 

the thermal storage unit, including temperature 

sensors S1 and S2; 

- heat meter Ct of 2WR6 type, Dn 15mm, Qn 1,5 
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m
3
/ h, including flow temperature probe ST; 

- Ca cold water meter of ETK type, Dn 15mm, Qn 

2,5 m
3
/ h; 

- Heat and pressure discharge valve VDT type at 

90°C/3bar; 

- EV expansion vessels, sealing fittings, 

thermometers and manometers. 

 

 
Fig. 5 – Solar water heating principle scheme. 

 

4. Experimental results  
Experimental measurements on the system 

outlined above aim to determine the solar collector 

efficiency and the performance of the solar system. 

For this, the X2 specialized computer is set using the 

buttons on the front panel for mode 01. In this mode 

the unit receives temperature values from the two 

sensors (S1 installed at the thermal storage unit and S2 

installed at the solar panel), calculates temperature 

difference DT = T2 - T1, and if DT>5°C the computer 

commands the start of the pump P, and if DT <2°C 

the computer stops the pump. 

The measurements were performed from 5 to 5 

minutes in a 30 minute regime following parameters 

such as: 

- Solar radiation intensity Ig [W/m
2
]; 

- Temperature of the solar heat carrier fluid 

heat at the solar panel exit (thermal storage 

unit entrance) [°C] and at the solar panel 

entry (thermal storage unit output) [°C]; 

- Temperatures of the secondary thermal agent 

at the thermal storage unit entrance (cold 

water) [°C] and at the thermal storage unit 

output (domestic hot water) [°C]; 

- The heat flow transferred from the solar 

panel to the thermal storage unit Q1[kW], 

with the Ct heat meter, set accordingly; 

- The amount of hot water produced, V [m
3
]; 

- Environmental temperature [°C]. 

The measurement results were summarized in 

Table 1. 

Solar collector efficiency η can be calculated by 

the following expression: 
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where: 
0η =0,825 - optical efficiency of the solar 

collector, which depends on the properties of 

materials. 

k1=1,19, k2=0.002 - thermal losses characteristic 

coefficients[W/m²K]; 

        45,715
2

4,205,24

2

11 =−
+

=−
″+′

=∆ at
tt

t     

- difference between the heat carrier fluid from the 

solar collector average temperature and the 

environmental temperature [°C]. 

 

Table 1. Experimental results 

Me

asu

re

me

nt 

no. 

Ig 

[W/

m2] 

at  
[°C] 

Heat carrier fluid 

from the solar 

panel 

Secondary thermal 

agent (hot water) 

'

1t  
[°C] 

″
1t  

[°C] 

Q1 

[kW] 

′
2t  
[°C] 

″
2t  

[°C] 

V [m3] 

1 365 15 29,6 25,8 1,222 12 14 0,05 

2 600 15 30,3 27,2 1,331 12 13,5 0,048 

3 590 15 25,7 20,1 2,351 12 13,3 0,049 

4 622 15 21,4 16,5 4,177 12 13,5 0,047 

5 620 15 20,9 16,7 3,003 12 13,5 0,045 

6 580 15 18,8 16,1 0,948 12 13,5 0,049 

Me

dia 

563 15 24,5 20,4 2,172 12 13,55 0,048 

  

Thermal storage unit efficiency is the ratio 

between the heat flux Q2 [kW] of hot water and the 

heat flux transferred from the solar panel to the 

thermal storage unit Q1 [kW]. 

4779,0
172,2

038,1

1

2 ===
Q

Q
η  (2) 

038,155,1189,4159,02222 =⋅⋅=




 ′−″⋅⋅= ttcmQ p

 

    (3) 

Hot (cold) water flow in [kg/s] is determined by 

the expression:  

159,0
1800

32,999288,0
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⋅
=

⋅
=

τ
ρV

m  (4) 

where: V = 0,288 [m
3
]  according to Table 1; 

          18006030 == xτ [s]  – experiment time. 

Water density ρ and specific heat cp are 

determined by using the average temperature values 

determined from the secondary thermal agent t2 = 

12.77˚C.  

 

5. SCADA application for water heating 

system  

The developed SCADA application, with structure 

presented in Fig. 6, was designed by considering the 

available solar installation and the auxiliary 

monitoring and control devices presented in Fig. 5. 

Two basic layers are proposed for the developed 
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SCADA application with the main requirements: 

“data acquisition, conversion and conditioning” and 

“data processing and analysis”. 

Data aquisition, conversion and conditioning layer 

consist mainly from field devices, represented by 

sensors and meters, that communicate with SWH 

Monitoring and Control Unit. SWH Monitoring and 

Control Unit role is the acquiring, conditioning and 

data storage from local communication buses 

connected with X2 specialized computer, Heat meter, 

Flow meter and environmental temperature sensor. 

Data processing and analysis layer deals with data 

storage to be used in the study of solar energy 

conversion efficiency, monitoring and setting the 

operating parameters of the whole solar system. 

 

 
Fig. 6 – SCADA system architecture 

 

In terms of structural organization a SCADA 

system contains a SWH system Monitoring and 

Control Unit with sensors and transducers, a Data 

Server at the first level and a SWH SCADA 

Workstation at the second one. 

A SWH SCADA Workstation is based on a 

software implementation with an architecture 

organised on three levels and presented in Fig. 7. The 

higher level is represented by the HMI component 

with the role to manage the instrumentation and by 

the control units represented by virtual instruments 

and graphical controls (Fig. 8). Data exchange with 

this layer is assured by processing units placed on a 

second layer, which transfers data on both directions 

between HMI and data sources. 

The last layer is represented by device drivers, 

API and database connectivity modules needed for a 

secured communication with SWH Monitoring,  

Control Unit and data base server. 

The first two layers were implemented with the 

CitectSCADA software produced by Schneider 

Electric [8], [9]. This solution was chosen because of 

the advanced centric visualization functionalities, 

multithreding and event driven architecture of such  

SCADA systems. 

The SWH SCADA Workstation functionalities 

include real-time data visualization, setting up 

operating parameters, alarms signalling and advanced 

reporting for direct analysis or data export for 

analysis in advanced analysis tools like those 

available in common Office software packages or 

advanced scientific software as Matlab, Octave, etc. 

   

 
Fig. 7 – Software architecture of a SWH 

SCADA Workstation Application 

 

 
Fig. 8 – HMI of SCADA system for domestic water 

heating 

 

6. Conclusions 
Values obtained by calculation for the solar panel 

efficiency can be compared with the literature values 

shown in Fig. 9. From the measured and calculated 

data results that the calculated value of 80.9% 

obtained for solar panel efficiency is close to that 

provided by the literature ([10], [11], [12], [13]) with 

the specification that the value obtained 

experimentally in the laboratory is characteristic for a 

solar radiation intensity of Ig = 563 W/m². 

  

Intensitatea radiatiei solar Ig=400 W/mp
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Fig. 9 – Yield variation with temperature for 

several types of solar collectors Ig = 400W/ m². 
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From the analysis of the measurements and results 

can be concluded the benefits of solar installations for 

hot water production. Overall yields of these systems 

reach very high values during the summer months 

(even 100%) and it is possible to achieve 

considerable savings in terms of fuel consumption for 

hot water production. Is not negligible their 

contribution in the cold season, their performances 

quite frequently reaching values over 50%, which 

also leads to important fuel savings. 

The proposed SCADA solution was designed as a 

component of a platform for research and evaluation 

of solar energy availability and efficiency conversion 

but it can be easily extended due to its modular and 

open design to fit new modules for other renewable 

energies availability, conversion and usage studies. 

Also, the system was designed on a distributed 

architecture and it allows the management of 

renewable energies based installations, the remote 

monitoring and also the interconnection with other 

existing DCS and SCADA systems. 

As from point of view of final users the system is 

based on advanced interface centered on virtual 

instrumentation software, reporting and exporting 

tools, it also fits perfectly for educational purposes in 

renewable energy labs or remote labs on e-learning 

platforms. 
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ABSTRACT 

Energy consumption and indoor thermal comfort represent two important aspects in 

residential buildings. By using the Matlab software platform and the International 

Building Physics Toolbox, this paper tries to quantify the influence of a simplistic indoor 

thermal comfort control on energy consumption in a residential apartment in Romania. 

The main idea is to compare the energy consumption of a normal household when the 

control criterion is based on air temperature or on thermal comfort criteria. The analysis 

will be made using a software tool available for free that can be used for building physics 

simulations by any student or researcher that wants to model and simulate air, heat and 

moisture in buildings.   

Keywords: thermal comfort, residential energy consumption, temperature control, thermal comfort control   

 
1. Introduction 

Reducing building energy consumption has 

presented, in the last years, a great interest due to the 

growing of the building sector and the energy policies 

adopted by the European Union. 

One of the main goals concerning building energy 

consumption is to ensure thermal comfort conditions 

with regard to energy consumption and carbon 

emissions. Different strategies are researched to 

achieve these goals. In [1] different cooling 

technologies have been evaluated with respect to both 

thermal comfort and energy savings. Low-energy 

technologies prove to be an efficient solution to keep 

indoor thermal comfort and to reduce energy 

consumptions. Authors in [2] present a combined 

experimental and computational fluid dynamics 

(CFD) study to analyze indoor thermal comfort in a 

test room equipped with a cooling ceiling. Authors 

have investigated in [3] the effect of building 

envelope regulations on PMV based comfort control. 

Even though the studied example has a higher energy 

consumption when the interior control condition is 

based on the PMV, energy savings can still be 

achieved if the envelope is carefully designed. 

References [4–6] compare different control 

strategies to achieve a desired indoor environmental 

quality and to minimize energy costs involved. 

Although advanced control techniques help improve 

the quality of the indoor environment, there are 

important issues that still need to be discussed. The 

need to measure a large number of variables that 

influence the thermal behavior of indoor environment 

(e.g. temperature, humidity, air velocity, solar 

radiation, etc.) increase the costs of such controllers. 

New buildings can be fitted with different sensors and 

energy management systems (EMS) from the design 

stage. The outfitting of existing residential buildings 

with different sensors and controllers can be 

expensive and create discomfort to users.  

  The paper is divided into … chapters. The 

second chapter explains the thermal comfort index 

used for the simulation, the third chapter presents the 

toolbox used for the simulation, the fourth chapter 

present the model used and the last chapter presents 

the conclusions. 

 

2. Thermal comfort  

Thermal comfort represents an important aspect in 

today’s building energy consumption. Both energy 

consumption and occupants are influenced by thermal 

conditions in building environments. Even though 

there is a large number of comfort indexes [7], one of 

the most used is the PMV (Predicted Mean Vote) 

index.  The PMV index is based on Fanger thermal 

comfort index and was first developed in 1970 [8]. 

This index takes into account thermoregulation 

between the human body and its surrounding 

environment. There are two personal variables 
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(activity and clothing) and four physical variables (air 

temperature, radiant temperature, relative humidity 

and air velocity) that affect the interior comfort 

conditions. 

The PMV index is described by equation (1): 

 

��� = �0.303	
�.��� + 0.028��� − ��      (1) 

 
where: PMV is the predicted mean vote, M is the 

metabolic rate [W/m
2
], H is the internal heat 

production rate of the metabolism [W/m
2
] and L 

represents the heat loss of the human body [W/m
2
].  

 The ASHRAE standard also provides a 

thermal sensation scale which corresponds to the 

values of the PMV. 

 
Table 1 ASHRAE Thermal Sensation Scale 

-3 -2 -1 0 1 2 3 
Cold Cool Slightly 

Cool 

Neutral Slightly 

warm 

Warm Hot 

 

One of the most important parameter that 

influences the PMV index is the mean radiant 

temperature. This parameter has a great influence on 

the thermal regulation of the human body and is 

calculated, according to Fanger with equation (3): 

 

�� = �∑ ��
� ∙ �� 
�
�

!
                        (3) 

 

where: Fn-i represents the angle factor between 

surface n and the person and ti represents the 

temperature of the surface n [°C]. Due to the fact that 

is very difficult to know where a person is in the 

room at any given time, the mean radiant temperature 

in this paper is calculated with the next equation: 

 

�� =
∑ "#∙$#∙%#
&
#'(
∑ "#∙$#&
#'(

						                   (4) 

  

where: εi represents the surface emissivity, A is the 

surface area and T represents the surface temperature. 

The zone averaged radiant temperature was first 

implemented in EnergyPlus simulation software (see 

Engineering Reference from EnergyPlus 

documentation) and is used in  [9] to study and 

compare the effect of exterior surface temperature on 

the thermal comfort of a person.  

Based on the PMV index, Fanger introduced the 

PPD (predicted percentage of dissatisfied) index that 

shows the number of persons unsatisfied by the 

interior comfort conditions and is described by 

equation (5): 

 

��* = 100 − 95	[
/�.���0�1�2!3�.4�561�278] (5) 

 

Figure (1) presents the relationship between the 

two indices: 

 
Figure 1 Relationship between PPD and PMV 

 

3. IBPT Toolbox 
 The IBPT (International Building Physics 

Toolbox) is a special Matlab\Simulink toolbox 

developed by two research groups (Chalmers 

University of Technology and Technical University 

of Denmark) with the aim to help students and 

researchers that want to simulate heat, air and 

moisture transfer through building envelope[10,11]. 

Based on the Simulink software platform, the IBP 

Toolbox allows users to model different aspects of 

building physics without the need of having extensive 

programming skills. Another advantage is that the 

entire toolbox and manuals can be downloaded for 

free from www.ibpt.org.  

The toolbox is divided into five distinct categories 

(fig.2). Each category is used to model a part of the 

building. Systems contain HVAC models used for 

heating or ventilation of the building. Construction 

contains different models of windows and walls. 

Zones represent the room models developed. Helpers 

handle real weather data that can be used during the 

simulations and gains contain different internal heat 

gains that can be added to the model for a more 

realistic representation. Even though the toolbox 

comes with a set of predefined data, advanced users 

can modify the data in accordance with a set of rules 

implemented by the developers. 

 

 
Figure 2 IBPT Toolbox 

The validation of the toolbox was made with the 

help of the BESTEST [12] which represents a 

procedure to test and evaluate the accuracy of 

simulation software programs to accurately determine 

the energy consumption of households.  Another 

validation of the toolbox was made during the 

HAMSTAD project. 
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4. House model 

The room simulated in this paper is situated in a 

usual Romanian apartment. The room has two 

exterior walls and one exterior window. It is 

considered that there is no heat loss to any of the 

adjacent room or apartments. The Simulink model 

can be seen in figure 2. Table 2 shows the thermal 

properties of the exterior walls.     

 

 
Fig. 3  Room model in Matlab/Simulink 

The room has a total surface area of 11.86 m
2
 and 

a volume of 30.84 m
3
. Due to the fact that the toolbox 

works with control volumes, the exterior walls were 

divided in six layers. Each layer represents a control 

volume. Figure 4 shows the internal discretization of 

the exterior wall.  

 

 
Fig. 4   Exterior wall discretization 

The interior and exterior cement plaster layers are 

considered individual control volumes due to 

different convection coefficients that influence the 

heat balance. According to Normatice C107/3-1997, 

the interior heat convection coefficient is limited to 

8[W/m
2�k] and the exterior heat convection 

coefficient is limited to 24[W/m
2�K].   

The room is heated by a panel radiator, which is 

linked to the district heating. If we know the supply 

temperature and the mass flow of the heating agent, 

the return temperature of the heating agent can be 

easily calculated according to equation (6) [13,14]: 

 
:�
:�

=
;< ∙ = ∙ ∆� − ? ∙ @ ∙ A�

; ∙ =
																�6� 

 

where: ;<  represents the mass flow of the thermal 

agent [Kg/m
3
], c is the specific heat of the thermal 

agent [J/Kg�K], ∆T represents the difference between 

the inlet and outlet temperatures of the heating agent 

[°C], U  is the overall heating coefficient of the 

radiator [W/m
2�K], A is the total area of the radiator 

[m
2
] and m represents the mass of the heating agent 

within the  radiator. θ
n
 from equation (6) expresses 

the logarithmic temperature difference:  

 

A =
���CDE − �FGECDE

ln ����CDE − ����
��FGECDE − ����

																						�7� 

                      

where: Tin is the indoor temperature [°C], Tinlet is the 

inlet temperature of the thermal agent and Toutlet 

represents the return temperature of the agent.  

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 2 Wall thermal properties 

Wall type Layer Material Thickness 

[cm] 

λ  
[W/m�K] 

α 

[W/m
2�K] 

Emissivity 

[-] 

Density 

[Kg/m
3
] 

Cp 

[J/Kg�K] 

Exterior 

wall  

Layer 1 Cement 

plaster 

0.02 1.5 24 0.9 2400 1800 

 Layer 2 Concrete 0.1 1.5 - - 2400 1800 

 Layer 3 Concrete 0.1 1.5 - - 2400 1800 

 Layer 4 Mineral 

wool 

0.1 0.03 - - 30 800 

 Layer 5 Concrete 0.1 1.5    1800 

 Layer 6 Cement 

plaster 

0.02 1.5 8 0.9 2400 1800 
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ABSTRACT 
This paper presents a 1 channel stepping motor driver can drive bipolar stepping motors 

with up to 2.25 amperes(peak) in full-, half-, fourth- or eighth-step mode. The board is 

based on the A3977 specialized chips, that supports all features of microstep signal 

generation and includes the amplifier.The  step, direction, sleep, and enable inputs will be 

passed out of the board to go the main controller or from PC parallel  port. There wont 

be anything fancy in the design, but there will be jumpers to set the step mode and the 

current set resistors will be addressed. The  board will use a standard two-layer process 

and attempt to use all commodity cables for interconnects. 

 

   Keywords: stepper motor, microsteppimg,PWM, chopper, dedicated IC, positioning system. 

 

1. Introduction 

The most remarkable effect of the integrated 

circuits increasing complexity and functions number 

is represents by, as it is widely accepted, its 

“intelligence”. There is almost no applications 

domain in which the microelectronic devices 

“intelligence” shouldn’t have played a major role, one 

of the fields enjoying its advantages being the low 

power electric drives [1][14]. By introducing the 

“intelligence” in the drives command, this one will 

take over some complex functions usually 

accomplished by the human factor. In the automatic 

regulation systems, the electric stepper motors are 

utilized as execution elements. Stepper motor is the 

most utilized motor in low power adjustable electrical 

drives due to relatively simple methods of speed 

control. The stepper motors are used in many 

applications because of their advantages[2][13]. Thus, 

they move in quantified increments (steps) which 

lands them easy to digital control motion systems in 

open-loop mode. In addition, their drive signals are 

square waves  which are easily generated by the 

digital circuits with relatively high efficiency. But 

stepper motors are not free of problems. The most 

typical application for these drives is represented by 

the precision positioning systems. These ones must 

satisfy relatively exacting dynamic conditions, 

generally difficult to be fulfilled, sometimes even 

contradictory, fact that partially explains why is 

necessary that the command devices must be 

“intelligent”. Taking into consideration the above 

mentioned aspects, the authors presents in this paper  

1 channel stepping motor driver board  based on the 

A3977[10] specialized integrat circuit, that can drive 

motors with up to 2.25 amperes(peak) in full, half, 

fourh or eighth stepe mode.  

 

2. Functional description 

The A3977[10] is a complete microstepping 

motor driver with built in translator for easy operation 

with minimal control lines. It is designed to operate 

bipolar stepper motor in full, half, quarter and eighth 

step modes. The functional block diagram is shown in 

figure 1. The current in each of the two output H- 

bridges, all n-channel DMOS, is regulated with fixed 

off time pulse-width modulated (PWM) control 

circuitry. The H-bridge current at each step is set by 

the value of an external current sense resistor (RS), a 

reference voltage (VREF), and the DACs output 

voltage controlled by the output for the translator. At 

power up, or reset, the translator sets the DACs and 

phase current polarity to initial home state (see 

figures for home-state conditions), and sets the 

current regulator for both phases to mixed-decay 

mode. When a step command signal occurs on the 

STEP input the translator automatically sequences the 

DACs to the next level(see table 2 for the current 

level sequence and current polarity). 

The microstep resolution is set by inputs MS1 and 

MS2 as shown in table 1. If the new DAC output 

level is lower than the previous level the decay mode 

for that H-bridge will be set by the PFD input(fast, 

slow or mixed decay. If the new DAC level is higher 

or eqal to the previous level then the decay mode for 
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 that H-bridge will be slow decay. This automatic 

current-decay selection will improve microsteping 

performance by reducing the distortion of the current 

waveform due to the motor BEMF.  The electrical 

schematic of the realized board is shown in figure 2. 

The RESET input (active low) sets the translator to a  

predefined home state (see figures for home 

conditions) and turns off all of the DMOS outputs. 

The HOME output goes low and all STEP inputs are 

ignored until the RESET input goes high. The HOME 

output is a logic output indicator of the initial state of 

the translator. At power up the translator is reset to 

the home state (see figures for home state conditions). 

A low-to-high transmition on the STEP input 

sequences the translator and advances the motor one 

increment. Thetranslator controls the input to the 

DACs and the direction of current flow in each 

winding. The size of the increment is determined by 

the state of inputs MS1 and MS2 (see table 1).  The 

state of the DIRECTION input will determine the 

direction of rotation of the motor. Each H-bridge is 

controlled by a fixed off time PWM current-control 

circuit that limits the load current to a desired value 

(ITRIP). Initialy, a diagonal pair of source and sink 

DMOS outputs are enabled and current flows through 

the motor winding and RS. When the voltage across 

the current-sense rezistor eqals the DAC output 

voltage, the current-sense comparator reset the PWM 

lath, which turns off the source driver (slow-decay 

mode) or the sink and source drivers (fast or mixed-

decay modes). The maximum value of current 

limiting is set by the selection of RS and the voltage at 

the VREF input with a transconductance function 

approximated by: ITRIPmax = VREF/8RS. The DAC 

output reduces the VREF output to the current-sense 

comparator in precise steps (see table 2 for % 

ITRIPmax at each step). 

ITRIP = ( %ITRIPmax/100) x  ITRIPmax.  It is critical 

to ensure that the maximum rating (0.5V) on the 

SENSE terminal is not exceeded. For full step mode, 

VREF can be applied up to the maximum rating of 

VDD, because the peak sense value is 0.707 x VREF/8. 

In all other modes VREF should no exceed 4V. The 

internal PWM current-control circuitry uses a one 

shot to control the time the driver(s) remain(s) off. 

The one shot off-time, toff, is determined by the 

selection of an external resistor (RS) and capacitor 

(CT) connected from the RC timing terminal to 

ground. The off time,over a range of values of CT = 

470 pF to 1500 pF and RT = 12 kΩ to 100 kΩ is 

approximated by: 

 toff = RT x CT. In addition to the fixed off time of the 

PWM control circuit, the CT component sets the 

comparator blanking time. This function blanks the 

output of the current-sense comparator when the 

outputsare switched by the internal current-control 

circitry. The comparator output is blanked to prevent 

false over-current detection due to reverse recovery 

currentsof the clamp diodes, and/or switching 

transients related to the capacitance of the load. The 

blank time tBLANK can be approximated by: tBLANK   = 

1400CT. The full-step, half-step, quarter-step and 

8microstep/step operation is  shown in figure 3 to 

figure 6. 

 

Fig. 1 – Functional block diagram[10] 
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Fig. 2  – The electrical schematic of the realized board 

 

                Table 1. Microstep Resolution  

                              Truth Table  

MS1 MS2 Resolution 

L L Full step 

H L Half step 

L H Quarter step 

H H Eighth step 

 
ENABLE (active-low) input, enables aii of the 

DMOS output. When logic high the outputs are 

disabled. Inputs to the translator (STEP, 

DIRECTION, MS1, MS2) are all active independent 

of the ENABLE input state. 

SLEEP mode: an active-low control input used to 

minimize power consumption when not in use.  

This disables much of the internal circuitry 

including the outup DMOS, regulator, and charge 

pump. A logic high allows normal operatio and 

startup of the device in the home position. When 

coming out of sleep mode, wait 1ms before issuing a 

STEP command to allow the charge pump (gate 

drive) to stabilize. 

Percent Fast Decay Input (PFD). When a STEP 

input signal commands a lower output current from 

the previous step,it switches the output current decay 

to either slow, fast, or mixed decay depending on the 

voltage level at the PDF input. If the voltage at the 

PDF input is greater than 0.6VDD then slow-decay 

mode is selected. If the voltage on the PDF input is 

less than 0.21VDD then fast-decay mode is selected. 

Mixed decay is between these two levels. 

Active mode. When the SR input is logic low, 

active mode is enabled and synchronous rectification 

will occur. When the SR input is logic high, 

synchronous rectification is disabled. This mode is 

typically used when external diodes are required to 

transfer power dissipation from the A3977 package to 

the external diodes. 
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 Table 2. Step Sequencing[10]   1:1/8 th-Step subdivision current ratios 

Home state = 45
o
 step angle, DIR = H 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3  –  Full Step Operation[10] 
MS1=MS2=,,0”( L );  DIR =,,1”( H ) 

 

 

Fig. 4  –  Half  Step Operation[10] 

MS1= =,,1”(H), MS2=,,0”( L ), DIR =,,1”( H ) 
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Fig. 5  –  Quarter Step Operation[10] 

MS1=,,0”( L ),  MS2=,,1”( H ), DIR =,,1”( H ) 

 

 

Fig. 6  –  8 Microstep/Step Operation[10] 

MS1=MS2=,,1”( H ); DIR =,,1”( H ) 

 

 

 

Fig. 7  –  Layout diagram of the realized microstepping board 

 

 

 

 

 Fig. 8  –  General view of the realized microstepping board 
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Fig. 9 –  General view of the realized experimental precision positioning system 

 

3. Experimental results 

The experimental research  was performed in the 

Electrical Drives Laboratory of the Electrical 

Engineering Faculty, “Petru Maior” University of 

Târgu-Mureş, where it has been realized an high 

performance microstepping system for stepper motor 

control[3] [4][6]. Figure 7 shows layout diagram of 

the realized microstepping board. 

Figure 8 shows the general view of realized 

microstepping board. In Figure 9 is shows the general 

view of the realized experimental precision 

positioning system. 

In order to measure the phase currents, two hall 

sensors (LEM modules – LA25NP) were used, and a 

data acquisition numerical system dedicated to the 

electric drives as in [3] [4][6]. 

 As experimental results, the phase currents 

of a two-phase bipolar stepper motor (1, 2, 4, 8 

microstep/step) are shown in Figure 10. 

 

4. Conclusions 

The last progress both in control in motor drive 

domain impose on the researchers a continuous 

reorientation in order to solve the design problems 

with the newest technical means. The modern 

solution involve new power semiconductor devices 

with high performances, dedicated command circuits 

with multiple specific function and new control 

techniques. In this sense the authors have developed 

an original microstepping system for the open-loop 

control one  stepper motors for precision positioning 

systems. Among the facilities offered by this system 

we mention: 

• resonance’s are significantly reduced 

• reduced audibile motor noise 

• increased step accuraty  

• reduced power dissipation 

• very high step resolution 

• dramatically simplified stepper motor 

driving small-and medium-sized motors 

• the A3977 interface is an ideal fit for 

applications where a complex  PC or µP 

• flexibility in selecting constant-speed runnig 

frequencies 

• low cos assembly 

• precise one axe position control 

• precise rotation control 

• robotics and assembly equipment 

• other stepping motor application 
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Fig. 10 –  Experimental results, the phase currents of  bipolar stepper motor (1,2,4,8 microstep/step) 
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ABSTRACT 
Stepping motors are digitally controlled motors used for precise positioning. They enable 

simple, accurate control of rotation angle and rotation speed, so they are suitable for 

wide variety of applications. Five- phase stepping motors in comparison with 2 phase 

stepping motors have improved performance characteristics because of its multiple 

number of phases. Two examples of improved performance characteristics are low 

oscillation and high response. A dedicated new lower cost 5 phase step motor controller 

IC was developed to create a small but powerful package for use in high volume 

applications. This IC has all the drive functions of an indexer (sequencer) and can control 

motor phase currents accurately and efficiently. The power circuitry is packaged in a cost 

effective separate module using a bipolar drive format with N channel MOSFETs. The 

step motor driver circuitry consists of four parts as follows: sequencer, pre-driver and 

current control, P channel MOS array, N channel MOS array. 

Keywords: hybrid stepper motor, five- phase, Pulse Width Modulation (PWM), sequencer, dedicated IC, MOS 

array 

 
1. Introduction  

Stepper Motors are used to obtain the motion 

profiles in the field of Robotics and Automation 

Engineering. Stepper motors are preferred in 

applications where high precision controls in position 

and velocity, is important such as in aerospace, 

printers, scanners, copiers, faxes, word processors, 

optical and magnetic disk devices, medical 

equipment, X-Y plotters, CNC machines, 

semiconductor fabrication equipment, agricultural 

automation applications, textile equipment’s,  and 

telescope. Moreover reliability, lack of contact, aging, 

mechanical ruggedness and availability of torque at 

zero speed are the attractive features of Stepper 

Motors. Among the various types of stepping motors, 

the hybrid stepping motor has a permanent magnet 

rotor and a toothed magnetic structure on both the 

stator and rotor, so that a permanent-magnet torque as 

well as reluctance torque can be generated [1]. Two – 

phase stepper motors are commonly used, but five-

phase stepper motors have the superior characteristics 

of resolution, vibration and performance compared 

with two phases motors. When both stepping motors 

are operated in half step mode, two phase motor 

provides a resolution of 400 steps per revolution 

while a five phase motor has a resolution of 1000 

steps. This resolution is 2.5 times higher when 

compared with two phase stepper motor. The 

applications where high precision, low vibration and 

low noise is required, five-phase hybrid stepper motor 

can be employed compared to two-phase hybrid 

stepper motor. Five-phase stepper motors are superior 

in dynamic performance [2]. A high precise position 

control using five-phase hybrid stepper motor is 

achieved in open loop control achieves. The higher 

the number of phases, smaller will be positioning 

deviations. Microstepping is a technology that 

achieves low resonance, low noise operation, at 

extremely low speeds by controlling the flow of 

electric current fed to the motor coil and thereby 

dividing the motor’s basic step angle into smaller 

steps. Pulse Width Modulation (PWM) technique is 

usually used to excite the driver to operate the 

motors.  

 

2. Structure of Five – Phase Stepper Motor 

The five-phase hybrid stepper motor is developed 

with high resolution with no low speed resonance 

problems. The five-phase stepper can also be 

classified under permanent magnet hybrid stepper 

motor. The stator windings are energized in the 

proper sequencer to produce a rotating magnetic field 
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 which turns the rotor. The significant advantage of 

the five-phase stepper motor is its excellent torque 

retention capability at high operating speed. The 

motor used for implementation is a five-phase hybrid 

stepper motor and it is shown in figure 1 and figure 

2[15]. The figures above show two cross-sections of a 

5-phase hybrid stepping motor. Hybrid stepping 

motors are composed primarily of two parts, the 

stator and the rotor. The rotor in turn is comprised of 

three components: rotor 1, rotor 2 and the permanent 

magnet. The rotors are magnetized in the axial 

direction, with rotor 1 polarized north and the rotor 2 

polarized south. The stator contains 10 magnet poles 

with small teeth, each of which is wrapped in wire to 

form a coil. The coil is connected to the facing 

magnet pole and is wound so it becomes magnetized 

to the small pole when current is run through it. 

(Running a current through a given coil magnetizes 

the facing poles to the same magnetism, either North 

Pole or South Pole.). The two facing poles form a 

single phase. Since there are five phases, A trough E, 

the motor is called a 5- phase stepping motor. There 

are 50 teeth on the outside of the rotor, with the teeth 

of rotor 1 and rotor 2 mechanically offset from each 

other by half a tooth pitch. 

 

      
    

Fig. 1- 5 Phase Stepping Motor           Fig. 2- 5 Phase Stepping Motor 

              Cross-Section Parallel to Shaft                  Cross-Section Perpendicular to Shaft 
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       Fig. 3 - When Phase A Is Excited    Fig. 4 - When Phase B Is Excited 
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Figure 3 and figure 4 help to describe the 

relationship on the positions of the stator and rotor 

teeth when magnetized. When phase A is excited, its 

poles are polarized south. This attracts the teeth of 

rotor cup 1, which are polarized north, while repelling 

the teeth of rotor cup 2, which are polarized south. 

Therefore, the forces on the entire unit in equilibrium 

hold the rotor stationary.  At this time, the teeth of the 

phase B poles, which are not excited, are misaligned 

with the south-polarized teeth of rotor 2 so that they 

are offset at 0.72°. When excitation switches from 

phase A to B shown in figure 4, the phase B poles are 

polarized north, attracting the south polarity of rotor 2 

and repelling the north polarity of rotor cup 1. In 

other words, when excitation switches from phase A 

to B, the rotor rotates by 0.72°. As excitation shifts 

from phase A to phases B, C, D and E, then back 

around to phase A, the stepping motor rotates 

precisely in 0.72° steps. To rotate in reverse, the 

excitation sequence is reversed as phase A, E, D, C, 

B, then back to phase A. High resolution of  0.72° is 

inherent in the mechanical offset between the stator 

and rotor, accounting for the achievement of precise 

positioning without the use of an encoder or other 

sensors [16 ]. 

3. Constant Current Driving Technology 

The driving technology with constant current is 

shown in figure 5. The constant current drive, on the 

other hand, is now the most commonly used drive 

method, since it offers excellent torque performance 

at high speeds. The stepping motor rotates through 

the sequential switching of current, flowing through 

the windings. When the speed increases, the 

switching rate also becomes faster and the current rise 

falls, resulting in lost in torque. The chopping of a 

DC voltage that is far higher than the motor’s rated 

voltage will ensure that the rated current reaches the 

motor, even at higher speeds. The current flowing to 

the motor windings, detected as a voltage, through a 

current detecting resistor, is compared to the 

reference voltage. Current control is accomplished by 

holding the switching transistor 2, ON when the 

voltage across the detecting resistor is lower than the 

reference voltage. That is when it hasn’t reached the 

rated current or tuning transistor 2, OFF. When the 

value is higher than the reference voltage that is when 

it exceeds the rated current, thereby providing a 

constant flow of rated current. [16] Voltage – Current 

relationship in constant current chopper drive is 

shown in figure 6. 
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      Fig. 5 - Constant current control      Fig. 6 - Voltage – Current relationship in 

           constant current chopper drive  
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Fig. 7 - Pentagon 4-phase excitation sequence 
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 4. Driving and Controlling Five Phase Stepping 

Motor 

The 5 phase stepper motor control use a simple 4 

of 5 phase excitation (pentagon configuration) which 

employs a simpler and well balanced current control 

scheme. Pentagon 4-phase excitation sequence (full 

step – 0.72º/step) is shown in figure 7. This is system 

to the 0.72º stepper motor, in which four phases are 

excited. The step angle is 0.72º. It offers a great 

damping effect, and therefore stable operation. 

Pentagon 4- 5 -phase excitation sequence (half step – 

0.36º/step) is shown in figure 8.  A step sequence of 

alternating the 4-phase and 5-phase excitation 

produces rotation at 0.36º per step. One rotation may 

be divided into 1000 steps. 
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    Fig. 8- Pentagon 4-5-phase excitation sequence                  Fig. 9- Coil current flow at  

           pentagon driving  

 

The 5 phase stepper motor control use a simple 4 of 5 

phase excitation (pentagon configuration)  which 

employs a simpler and well balanced current control 

scheme. Pentagon 4-phase excitation sequence (full 

step – 0.72º/step) is shown in figure 7. This is system 

to the 0.72º stepper motor, in which four phases are 

excited. The step angle is 0.72º. It offers a great 

damping effect, and therefore stable operation. 

Pentagon 4- 5 -phase excitation sequence (half step – 

0.36º/step) is shown in figure 8.  A step sequence of 

alternating the 4-phase and 5-phase excitation 

produces rotation at 0.36º per step. One rotation may 

be divided intro 1000 steps. In a general pentagon 

driving system, the current flows as shown in figure 

9. The relation between I0 and I0M is as follows: I0 = 4 

x I0M. With some driving system, the relation can also 

be as follows: I0 = 2 x I0M. 

 

5. Full/Half Stepping Drive System 

The typical IC uses P channel MOSFETs to the 

high side and N channel to the low side of the power 

bridge circuit used to drive a motor. This 

configuration allows the pre-drive circuit to employ 

an equivalent circuit structure represented by figure 

10.  A typical drive IC composed of a monolithic IC 

circuit (for current control) and a hybrid IC circuit 

consists of discrete signal transistors and resistors. 

The monolithic IC, which controls phase current, uses 

a bipolar process. It was not reasonable to include a 

separate middle scale logic circuit to be used for 

sequencing functions due to its negative 

characteristics, higher cost and more importantly, its 

larger size (real estate). Because of this situation, an 

exclusive C-MOS gate array was used for the 

sequencing control circuitry. The stepper motor driver 

circuitry consists of four parts as follows: 

1. Sequencer (ex. EIC 2033) 

2. Pre-driver and current control (ex. EIC 4031) 

3. P channel MOS array (ex. EIC 4011) 

4. N channel MOS array (ex. EIC 4011) 

This drive configuration is the most current 5 phase 

stepper motor drive currently in use today. 

The design procedure of this driver is described 

detailed as follows. For compact design 

consideration, a five phase stepping motor driver 

chips EIC 2033, EIC 4031, EIC 4021, EIC 4011 is 

adopted. EIC 2033 is a special designed IC that 

imbedded a function sequence (half/full) circuit to 

control  the pre – driver. (EIC 4031).  When this chip 

receives an input clock, the sequence circuit generates 

proper phase sequence to drive the output stages. The 

chip EIC 4031 (pre-driver and current control) 

operated with current feedback to achieve a constant 

current driver. A constant current driver can drive a 

motor according to the winding current of the motor. 

EIC 4031 is also equipped with a dedicated circuit to 

drive gates of  P-channel MOSFET’s and N- channel 

MOSFET’s so as to simplify the design of driving 

stages. The configuration of the proposed driver is 

illustrated in figure 11. EIC 2033 can operate in two 

different modes, four-phase excitation mode or four-

five-phase excitation mode. Four-phase excitation 

mode or four-five-phase excitation mode are also 

termed as full step and half step mode respectively. A 

five phase stepping motor in full/half step mode, can 

reach the resolution of 500/1000 steps per revolution, 
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 or 0.72/0.36 degrees per step. The resolution can be 

selected simply with a DIP switch. In a normal 

condition, the drivers were controlled by two signals 

termed as clock (CK) and direction (DIR) pulses. In 

this design, PCL-838 ISA Stepping Motor Control 

Card PC –LabCard[20] was used to provide a self-test 

function. The PCL-838 has been specifically designed 

as user-friendly solution for your stepping motor 

control application. It’s on-board 80C31-CPU, along 

with a 16MHz clock crystal, and two 8254 

programmable timers, controls up to three driver axis 

(one motor/channel) independently and 

simultaneously. Digital pulse and directional output 

signals control each motor by step rate and 

clockwise/counter-clockwise (CW/CCW) direction. 

The hardware implementation of half/full stepping 

control of five – phase hybrid stepper motor is shown 

in figure 12. 
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Fig. 10- The block diagram of five-phase stepping motor control 
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Fig. 11- The configuration of the proposed driver 
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Fig. 12- Hardware Implementation 

 

6. Results 

The dimension of the driver is approximate 

70x65x35 millimeters, which is smaller than a 

business card in length and width. A positioning card 

(PCL-838) plugged inside an IBM PC is utilized to 

test the accuracy and the speed of the driver. For easy 

implementation, this positioning card was 

implemented with ISA bus interface. This card output 

clock and direction signals as inputs to the tested 

driver. A software package including several 

functions was designed with C language so as to be 

feasible to test this driver. The most used function of 

this package was linear acceleration and deceleration 

so that the motor may start and stop more smoothly 

and allow the motor to reach a higher speed that in 

the case of without acceleration and deceleration. A 

five – phase stepping motor Model PK566-NB-A8, 

with a rated current of 1.4A, 1.1Ω, from VEXTA 

ORIENTAL MOTOR, Japan ,was used to connect 

with this proposed driver. Experimental results 

demonstrate that the responses can reach 60 kilo 

pulses per second as driving a five-phase stepping 

motor with a phase current of 1.4 A. A 60 kilo pulses 

pulse rate means that the motor can rotate at speed of 

around 50 revolutions per second when operated in 

half step mode. 

 

7. Conclusion 

This paper presents a design of a compact and 

intelligence five-phase stepping motor drive. With 

special designed IC, the driver is smaller than a 

business card. Although it is a compact driver, it can 

provide a winding current and pulse rate up to 1.4 

amperes and 60kpps, respectively. Self – test function 

also imbedded inside the PCL-838 (80C31-CPU) of 

the driver so that engineers can check whether the 

driver is normal or not without a external equipment. 

Considering the positioning ability and precise speed 

control, this proposed driver can provide valuable 

Robotics and Automation Engineering applications 

involving either position control or speed control. 
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ABSTRACT 
Processes characterized by large time constant, such as those with temperature control 
systems, are found in a large number of industrial applications. To control such systems, 
the appropriate mathematical models identification is needed, considering the 
uncertainties modeling, handling in dynamic operating regime and proposing control 
solutions. The paper presents a control system used in a part of a complex plant where is 
needed to maintain temperature at a set point. The controlled installation consists from 
two connected tanks, for which a simplified mathematical model based on transfer 
functions are determined, considering additive uncertainties and classical cascade PI 
control structures are proposed. Developed models and solutions are analyzed by 
simulation in Matlab environment. 

Keywords: control engineering, mathematical modeling, temperature process, PID controllers, robust control 

 
1. Problem formulation 
In mixing tank V1 is inserted a steam flow rate 

and cold water in a proportion to provide heating 
temperature of the mixture from the shell of the tank 
V2, where, by thermal transfer the product is heated 
and maintained at a constant temperature (Fig. 1). 
 

 
Fig. 1 – Plant diagram 

 
The temperatures from outputs of the tanks are 

measured considering homogeneous mixtures of 
thermal agents (steam and cold water) and product. 

For presented installation are determined the 
followings: the mathematical model of the process 
based on balance equations; transfer functions for 
each block and the equivalent transfer function; 

temperature control scheme; controller type and its 
tuning parameters; obtained performances. 

A control scheme with two controllers connected 
in cascade is chosen, and tuning parameters are 
determined knowing that (Fig.2): 

 in main loop -  product temperature at the exit 
of the tank V2 is measured, conversion 
temperature - unified voltage signal is 
performed, the result is compared with 
reference Tref value, the resulting error value is 
input into the controller TIC 2; 

 in secondary loop - the heating mixture 
temperature at the output of the tank V1 is 
measured, a temperature-unified voltage signal 
conversion is provided, and the resulting value 
is compared with the output value of the 
controller TIC 2; the value of the resulting error 
is the input value for controller TIC 1; 
 

 
Fig. 2 – Block diagram of the cascade control 

system 
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 the flow rates of thermal agents (cold water and 
steam) from the entering of tank V1 is 
controlled by two valves controlled via the 
controller; 

 
2. Determination of mathematical models 
In process of mathematical modeling are 

considered the terms with the meaning from Table 1: 
 

Table 1. The meaning of values used in modeling 
process 

Value Meaning 
Far +Fab = 300 l steam and cold water flow 

rates that maintain a 
constant amount of mixture 
in tank V1. 

car = 4191 J/kgK incoming cold water 
specific heat at the average 
temperature Tar = 10 oC 

hab = 2769 kJ/kg enthalpy of saturated steam 
at a temperature of 185 oC 
and a pressure of 8 bar 

ci = 4208 J/kgK specific heat of the mixture 
at the output, considered at 
the temperature Ti = 90 oC; 

M1 = 300 kg the liquid weight in the tank 
V1 

Ci = ci M1 heat capacity of the mixture 
from V1 tank 

Fi mixture flow from output 
of the tank V1 and the input 
of tank V2 

c2 = 4179 J/kgK specific heat of the product 
at output when output 
temperature of tank is T2 = 
60 oC 

M2 = 500 kg weight of product from the 
tank V2 

C2 = c2 M2 heat capacity of the product 
from tank V2  

V2 = 500 l V2 tank volume  
ce = 4179 J/kgK specific heat of the mixture 

at the output of the shell, at 
the output temperature Te = 
60 oC 

Fe heat flow rate at the output 
of V2 equal to the output 
pump 

Fp = 21 kg/min the output pump 
p1 = 999,7 kg/m3 product density at input, at 

average temperature TP1 = 
10 oC 

Fp1 product flow at the input of 
the tank V2 

cp1 product specific heat at 
input into V2 

 
In mixing tank V1 is introduced and mixed cold 

water and steam, resulting hot water at output (see 

Fig. 1). 
Analytical description of the mixing process is 

based on the following heat balance equation 
[7,12,20]: 

iabar qqq     (1) 
where: 

- qar – represents the heat introduced by cold 
water;  

- aab – heat introduced by steam; 
- qi – the heat of the output mix. 

We can write the equation (1) in the new form: 

dt
dTCTcFhFTcF i

iiiiababararar   (2) 

the terms have the meanings in Table 1. 
Density and specific heat of the water depends on 

its temperature, and steam enthalpy depends on the 
pressure and temperature [19]. 

Considering the mixture flow rate equal with the 
output pump, i.e. Fi = Fp, equation (2) becomes: 

ab
ip

ab
ar

ip

arar
i

i

p
F

cF
hF

cF
TcT

dt
dT

F
M





1  (3) 

where: 
pF

MT 1
1   represents the time constant for 

process from tank V1. 
In V2 tank is introduced the product to be heated 

by heat transfer between the shell and the tank and 
maintained at a constant temperature at the output 
(Fig. 1). 

Analytical description of the heat transfer process 
is based on heat balance equation [7,20]: 

dtqdTCdtqq eip  221 )(   (4) 
where:  

- qp1 – heat supplied by the product in the 
tank; 

- qi – heat supplied by the mixture;  
- qe – heat of the output mix. 

Considering Te = T2 and neglecting the heat 
supplied by the product, equation (4) becomes: 

   tTtT
dt

dT
F
M

i
p

 2
22    (5) 

where: 
p

A F
MT 2

2   represents the time constant for 

process from tank V2. 
Based on data given in Table 1, the mathematical 

models that describe the mixing process in the V1 
tank, respectively heat transfer in the V2 tank, are: 

     tFtFtT
dt

dT
abari

i  9,16,8051,857  (6) 

   tTtT
dt

dT
i 2

25,1428   (7) 

After applying Laplace transform, and given the 
condition Far+Fab=300, from equations (6) and (7), 
we obtain the transfer functions for the two tanks: 

 
11,857

7,803
11

1
1 





ssT

ksH
V

V
V    (8) 
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where: TV1=857.114 min. and TV2=857.124 min. 
are time constants. 

 
3. Controller selection and tuning 
Figure 3 presents the block diagram of the cascade 

control system, with the specification of the variation 
ranges of the values. 

 

 
Fig. 3 – Block diagram of the cascade control 

system 
 
Let's consider the transfer function of the mixture 

temperature inner control loop depending on the 
input flow rate of cold water (at a constant steam flow 
rate), obtained by series connection of the 
temperature sensor, the actuator and the process [9]: 

    1111 11
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(10) 
Process parameters specified by the equation (8) 

are considered as nominal values and the nominal 
process. For modeling of the model uncertainties are 
considered deviations of parameters from nominal 
values, expressed as a percentage, amounting to 25%. 

Thus [1,3,6],  

111

111

VVincV

VVincV

TTT
kkk




  (11) 

The proposed control algorithm, for the nominal 
process, is PI type [2,21,22]: 

   11  sT
sT

ksH i
i

R
R   (12) 

The equivalent second order system in closed loop 
is adopted as design method, resulting [17,18]: 

Ti = TV1; 




f

in
R k

Tk
2

   ((13) 

the dynamic performance of the system are specified 
by parameters n, . 

Step responses of the open and closed inner loop, 
for nominal process, affected by uncertainties are 
presented in Fig. 4 and Fig. 5 [4,8,24]. 

 

 
Fig. 4 – Step response of open-loop (inner loop) 

 

 
Fig. 5 – Step response of closed-loop (inner loop) 

 
Analysis of nominal values shows a phase margin 

of approx. 67 degrees (Fig. 6). For nominal process 
and affected by the uncertainties is presented the 
mode of disturbance rejection appeared on the inner 
loop (Fig. 7) [10,11,16]. 

 

 
Fig. 6 – Phase margin analysis (inner loop) 

 

 
Fig. 7 – Robustness on disturbance rejection 
 
Let's consider the transfer function of the fixed 

part of the product temperature main control loop 
depending on the water temperature from shell, 
obtained by series connection of the inner loop 
(equivalent circuit) and the process described by 
nominal transfer function (9). Compared to the 
nominal values are considered deviations 
(uncertainties) expressed as a percentage, amounting 
to 25%. 

Similar as in case of the inner loop, is adopted a 
PI control law for the controller structure, given by 
equations (12), with the tuning parameters: 2Vi TT  , 
kR = 55. 

The main loop step responses in open and closed 
configuration, for nominal process and process 
affected by uncertainties are presented in Fig. 8 and 
Fig. 9. 

To analyze the robustness to disturbance rejection 
in the frequency domain is considered the sensitivity 
function as measure of the system performance 
[13,14,15]. Thus, the sensitivity function is computed 
and plotted for the nominal situation and the situation 
with uncertainties (Fig. 10). 

At the time domain, the sensitivity function 
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indicates the degree of disturbance rejection. In 
Fig.11 is plotted the sensitivity function over the 
entire range of uncertainties for nominal and worst 
case [4,24]. 

 

 
Fig. 8 – Step response of open-loop (main loop) 

 

 
Fig. 9 – Step response of closed-loop (main loop) 

 

 
Fig. 10 – Frequency response sensitivity functions 

(main loop) 
 

 
Fig. 11 – Disturbance rejection (main loop) 

 
4. Conclusions 
Temperature control is usually of stabilization 

type and presents issues more complex than other 
control types (flow, level, pressure) due to complex 
heat transfer phenomena, at that are also associated 
large time constants. 

The temperature control problems are, in fact, 
problems of heat transfer, whether based on radiation, 
conduction or convection. 

Temperature control systems are implemented as 
control structures after error, but in most cases as 
developed cascade structures and control after 
disturbance. 

A cascade control scheme of temperature in a tank 
with the main variable the temperature inside the tank 
and intermediate variable the ambient temperature 

around the tank is presented in this paper. 
The proposed scheme represents an applicable 

solution because heat exchange between thermal 
agent and useful substance inside the tank is made 
with a relatively large time constant, of the order of 
minutes or tens of minutes. 

Compared to the main loop, secondary loop has a 
faster dynamic, so the whole control system is 
invariant to unwanted fluctuations of the mixing flow 
rate. A major disturbance remains however, the flow 
rate of the product that will follow to make heat 
exchange with the mixture. 

Changing the input flow rate of V2 tank or the 
supply fluid temperature is a temperature perturbation 
that directly affects the temperature at the output of 
V2. 

Also, changing parameters of feedwater and steam 
are disturbances that occur on the tank V1, 
respectively on the temperature of the mixture. 

Overall, the proposed control scheme ensures a 
good behavior at both step input signals and the 
disturbances due to flow rates. 
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ABSTRACT 
This paper investigates the implementation and design of a fuzzy system on an industrial 
controller. Programmable Logic Controllers (PLCs) are key devices used in many 
industrial processes. Most of the time they implement discrete control functions involving 
sequential control, but the availability of basic features like arithmetic operations, 
floating point units etc. allow for more complex algorithms to be implemented. The fuzzy 
system, in this paper, uses two inputs and one output, triangular shape membership 
functions and a rule base made of if-then type rules and it is implemented on a Siemens 
S7-200 PLC. 

Keywords: Fuzzy System, Programmable Logic Controller, PLC 

 
1. Introduction 
Programmable Logic Controllers (PLC) are very 

effective and reliable devices well suited for 
applications involving discrete control actions in the 
manufacturing, chemical and process industries. The 
availability of PLCs with features like: floating point 
math, data handling, advanced functional instructions 
and the improvement of graphical user interfaces 
(GUI) in programming these controllers have created 
the premises for the implementation of complex 
control algorithms.[3,11]  

Early PLCs were able to perform only logical 
operations, but with the evolution of hardware and 
software the future of PLCs lies not only in traditional 
discrete process control, but also in the area of 
demanding continuous and, particularly, batch 
processes, which are a combination of continuous and 
discrete processes. Thus, today a typical PLC-based 
application deals with several hundreds of analog and 
digital inputs and outputs, while performing quite 
complex control procedures.[5] 

Despite the fact that programmable controllers 
have become much more sophisticated, functions, 
like fuzzy logic, are not at all available for micro-
PLCs. They are available only for the more advanced 
and expensive PLCs. For example, PLC manufacturer 
Siemens provides a software tool named Fuzzy 
Control++, which allows the user to configure and 
generate fuzzy systems for Simatic S7-300 and S7-
400 PLCs as runtime modules which can be executed 
on the corresponding target platform.[12] 

Rockwell Automation offers the FuzzyDesigner 
option for RSLogix 5000 as an editor for creating 

custom fuzzy systems to be used by the Logix5000 
family of controllers.[8,10] While these tools allow 
the development of fuzzy systems, they are not 
compatible with the micro-PLCs families produced 
by the two manufacturers. 

There is little literature regarding the 
implementation of fuzzy systems on micro-PLCs. 
However, fuzzy system implementations on Siemens 
S7-200 micro-PLCs have been denoted in [5,9,14]. In 
[9], the PLC is part of a SCADA system, but the 
fuzzy algorithm is not computed on the PLC itself, 
but as a subprogram of SCADA applications. In [5] 
the fuzzy system is part of a control structure 
implemented on S7-214 CPU which uses a very small 
number of rules.  

In [4] a fuzzy controller is realized on the basis of 
the more complex Siemens S7-300 PLC and 
programmed in ladder diagram for a sewage disposal 
system, and in [1] a fuzzy logic system is part of a 
superblock in Simatic library. 

This article describes the implementation of a 
fuzzy system on a Siemens S7-224 PLC with an EM-
235 analog I/O unit. The fuzzy system uses two 
inputs and one output, triangular shape membership 
functions and a rule base made of 25 if-then type 
rules. The structure of the proposed fuzzy system is 
discussed in section 2. 

 
2. The Fuzzy System 
A fuzzy system with two antecedent variables and 

one consequent parameter is assumed. It can be given 
a set of rules in the form: 

Rn: if x1 is Ai and x2 is Bj then y is Uk           (1) 
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where n denotes the number of fuzzy rules. The 
variables x1 and x2 denote the two inputs of the fuzzy 
system and variable y denotes the output.  

The antecedent variable x1 is connected to five 
fuzzy sets Ai, and each fuzzy set Ai (i=1:5) is 
associated with a membership function 

( ) [ ]1,0:1 →μ RxAi  that produces a membership degree 
of the variable x1 with respect to the fuzzy set Ai. The 
same structure is considered for the second 
antecedent variable x2, which is defined over a 
universe of discourse made of five fuzzy sets Bj 
(j=1,5) characterized by their membership function 

( ) [ ]1,0:2 →μ RxBj  and for the consequent variable 
y which is connected with Uk fuzzy sets and their 
membership function. 

Figure 1 shows the general structure of the 
considered fuzzy system. 

 

 
Fig. 1 – The Fuzzy System 

 
The system in fig.1 with the rule base (1) can be 

described as: 
( )2211 , xxy gxgxfgy =   (2) 

where f represents the input-output mapping of the 
fuzzy system and gx1, gx2, gy are the scaling gains of 
the fuzzy variables. 

A standard choice for the input mf was 
considered. That is, five symmetric triangular shape 
mf were used, overlapping at 50% which uniformly 
cover the universe of discourse for the input 
variables.  [2,7] 

Figure 2 shows the design choice for two adjacent 
membership functions. 

 

 
Fig. 2 – Two membership functions in the universe 

of discourse for the variable x1 
 
In fig.2 cAi and cAi+1 denote the centers of the two 

adjacent membership functions. 
The degree of membership of a crisp value a to 

fuzzy sets Ai and Ai+1 is computed as follows: [2,7] 
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For the output variable y singleton membership 
functions were used. 

With these design choices a rule base made of 25 
(=52) rules results and a maximum of 4 rules can be 
activated at any given time. The consequences of 
these rules, and the position of the singletons, are 
chosen as the sum of the centers of the input 
membership functions and cover all possible 
combinations. The resulting fuzzy rules are given as: 

Rn: if x1 is Ai and x2 is Bj then y is cAi+cBj           (4) 
The and connective in the rules is implemented by 

the algebraic product. This means that the strength for 
the antecedent in rules (4) is given by: 

( ) ( )ba BjAinRule μ⋅μ=μ     (5) 
The crisp output value is computed using the 

weighted average as follows: 

∑

∑

=

=

⋅μ
= rules

n
nRule

rules
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nRulenRule

U

U
y #

1
 

#

1
  

     (6) 

where nRule μ  is defined as in (5) and nRuleU  is the 
output value for rule n, which is a singleton. 

The resulting structure of the fuzzy system assures 
a linear behavior of this system.[2,6,15] 

 
3. The PLC Implementation of the Fuzzy 

System 
The linear fuzzy system presented in section 2 

was implemented using STEP 7-Micro/Win in ladder 
programming on a Siemens S7-224 PLC with an 
EM235 analog I/O module. EM235 is a 4 Input / 1 
Output analog extension module with a maximum 
input / output range of ±10V and 12 bit analog-to-
digital and digital-to-analog converters.[13] 

As input variables of the fuzzy system, two 
bipolar voltages on AIW0 and AIW2 were 
considered. The resulting crisp value, which is also a 
voltage, was applied on AQW0.  

A sampling rate of 100ms was implemented using 
SMB34 timed interrupt. The associated interrupt 
service routine was used to collect the input crisp 
values and to compute the real values of the input 
voltages. 

In the main program, on each interrupt, the scaling 
gains are applied to these voltages, then their degree 
of membership to the corresponding fuzzy sets are 
computed using eq. (3). In the end, after applying 
inference (5) and defuzzification (6) the output crisp 
value is determined and applied on the analog output 
channel. Figure 3 shows a flowchart representing the 
fuzzy system algorithm implemented on the PLC. 
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Fig. 3 – The Fuzzy System algorithm 

 
For each of the two inputs two arrays are used. 

The first one is made of 5 double-word variables 
(5x4Bytes=20Bytes) and contains the centers of the 
input membership functions, while the second one, 
having the same size, contains the computed values of 
the membership functions for a given input.  

The degree of membership is computed based on 
equation (3) by knowing the centers of the 
membership functions and the input value. 

After performing the fuzzification, the structure of 
the fuzzy system considered in this paper allows that, 
at any given time, at most two of the 5 membership 
function values are not equal to zero.  

100 bytes of memory are used for expressing the 
rule base which is implemented as a look-up table in 
the V memory of the controller. Each rule is 
introduced by its consequence, which is a real value, 
corresponding to the singleton membership function 
associated to the output variable. Table I summarizes 
one of the possible rule tables for the fuzzy system. 

To validate the PLC implementation of the fuzzy 
system the following structure was considered: 

- for both of the inputs: 5 symmetric triangular 
shaped membership functions overlapping at 
50% were used and were centered at: 

{ }
{ }10,5,0,5,10

10,5,0,5,10
−−∈
−−∈

Bj

Ai

c
c

  (7) 

- 9 singletons were considered for the output 
variable and were positioned as follows:  

{ }20,15,10,5,0,5,10,15,20 −−−−∈kU  (8) 
- the three scaling gains gx1, gx2, gy were 

considered equal to 1 
- the rule table expresses rules of the form 

shown in (4) and is given in Table 1. 
 

Table 1. Rule table for the Fuzzy System 
input: x1 output: y  A1 A2 A3 A4 A5 

B1 -20 -15 -10 -5 0 
B2 -15 -10 -5 0 5 
B3 -10 -5 0 5 10 
B4 -5 0 5 10 15 

input: 
x2 

B5 0 5 10 15 20 
 

The fuzzy system is not limited to the choices 
mentioned above, regarding the number and position 
of membership functions (for both input or output), 
the type of rules and the structure of the rule base. 
Small changes to the PLC program allow for other 
fuzzy system structures to be considered. 

To verify the effectiveness of the PLC fuzzy 
system design a Matlab model having the same 
structure was considered and the results of the two 
models (Matlab and PLC) were compared. 

Figure 4 shows the Matlab model, which for a 
given input pair (x1, x2)=(2.2, 6.3) produces the crisp 
output y=8.5. 

 

 
Fig. 4 – Matlab Implementation of the Fuzzy 

System 
 

The same results are produced by the PLC 
implementation of the fuzzy system as shown in the 
Status Chart presented in fig. 5. 
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Fig. 5 – PLC Implementation of the Fuzzy System. Step 7-Micro/Win Status Chart 

 
 

With the design choices specified above, the total 
amount of V memory needed for the implementation 
of the fuzzy system on the PLC is 268Bytes which 
were used as follows 

 
Table 2. Memory usage 

Memory Usage 
100Bytes 25 rules. Each consequence introduced by 

a floating-point value representing the 
singleton 

40Bytes Centers of the membership functions for 
both inputs 

40Bytes Fuzzification values for both inputs 
20Bytes Various pointers needed for indexed 

addressing of the variables 
12Bytes x1,x2 and y crisp values 
12Bytes gx1, gx2, gy scaling gains 
44Bytes Iterators, intermediary results used by the 

algorithm 
 

The execution time of the algorithm is situated 
between 14 and 21ms. This means that the system can 
be successfully applied with sampling rates greater 
than 25ms, which can be achieved using the timed 
interrupts SMB34 or by other PLC specific means. 
These results were compared to that of a fuzzy system 
implemented using FuzzyControl++ on the more 
advanced S7-300 and S7-400 CPUs taken from [12]. 
Table 3 summarizes these results. 

 
Table 3. Runtime measurements 

CPU S7-200 S7-300 S7-400 
Inputs 2 2 2 
m.f. 5 each 5 each 5 each 
Rules 25 20 20 
Outputs 1 1 1 
m.f. 9 5 5 
Runtime av. 17.5ms ≈13.5ms ≈1.8ms 
 

The execution of fuzzy functions requires 
computationally intensive operations. The execution 

speed depends on the performance of the CPU used. 
However, the results shown in Table 3 are quite 
satisfactory given the difference in performance 
between the considered CPUs. 

 
4. Conclusion 
This paper presented the implementation results of  

a fuzzy system on a micro-PLC. The device used for 
implementation was Siemens S7-224 PLC with an 
EM235 analog input/output extension unit. When 
compared to the more expensive and advanced PLCs 
the fuzzy system implemented here shows promising 
results. The accuracy of the implementation is 
demonstrated by the comparative analysis between 
the PLC version of the fuzzy system and a Matlab 
model with the same structure. 

The implementation of the fuzzy system relied 
very much on the PLC’s capability to perform 
floating point operations and indirect addressing. 
Basically, all the components of a fuzzy system 
require floating point computations. This issue 
influences directly the necessary amount of memory 
needed by the fuzzy system implementation, as 
shown in Table 2. 

By changing the initialization values for the 
centers of the input membership functions, the gains 
and the rule base, in the program’s data block, other 
configurations of fuzzy systems can be obtained.  

The next step in the development of this system 
would be the implementation of a Fuzzy Logic 
Controller. 
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ABSTRACT 
Image processing has been used in several fields of science, especially gaining more and 
more importance as computers have evolved. Due to the heavy computational needs of an 
image processing algorithm, on one hand, and the need for fast processing times, on the 
other hand, the possibility of implementing these algorithms in pure hardware has 
appeared as a reasonable solution for the abovementioned two problems. The aim of this 
paper is to describe a possible implementation of some image pre-processing algorithms 
on a Virtex-II Pro FPGA. 

Keywords: FPGA, hardware image processor, contrast enhancement, linear filtering, nonlinear edge detection 

 
1. Introduction 
Image processing is a special form of signal 

processing, which deals with images, photos, video 
frames as two dimensional signals and applies known 
signal processing methods on them. Thus, being such 
a general concept, image processing can be viewed as 
a framework of application specific algorithms and 
analysis methods [1]. The structure of this framework 
is presented on fig. 1. It is not necessary for all the 
steps to be present in an image processing system, 
most of them make only sense in certain situations. 
Even though the input of every step is an image their 
output is not always an image, but a part of the 
original image or some statistical information 
extracted from the image [1], [2], [5]. 

Image pre-processing is one of the most important 
actions of this framework. This step supplies an 
image which is prepared for segmentation, feature 
extraction and statistical analysis, through contrast 
enhancement and feature accentuation techniques (i.e. 
point operations and linear and nonlinear filters). 

In order to make this step faster than it can be 
done by today’s computers but also to make it 
portable and independent from a computer, an FPGA 
based image pre-processor was developed. 

An FPGA (Field Programmable Gate Array) is a 
reconfigurable digital circuit, which offers the 
possibility to reconfigure its internal structure by 
writing and synthesizing a code using a hardware 
description programming language [4]. The most 
widely used hardware description languages are 
Verilog and VHDL. For the implementation of the 
image pre-processor, VHDL was used.  

 

 
Fig. 1 - General overview of an image processing 

framework 

One of the advantages of FPGA circuits is the 
possibility to run parallel operations; this is done by 
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forming parallel digital circuits. This is of great 
importance compared to the sequential operation of a 
computer. 
 

2. Resources  
In order to realize this system, the Virtex-II Pro 

based XUPV2P development board was selected. 
This board accepts a 512MB DDR RAM module as 
an external memory, and has an Ethernet port and an 
RS232 port. The total number of slices are 13696 [9]. 

The test images were gained from the 
radiopaedia.org database. 

Figure 2 presents the general overview of the 
whole system. 

 

 
Fig. 2 - The implemented image pre-processing 

system 

 
The test images were transferred to the DDR 

RAM from a computer using an Ethernet connection 
between the computer and the development board. 
This task was accomplished by a C++ application on 
the computer’s side. Commands can be transmitted to 
the development board by the Ethernet connection, 
using a special communication protocol, created for 
this very purpose. 

The development board runs a microprocessor 
based design, permitting the data packets arriving 
through the Ethernet connection to be processed and 
interpreted. When an image processing command 
arrives, the processor lets the FPGA take care of the 
task. The Ethernet connection was configured and 
used on the development board with the help if the 
lwIP TCP/IP stack [7]. 

 
3. Point operations 
The first types of image pre-processing algorithms 

that were implemented are part of the point 
operations category. These include: linear contrast 
increasing and decreasing, image negative, 
thresholding and histogram equalization [3], [5], [8]. 

Linear contrast increasing and decreasing means 
that the pixel transfer function is modified by a linear 
equation, in the form of [2]: 
 𝑣𝑣 = 𝑎𝑎𝑎𝑎 + 𝑏𝑏 (1) 
Where u is the input pixel value, v is the output pixel 
value, a and b are constants. Great care must be taken 
for the result to be in the original interval of pixel 
values. As we used grayscale images, represented on 
8 bits, this interval is [0, 255]. The hardware structure 
we used is represented in fig. 3. 

 
Fig. 3 - The structure of the linear contrast 

modifier 

 
An image negative can be computed using the 

above presented structure, with constants 𝑎𝑎 =
−1, 𝑏𝑏 = 255. 

The image thresholding operation can be a first 
step towards an advanced feature extraction 
procedure that uses morphological operators. This 
algorithm transforms a grayscale image into a binary 
one by setting all pixel values above a threshold to 1 
and all pixel values below the threshold to 0 [2], [8]. 
The hardware that executes this operation is presented 
in fig. 4. 

 

 
Fig. 4 - The structure of the thresholding module 

 
This module uses a comparator circuit to perform 

the output decision. 
The last point operation that was implemented, is 

histogram equalization. The scope of this operation is 
to equalize the probability of each of the pixel values, 
in order to increase the contrast of the image. The 
operation consists of two parts: the computation of 
the image histogram and the construction of the new 
image by computing each new pixel value [5], [8]. 
First, the image histogram is computed by taking 
every pixel value and counting its occurrence in a 
dual port memory. The pixel value being the address 
value itself, every time a new pixel value arrives, the 
counter value is extracted from the memory, it is 
incremented by one and written back to the memory.  
Then the new (equalized) pixel values are computed 
and stored in a LUT for later utilization. The 
computation of these pixels is based on equation 2: 
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𝐿𝐿 − 1
𝑀𝑀𝑀𝑀

�𝑛𝑛𝑖𝑖

𝑘𝑘

𝑖𝑖=0

 (2) 

We have: MN the total number of pixels in the image, 
L the total number of gray levels and the sum 
represents the cumulative histogram for pixel k. We 
chose images with sizes that are powers of two, hence 
the division could be implemented as simple right 
shifting. Figure 5 presents the histogram equalizer 
circuit. 

 
Fig. 5a - The structure of the histogram computing 

module 

 

 
Fig. 5b - The structure of the histogram 

equalization module. The histogram computation 
module (upper image). The equalizing mechanism 

(lower image) 

 
4. Linear and nonlinear filters 
Digital FIR filters, as they are known from digital 

signal processing theory, can be extended for two 
dimensional signals too. Equation 3 describes the 
general form of a linear 2D FIR filter. ℎ𝑖𝑖,𝑗𝑗  represents 
the coefficients of the filter being used, 𝑎𝑎𝑥𝑥−𝑖𝑖 ,𝑦𝑦−𝑗𝑗  is a 
pixel of the sub-image of a size equal to the filter and  
𝑣𝑣𝑥𝑥 ,𝑦𝑦  is the resulting pixel value. 
 

𝑣𝑣𝑥𝑥 ,𝑦𝑦 = � � 𝑎𝑎𝑥𝑥−𝑖𝑖 ,𝑦𝑦−𝑗𝑗 ℎ𝑖𝑖,𝑗𝑗

∞

𝑗𝑗=−∞

∞

𝑖𝑖=−∞

 (3) 

In practice, a linear filter has a limited size, 
typically of 3×3, 5×5 or 7×7. The filtering operation 
takes place by sliding the filter coefficients, organized 
in the form of a square matrix, through the image, 
multiplying the filter coefficients with the pixel 
values below them and then adding up the results [5], 
[8]. This operation is sometimes called masking and 

the filter is called a mask or a kernel. 
Filters of size 3×3 were implemented. As the filter 

goes through an image, filter coefficients are 
multiplied with image pixel values. A 3×3 image 
portion is stored in a buffer, while the filter 
coefficients are in a memory zone, where they get 
loaded at the moment of selecting a specific filter 
type. Figure  6 contains the hardware structure of the 
filter. Each of the total nine multiplications is realized 
with the help of shift multipliers as the filter 
coefficients are powers of two. There are two types of 
linear filters that were implemented: low pass and 
high pass filters. Because the low pass filter’s 
coefficients need to be normalized, at the final stage 
of the filter structure there is a shift divider to 
accomplish this task.  

 

 
Fig. 6 - The structure of the filter module 

 
Three types of filter coefficient sets were 
experimented with: mean filter, Gaussian filter and 
Laplacian filter.  

A nonlinear edge detector was also implemented, 
following similar principles as in the case of the 
linear filters, applying two Sobel kernels (one for the 
horizontal direction and one for the vertical 
direction). Figures 7b and 7c present the effect of this 
nonlinear edge detector and the Laplacian filter. 

 

 
Fig. 7a - CT image of a chest 
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Fig. 7b - The result of the nonlinear edge detector 

 

 
Fig. 7c - The result of the Laplacian filter. It is obvious 
the lack of edge information which is available in the 
previous image and the presence of the double edge 

detections caused by the second derivatives. 

5. Results and conclusions 
Table 1 contains the resource utilization of the 

different hardware modules. All the tests were 
performed with images of size 512 × 512. 

 
Table 1 Resource utilization of the implemented 

image pre-processing methods 
Method Resource utilization (CLB) 
Point operations 11 
Histogram equalization 163 
Filtering 67 

 

The implemented system is fully functional. There 
are no comparative results, as the aim of the project 
was to implement an image pre-processing system 
which was not present on the market. However, 
measurements were made on the speed of the 
implemented methods compared to the performance 
of a PC. Table 2 presents the results. The values 
represent the time duration of the corresponding 
method applied for one pixel. 

 
Table 2 Execution times of the methods 

Method FPGA 
execution 

time 

PC 
execution 

time 
Point operations 10 ns 4 µs 
Histogram equalization 10  ns 1.295 ms 
Filtering 40 ns 5 µs 

 
As it can be seen, the implementation of the 

presented image pre-processing algorithms on FPGAs 
is much more effective than their implementation on 
PC. The implementation in pure hardware presents 
not only smaller execution times but it is more 
reliable too. 
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ABSTRACT 

The research was focused on implementation of mobile robots navigation algorithm. One 

of the most critical parts of the mobile robot navigation is the self localization of the 

robot. For the robot localization and modeling of the environment an RBF type artificial 

neural network is used. In the current paper an efficient, real time functioning hardware 

implementation on FPGA circuit with parallel pipeline architecture of the RBF ANN is 

discussed. The sub modules of the navigation algorithm, the general architecture of the 

system is presented. 

Keywords: Mobile robot navigation, RBF artificial network, FPGA, hardware implementation, embedded design 

 
1. Introduction 
The navigation of a mobile robot is a complex 

task and several related sub-tasks should be solved. A 
possible architecture for the map based navigation is 
presented in the following figure (Fig.1). 

 
Fig. 1 – Mobile robot navigation subtasks 

 
One of the critical tasks is the localization of the 

mobile robot. In our experiments it is considered that 

the mobile robot is moving in a known environment 
[1]. The robot starts from a precisely known location 
and it can keep track of motion using odometry. 
Resulted from odometrical uncertainty, the robot will 
become more uncertain about its position during 
motion. The robot needs to localize itself by using 
sensors and making observations of its environment. 
In the scientific literature several algorithms of 
mobile robot localization were found. The topic of 
this paper is the localization of the mobile robot in a 
map based known environment. For the localization 
and environment modeling an artificial neural 
network was used successfully and it was presented 
in some previous research results. The objective of 
the paper is to present a hardware solution with real 
time functionality for implementation in FPGA (Field 
Programmable Gate Array) circuit of RBF ANN 
(Radial Basis Function type Artificial Neural 
Network) used for mobile robot localization. In the 
paper a proposed localization algorithm will be 
discussed, the architecture used for the mobile robot 
navigation will be presented and the technology used 
for the robot architecture will be described. 

2. Materials and methods  

For our experiments an FPGA hardware platform 
was selected to be used from the perspective of 
simple extension of the system with new modules [2]. 
An experimental architecture using FPGA platform 
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for a navigation system can be extended more easily, 
than one with a fixed architecture processing system.  

The research background was to promote the 
implementation of map based navigation and 
localization algorithm for visually impaired persons 
in embedded systems. 

Testing the navigation algorithms directly with the 
implication of visually impaired persons is not an 
easy task [3], so it was decided to implement the 
algorithm in a mobile robot application. 

During the research tasks of navigation algorithm 
implementation and real time navigation tests, various 
subtasks were found and solved: 

•an ultrasonic distance measuring system was 
designed which can continuously measure the 
distance between the robot and the obstacles in front 
of it [4] 

•a wireless communication unit has been 
developed to monitor the robot parameters by a 
remote computer.  

Testing different algorithms in an embedded 
system, especially when it is used in a mobile robot 
application is very challenging. 

The wireless monitoring has proven to be efficient 
and has simplified the testing of the algorithms. 

At first, an algorithm/program was implemented 
and tested in Matlab. The data provided by sensors 
and then the calculated control signals were 
transferred using a wireless communication unit. An 
RBF type neural network used for robot localization 
and environment modeling was also previously built 
and implemented in MATLAB. 

The structure of an algorithm, shown on fig. 2 was 
used for the mobile robot navigation algorithm 
(implemented and tested). 

 
Fig. 2 – General structure of the system  

The PC-linked FPGA circuit can be replaced, in 
principle, by a PC-computer solution, but the 
application/use of the FPGA circuit has greatly 
simplified the implementation of the communication 
between the Matlab-Simulink model and a device. 
Based on the support provided by the Simulink-
System generator it permits a simple interface 
implementation for hardware co-simulation. In the 
hardware co-simulation a part of the application is 
running on Simulink models on PC and the other part 
is implemented on hardware. With these 
considerations, the data exchange can be 
implemented easily. 

To implement the applications on the FPGA 

circuit more design tools had to be applied: 
- The VHDL (VHSIC hardware description 

language) modules were prepared at register transfer 
level [5] [6] using the ISE Project Navigator software 
package (distance measuring PWM (Pulse Width 
Modulation) module for motor control, encoder 
interface, RBF network and path planning based on 
the Kohonen self organizing map). 

-In both (fig. 2) FPGA circuits [6], a mixed 
hardware software architecture was designed as an 
embedded type Microblaze processor targeted 
application. The processor system configuration was 
implemented using the Embedded Development Kit 
program [7][8]. 

- The configuration of the hardware components 
and the integration of some of the peripheral parts 
was done with the Xilinx Platform Studio 
respectively the software part with the Software 
Development Kit in the system. 

On the robot system two Microblaze processor 
cores were configured to be used. One has the role of 
reading the distance scanning the sensors data, the 
wireless communication, the initialization of the 
peripheral hardware modules, the data exchange with 
various peripheral units. The second processor is used 
to run the programs responsible for the robot 
localization, mentioning the most important program 
components such as the robot movement and the 
controllers responsible for the robot's orientation. 

Between the two processors the data exchange is 
implemented through a dedicated buffer. 

The design, planning of the FPGA based 
architecture implementation was simplified by the 
usage of the System Generator module with the help 
of which the individual peripheral IP cores connected 
to the PLB busses were generated. The last step 
implementation of the final architecture for the 
system connected to the PC was realized with the 
System Generator module. Possibility of appearance 
of simultaneous software and hardware errors made 
the design errors detection difficult. 

The debugging and testing of the hardware 
components was performed with the ILA (Integrated 
Logic Analyzer) module integrated in the FPGA 
circuit using the ChipScope Pro Tools for signals 
display respectively external logic analyzer and in 
some simple cases an oscilloscope were used. For the 
testing of the software components an MDM module 
was integrated, allowing the program to run step by 
step. 

 
3. Results 

The robot navigation implies the following tasks 
to be performed: environment observation, 
localization of the mobile robot, decisional task and 
the movement of the robot. 

The observation of the environment: the 
environment is detected using an ultrasonic scanner to 
measure the distance of the robot to the obstacles in 
the environment, in different directions. The value of 
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the measured distance signal is stored in a vector and 
is used by a localization task. 
The robot localization task is realized based on the 
measurements obtained by the ultrasonic scanner.  

In the first step, based on the measured values 
obtained by the distance measurement unit, a compact 
key, specific to the current position of the robot, is 
created using the RBF artificial neural network. 

The distances were received pursuant to different 
directions from -90 to 90 degrees. After the training 
of the RBF network with the distance vectors, the key 
of position results from weights of the trained 
artificial neural network. The key represents the 
encoding of the environment, where the measurement 
was made, in the weights of the RBF type ANN.  

The second step is based on a search for similar 
keys in a table, in which, keys with known location 
on the map are stored.  

The role of the RBF network is to reduce the size 
of the vector elements used in the comparison process 
during localization of the mobile robot.  

Considering the odometria concept (in our system, 
a magnetic compass is used for orientation, and 
incremental encoders for estimation of the traveled 
distances) the environment/zone within which the 
robot is located can be estimated. 

Thus the search / comparison should not be made 
to all elements of the above mentioned table.  

The comparison of two samples is similar to the 
calculation of the cross-correlation index between the 
two keys. An efficient real-time operating calculation 
of the cross-correlation index can be implemented in 
the FPGA circuit based on the architecture used for 
wavelet convolution implementation. 

Decisional task  

The role of the decision module is to determine 
how much and in what direction the robot should 
move. The localization algorithm determines the 
robot's current location on the map. The route 
between the actual position of the mobile robot and 
the position of the next target should be determined. 
For this, the research task was made with the usage of 
the self organizing map, and other applications of 
other solutions were considered [9][10][11][12]. 

Movement of the robot  
The robot movement should be realized along the 

trajectory obtained from the decisional module using 
the odometria measurements.  

The movement of the robot as it is described in 
this paper, is effectuated in two steps: first the angular 
positioning and after it a movement of the robot in the 
specified direction are tested. The finding of the 
angular orientation is based on the single axis digital 
magnetic compass which ensures one degree of the 
orientation error. The precision of the movement of 
the robot in a specific direction is limited, due to the 
sliding of the mobile robot wheels. For angular 
positioning and for movement of the robot, a PID 
type of controller was used. For the future, the usage 
of different type of controllers is taken into account. 

To increase the accuracy of the odometria, 
accelerometers and gyroscopes should be used. 

 
4. Discussion 
As it was mentioned, for the mobile robot 

localization the RBF type ANN is used.  
The architecture for the robot localization is presented 
in the figure 3 and is composed of the following basic 
modules:  
   - The RBF network,  
   - The table with the previously stored key with the 
known position and orientation, 
   - The unit for the cross-correlation index 
calculation,  
  - The result table with the positions for which the 
robot can be localized with the most specific cross 
correlation index. 

The basic idea of the robot localization is based 
on modelling the environment for the current position 
of the robot. The surroundings are scanned with the 
ultrasound distance measurement unit. 

 

RBF network

Cross-

correlation 

index 

processing 

unit

Tabel with coordinates 

for most significant 

correlation index values

Mobile robot 

pozition 

calculation

Weight 

update

algorithm

Network input

Network output

Table of stored key with knon position

 
Fig. 3 – Robot localization phases 

 
The scanner is capable to scan between -90 and 90 

degrees, but using the orientation positioning the 
environment can be scanned in the range of -180 and 
180 degrees. 

The obtained distance is learned in each step with 
the RBF artificial neural network. The resulted 
weight represents a specific key for the current 
position of the robot. For specific points originates 
the map, a set of keys with the attached position and 
orientation on the map is previously stored in a 
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database. The preparation of the previously stored 
keys can be made based on measurements, realized 
by the robot, or the keys can be retrieved directly 
from the map during navigation.  

The key obtained for the current position is 
compared to the key stored in the database, by 
calculation of the cross correlation index between the 
two keys. 

Multiple measurements were performed from 
which the variation of the cross correlation index 
according to the distance between the measurement 
points has resulted.  

 
Fig. 4 – Dispersion of the correlation index in 

function of the measured distance to the 

object/obstacles  
 
By triangulation, the robot position can be 

determined from the calculus. 
The paper is focused on the hardware 

implementation of the RBF type artificial neural 
networks specific for the current application.  

The architecture of the RBF ANN was detailed in 
the previously obtained research results [13][14]. 

The proposed hardware structure is presented in 
the next figure (Fig. 5): 

The hardware implemented architecture structure 
used in [13],[14] is applied in the current paper with 
adaptation to the current task. 

In the present paper the displacement of the 
central value for the basis function of RBF ANN was 
uniform and previously fixed. After generating the 
hardware structure of it, the center of the basis 
function cannot be changed. In this paper a new type 
of memory is proposed to be used for storing the 
center values of the basis functions. Using this 
approach, a more flexible architecture can be 
configured by simply reprogramming the coordinator 
processor with the center value of the basis functions. 
A new modification based on the mentioned structure 
is to use more efficiently the processing clock cycles. 
In the mentioned paper [13][14] a single training 
cycle was processed automatically without the 
intervention of the coordinator processor.  

The control unit of the RBF hardware was 
redefined, and the processing cycle is realized for all 

of the data from the training set for a number of 
training cycles previously programmed without the 
intervention of the coordinator processor. 

 Fig. 5 – General architecture of the hardware 

implemented RBF artificial neural network 
 

The data set is stored in a dual port block RAM 
memory. The dual port block RAM memory is used, 
because of parallel processing of the calculus of the 
RBF network output for a set of input data and 
programming a new set of training data. In the input 
memory, two (or more) buffer zones are used, from 
one zone the network calculation is realized and in 
the new zone the new input data is stored. 

The basis function implementation is realized by 
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using BRAM memories. Other implementation of the 
basis function can also be considered, 
[15][16][17][18][19]. The values of the basis function 
are previously programmed by the coordinator 
processor. 

The weight values are stored in the dual port 
BRAM memories. The role of the dual port memory 
for weight storage is the parallel realization of the 
output processing and weight update. 

For addressing of the weight values memory, a set 
of delay registers are used. This set of buffers ensures 
that the weight values are read for the appropriate 
basis function. 

Due to the fact that the basis function is 
symmetrical to the center, only half of the functions is 
stored in the BRAM memory. The absolute value of 
the distance between the input and the currently 
processed neuron index is processed. This distance is 
used to extract the basis function value from the basis 
function memory.  

The output of the network represents a summation 
of the products between the basis function values and 
the weight values. This operation can be implemented 
in a single clock cycle using the MAC IP core. 

The training process is delayed with a phase 
relative to processing the output of the network. The 
output error is processed for the current input. The 
resulted error is stored in a register. In the next phase 
the weight update is processed for x[k-1], the k-1 
position of the training set, in parallel the network 
output is processed for x[k]. 

An intermediary memory is used to store the 
weight values, the basis function values 
corresponding to x[k-1], because based on the weight 
update delta rule equation, the use of the weight value 
and the basis function value can be observed. 

Using the GENERIC VHDL command the 
network was parameterized, and different versions 
can be configured and tested very simply.  

The weight values, basis function values and input 
values were represented on 16bit signed integers. 

The parallel-pipeline architecture contains a six 
phase pipeline so the network output is processed for 
an input and the weight updated in (N+5), where N 
represents the number of RBF type neurons used in 
the application. The network is implemented and 
some measurements and debugging are necessary for 
the startup of the system and tests in the real 
application of the mobile robot localization. The 
research result made on hardware implementation of 
the artificial neural networks, successfully was 
applied for the current architecture implementation 
[14][15] [20],[18]. 

 
5. Conclusions 

 
The FPGA based architecture represents an 

efficient solution in implementation of different sub 
tasks of the navigation algorithm. 

The localization algorithm is a critical task of the 

navigation algorithm. The real time functionality of 
the navigation algorithm depends on the time 
necessary to localize the robot on the map.  

The localization algorithm proposed in the paper 
represents an adequate solution in robot navigation as 
the research results reveal. The parallel pipeline 
architecture provides the real time modeling of the 
robot environment and the localization of the robot in 
real time. 

Future research has to be made for the integration 
of the hardware implemented neural network with the 
robot hardware implemented navigation algorithm. 
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ABSTRACT 
The continous Morelet wavelet transform is very commonly used modern method in EEG 

signal analysis. The objective of the paper is a real time functional hardware 

implementation of the continuous wavelet transform calculus. The calculation of this 

wavelet spectrum is realized in the time-frequency domain. The researcher has also 

preferred to use FFT IP cores as a processing tool, in the FPGA implementation of the 

continuous wavelet transform. In this paper a parallel-pipeline real-time functional 

architecture is presented and the wavelet spectrum is calculated in the time-frequency 

domain. Some figures for different tests and EEG signals with the designed hardware 

units are also presented.  

Keywords: Wavelet transform, Hardware implementation, FPGA, embedded design 

 
1. Introduction 
 
In the EEG signal analysis a very commonly used 

method is the continuous wavelet transform using the 
complex Morlet wavelet function of order 6.  

The objective of the paper is the real time 
functioning hardware implementation of the Morlet 
wavelet transform. The question arising is whether 
the wavelet-convolution algorithm can be parallelized 
and implemented in FPGA circuit providing real-time 
operation of the system. 

From the study of the Wavelet convolution 
algorithms [1][14][15][13] and from results and 
experience of current research in the field of 
hardware implementation of artificial neural networks 
on FPGA circuits led to the conclusion that wavelet 
spectrum could be implemented with real time 
operability in FPGA circuits. 

The experience gained from the real time 
functional hardware implementation in FPGA circuits 
of the Radial Basis Function Neural Network 
(RBFNN [5][10][11]), Cerebellar Model Articulation 
Controller (CMAC[7][8][9]), fuzzy inference systems 

[6][20] and the researcher’s results with wavelet 
hardware implementation [3][19] are successfully 
applied in the continuous wavelet convolution 
discrete hardware implementation. The continuous 
wavelet spectrum, in most cases, is using also the 
frequency domain based on direct and inverse fast 
Fourier transform as simplifying tools in calculus 
[16]. Several implementations is known using the 
graphics processing unit for real-time brain–computer 
interface feature extraction [2] 

On the known FPGA implementations of the 
continuous wavelet transform, it is preferred to use 
the FFT transform, in other words FFT IP core 
configured with IP Core Generator [17]. 

In the hardware version presented in this paper the 
Fourier transform was not used, a parallel pipelined 
architecture that provides real-time calculation of the 
wavelet spectrum in the time domain is proposed.  

 
2. Materials and methods 
 
The results of the hardware implementation of the 

wavelet convolution were tested with real EEG 
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signals. 
For the test signal acquisition a BrainMaster, two 

channels, 250Hz sampling frequency EEG signal 
acquisition system were used. 

The wavelet spectrum calculation was performed 
by a high level programming language. 

The result of the hardware implemented wavelet 
convolution was compared with the software 
implementation to verify the correct operation of the 
hardware version. 

From the wavelet convolution algorithm it is 
obvious that, in order to work out the convolution 
product, the required operations are multiplication 
and addition. From the available FPGA-based 
development systems in our laboratory, one Virtex II 
Pro and Virtex V-type circuits were found to be 
suitable as hardware support for the mentioned 
application. 

In the first phase the wavelet transform system 
was implemented on VHDL without using any 
embedded processors. The tests showed the need for 
an embedded processor, and external memory (ex.  
flash memory) for simple and easier introduction of 
the EEG signals, and interpretation of the results. 

The design, testing and startup required the use of 
several software packages. For the wavelet 
convolution hardware implementations in VHDL-the 
XILINX ISE Proiect Navigator was applied. 

During the design a modular, subsequently 
extensible, scalable and configurable circuit was 
created, based on the size of the FPGA. 

The use of the predefined IP cores, such as the 
multiply and accumulate (MAC) IP module, the 
memory modules generated from BlockRAM type 
memories with Block Memory Generator simplified 
the implementation of some modules. 

The correct functionality of the prepared VHDL 
modules was tested with simulation methods using 
the ISE Simulator. 

The scalable structure should help to configure the 
application according to the size of the proposed 
FPGA circuits, using the FOR GENERATE and IF 
GENERATE VHDL instructions specific for 
concurrent components instantiation, specifying the 
system parameters (number of concurrent modules, 
number of bits used for data representation). 

The hardware convolution module implemented 
in VHDL was integrated to the Processor PLB bus 
system as a peripheral unit using the Embedded 
Development Kit. 

In the testing phase of the system the EEG signals 
were introduced and the convolution results saved for 
interpretation with the integrated SD card or Compact 
Flash card, depending on the used development 
board. 

Testing the system proved to be a complex and 
difficult task because of errors that may have been 
made in the hardware convolution unit, such as in 
program running on the embedded processor 
responsible of the data entry and data save 

management. 
The processor program debugging implies the 

integration of the XPS MDM module. 
The hardware unit testing proved to be more 

difficult and time consuming compared to software 
debugging. 

For the hardware modules testing and debugging 
an Integrated Logic Analyzer (ILA) core which can 
be integrated in FPGA circuit with ChipScope Pro 
interface, 2x32 bit Tektronix external logic analyzer, 
and for simple cases oscilloscope was used. 

In many cases, the behavioral level simulation of 
the circuit performed proved to be successful, but 
after the implementation in hardware, the FPGA 
circuit did not worked as it was expected. The 
internal logic analyzer proved to be the most useful 
for the detection of the above mentioned hardware 
design errors. 

 
3. Results 
 
The design and testing of one hardware 

implemented module/circuit for calculation in real-
time of the wavelet spectra of EEG signals for 
multiple scale values for the two type FPGA circuits 
previously mentioned was successful. 

In the following tables the most important 
characteristics of the two FPGA circuits from the 
point of view of implementation of the wavelet 
convolution respectively the designed hardware’s 
most important parameters are presented. 

 
Table 1. FPGA circuit parameter 

Characteristics of 
the FPGA circuits 
from the point of 
view of the wavelet 
convolution 
implementation 

Type of the used 
development boards 
XUP Virtex-
II Pro 
Developmen
t System 

Opus 
Virtex®-
5 
Develop
ment 
Board 

Type of the FPGA 
circuit  

Virtex-2 Pro 
XC2VP30  

Virtex-5 
FX30T 

Embedded 
processor 

2xPowerPc PowerPc 

The used tools for 
design and testing 

XILINX 
ISE, EDK, 
SDK 10.3 

XILINX 
ISE, 
EDK, 
SDK 
12.4 
Converte
d to 13.4 

Number of 
BlockRAM  
memories 

134  BRAM,  
of 18kbit 

136drb 
of 18kbit 
BRAM 

Dedicated hardware 
multipliers 

134  
18x18bit  
MUL 18x18 

64 
DSP48E 
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Table 2. wavelet module parameters 

Hardware 
implemented 
wavelet module 
parameters 

Type of the used 
development boards 
XUP Virtex-
II Pro 
Developmen
t System 

Opus 
Virtex®-
5 
Develop
ment 
Board 

Number of channels 
operating in parallel  

56 24 

Dimension of 
buffer for input 
signal storing 

4096 4096 

Size of wavelet 
window 

1024 1024 

Data representation Integer Integer 
Scale number 64 64 
Working frequency 100 Mhz 400Mhz 
Spectrum display in 
real time on the 
screen 

Yes No 

External non-
volatile memory 

1Gb 
COMPACT 
Flash  

2Gb SD 
Flash  

Processing time for 
64 x n window. 64 
number of scale, n 
number of samples 
 

6.8992e-004 
sec (for 
n=56 points) 
(1024+56)*6
4*1/1000000
00 

1.6768e-
004 (for 
n=24 
points) 
(1024+2
4)*64*1/
4000000
00 

Processing time for 
1024 samples  (256 
Hz sampling time 
of EEG signal 
which correspond 
to 4sec) 

0.0126sec 
(1024/56*(1
024+56)*64
*1/10000000
0) 

0.0072se
c  
(1024/24
*(1024+
24)*64*1
/4000000
00) 

Input signal 
encoding 

On 12 bits 
Complement 
of two 
(configurabl
e) 

On 12 
bits 
Comple
ment of 
two 
(configur
able) 

Result  
representation 

24/32 bit  
unsigned 
integer 

24/32 bit  
unsigned 
integer 

Wavelet function 
values encoding 

12 bit 
Complement 
of two 

12 bit 
Comple
ment of 
two 

The wavelet convolution unit was tested with real 
acquisitioned EEG signals. This paper is focused on 
the wavelet convolution implementation on FPGA 
circuit and not on the EEG signal analysis (signal 

processing). 
In the following drawings the wavelet spectra 

results obtained for different EEG signals at different 
scale ranges are presented (scale value is in a 
relationship with frequency [18]). 

In the following two time-frequency diagrams the 
test results for two sinusoidal signals can be seen on 
Fig 1 and Fig 2. 

For the two sinusoidal signal frequencies 10Hz 
and 20 Hz, the wavelet spectrum was calculated for 
scale values corresponding to frequencies between 8 
and 40Hz. The test signals demonstrate the correct 
operation/functioning of the system, identifying the 
two sinusoidal signal frequencies of 10Hz and 20Hz. 

  
Fig. 1 – wavelet spectra for test signal of 10Hz 

 
Fig. 2 – wavelet spectra for test signal of 20Hz 

 
The results of the wavelet spectrum for two EEG 
signals measured with BrainMaster acquisitioning 
system in the 0.25-8.25Hz bandwidth of the results 
are presented in the following figures (Fig.3, Fig.4). 

 

 
Fig. 3 – EEG signal and wavelet spectrum for 

frequency between 0.25 and 8.25Hz  
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Fig. 4 – EEG signal and wavelet spectrum for 

frequency between 0.25 and 8.25Hz 

 
At the end of the evaluation of the hardware 

implemented wavelet convolution unit the wavelet 
spectra is recalculated on FPGA for signals presented 
at FENS2012 Shop (Barcelona) [17] where the 
wavelet spectra was implemented in a high level 
programming language. It can be observed that the 
difference is due to the sampling period and the 
wavelet transform scaling. 

 
Fig. 5 – wavelet spectrum for frequency between 

0.25 and 16.25Hz from 0 to 180 seconds 

 
In the figures below (Fig.6, Fig. 7, Fig. 8, Fig. 9) 

the wavelet spectrum for smaller intervals of the 
entire signal presented in figure (fig 5) is highlighted. 
The following figures represent the range from 18 to 
22 sec (Fig.6), from 29 to37sec (Fig.7) from 54 to 63 
sec (Fig. 8) and from 84 to 89 sec (Fig. 9) for scale 
range coressponding for frequencies between 2.5 and 
17.5 Hz. 

 
Fig. 6 – wavelet spectrum for frequency between 

0.25 and 16.25Hz from 18 to 22 seconds 

 
Fig. 7 – wavelet spectrum for frequency between 

0.25 and 16.25Hz from 29 to 37 seconds 

 

 
Fig. 8 – wavelet spectrum for frequency between 

0.25 and 16.25Hz from 54 to 63 seconds 

 

 
Fig. 9 – wavelet spectrum for frequency between 

0.25 and 16.25Hz from 84 to 89 seconds 

 
The test measurements confirm the correct 

operation of the hardware implemented convolution 
unit. This is an important result for the planned on-
line use of wavelet transform in EEG signal 
processings and pattern recognition tasks. 
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4. The hardware implementation of the 

wavelet convolution  
 
The block diagram in Fig. 10 presents the 

proposed parallelized model of the algorithm for 
wavelet spectrum processing. In the figure only the 
data exchange is presented, without detailing the 
control signals. The structure has parallel pipeline 
architecture.  

In he block diagram four functional parts can be 
distinguished:  

One of the four parts is the buffer channel formed 
from the register Reg (Fig. 10), which ensures that the 
input signal is carrying to the convolution 
multiplications  modules inputs at the right time. 

During processing, for each clock signal of the 
automata controller, a new value of X is shifted into 
the buffer. 

The next part is composed of multiplying and 
adder modules to compute the convolutional product 
of the input vector and the Morlet wavelet values for 
a defined scale value. 

It is true that the calculation of the convolution 
product is made sequentially, but the convolution 
product of multiple sampling is done in parallel (Fig. 
10). 

To calculate the wavelet spectrum at one sampling 
for one scale value two MAC modules are required. 

x
R(0)

x
I(0)

x
+ R(1)

x
I(1)

x
+ R(N)

x
+ I(N)

Reg(1)

Reg(N)

X(k) (n-k)

R(n-k)

+

+

+

Reg(0)

S(N)

MUL MUL

All 
Fig. 10 – wavelet convolution data paths 

 
One is required to calculate the real part and the 

other to perform the imaginary part of the 
convolution product. 

At the output of the MAC modules the buffer 
composed of registers R respectively I is shown. The 
results of the convolution product are stored in these 
registers.  

Registers I (0), I (1), I (N) are of the imaginary 
part and registers R(0), R (1), R (N) of the real part 
convolution product result store. N represents the 
number of points on which the calculation is done in 
parallel. 

Accordingly to the proposed first variants of the 
hardware implementation of the wavelet spectrum 
[12] after the I and R registers output a pair of two-
level units were applied (with two multiplications and 
one addition).   

Because of the high hardware requirements of the 
previous mentioned version only a single module is 
used. 

While the convolution products are calculated for 
scale value s(k) the wavelet spectrum is calculated for 
s(k-1) shifting the data in buffers with registers I and 
R to two multiplier MULs and in the next clock cycle 
to the adder unit. 

The wavelet function values are calculated in 
advance and stored in the BRAM memory. One 
memory is used for the real part and the other for the 
imaginary part.  

 
Fig. 11 – Wavelet convolution unit general 

block scheme 
As well the incoming EEG signals are stored in a 

vector, implemented as a dual port BRAM memory 
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From one of the ports the input values are read out 
and on the other port the new vector values are stored. 

 The general block scheme of the wavelet 
convolution unit is presented in figure 11. The result 
is also stored in a memory implemented as a dual port 
BRAM. Simultaneously the last results can be read 
out and transferred to the signal identification 
module, respectively the calculated new wavelet 
spectrum values are stored in an alternate port of the 
BRAM Memory. 

Depending on the type of the development board, 
if it is equipped with a VGA output, the wavelet 
spectra on line can be visualized on the monitor 
attached to the FPGA development board. The 
visualization module is composed of a VGA 
controller, and a dual port BRAM memory. At the 
port A the results are stored in the memory and on the 
other port B the results is read out by the VGA 
controller.  

 
Fig. 12 – Integration of the convolution module, 

and other important modules to the embedded 

processor bus system 

 
As it was mentioned, the input and result memory 

were implemented with dual port memories. Port A of 
the memories are connected to the BRAM controller 
connected to the Processor Local Bus of the processor 
system.  

The architecture of the system is presented in 
figure 12. The peripheral units are connected to the 
PLB bus of the processor.  

The hardware implemented wavelet convolution 
unit is connected to the PLB bus with a General 
purpose input output interface. On this interface is the 
internal register of the control unit of the wavelet 
module is initialized, respectively the status register is 
also read back on this interface. From the program 
running on the PowerPC processor the input memory 
is initilaized with the input vector through the BRAM 
controller connected to the input memory. From the 
program the result memory is read back through the 
BRAM Controller connected to the result memory. 

The Virtex II Pro development board uses a 
Compact Flash memory respectively the Virtex V 
development board has an SD card connected. The 
acquisitioned signals are stored in the mentioned flash 
memories, from which the internal memories are 
initialized. The result is written to the flash memory. 
 

5. Conclusions 
 

In conclusion, it was expected, the hardware 
implemented wavelet spectrum computing module 
has been realized in the FPGA circuit with a real time 
operability.  

The number of the spectrum points which can be 
processed in parallel depends on the FPGA circuit 
capacity, and is greatly affected by the number of 
hardware multipliers. Specific to the presented  
implementation is that the computation is made in the 
time domain. Furthermore, using the embedded hard-
core processors (PowerPCs) available in the Xilinx 
Virtex circuits [4] gives an extra advantage, by 
enabling easy data exchange between the FPGA and 
the EEG signal acquisition hardware. The 
parametrized architecture gives the advantage to 
configure the hardware module according to the used 
FPGA circuit resources. The BlockRAM memory 
was used for input and results storage.   
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ABSTRACT 
The human brain is arguably one of the most complex known system. Various 

technologies exist to record brain waves, e.g., electroencephalograms (EEG), 

magnetoencephalograms (MEG). We record only from brain areas, the resulting data sets 

are often big, and need to be suitably stored and managed. The data is often noisy but all 

the time represent a very limited, but important part of the effects of brain functioning. 

These are the starting characteristics for this brain research project. What we are doing 

is to get human EEG recordings, using electrodes held in place on the scalp. The 

procedures are non-invasive, safe and painless. Many EEGs have known clinical 

significance and many do not. The main goal of this paper is to bring forward two 

effective methods for EEG signal evaluation. It is known, that signals are carrying 

information. With the following method we get closer to understand how is possible to use 

the time-frequency components of the recorded signals for correlation studies. The 

continuous Wavelet transform based on Morlet_6 function (WT) is in focus. The wavelet 

correlation method is exemplified on EEG channel signals recorded by our NSRG-team. 

In this paper we emphasize the technical aspects of the procedures and not the biological 

significance of the results. 

 

Keywords: Continuous wavelet transform, wavelet correlation, wavelet coherence, EEG 

signals 

 
1. Introduction 

It has been noted in neurobiology’s literature that 
some neuronal assemblies are characterized by the 
synchronous activity of their constituent neurons, 
creating EEG signals. Different EEG frequency 
components also reveal synchronies relating to 
different perceptual, motor, or cognitive states. The 
synchronization of neuronal assemblies has been 
widely studied using the following three measures: 
correlation (such as cross correlation), phase 
synchrony (such as mean phase coherence), and 
coherence (such as magnitude squared coherence). 
Each of these measures have been used extensively to 

assess neural synchrony in human EEG studies of 
brain function and disease. Cross correlation 
measures the linear correlation between two signals in 
the time domain. Phase synchrony is a direct index of 
neural synchrony and is defined by a phase locking 
value, ranging from zero (no synchronization) to one 
(perfect synchronization). Coherence identifies the 
synchrony of neuronal assemblies as a function of the 
correlation of EEG frequency components. A typical 
finding is that, in a given pathological state or in a 
perceptual, cognitive, or motor task, the EEG 
correlation, coherence, or synchrony increases (or 
decreases). In general, the analysis of brain waves has 
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also an important role in clinical diagnosis as well. 
Despite the important advancements in interpreting 
brain waves, brain provided data are complex and 
vast. New techniques in signal processing may play 
an increasingly important role in the area of brain 
research. 

We have recorded EEG signals using a two-
electrodes (Ag/AgCl + gel), reference electrodes 
mounted on specific cortical areas on scalp, and an 
eleven-electrode array placed over the left and right 
cortical regions (sensori-motor, motor, frontal, 
occipital). We have used programmable sampling 
frequencies (128Hz, 256Hz). The recording 
electrodes are placed over the scalp, respecting the 
International 10-20 System conventions. The 
recording device was not for clinical use. The off-line 
signal processing was performed on a PC. The 
analyzed signal recordings have been done on the 
members of NSRG-research group without any 
previous teaching periods. 

It is important to understand that the brain does 
not communicate, or do its processing, using the 
EEG. It is a secondary measure, such as the vibration 
measured from an engine, or the temperature of an 
electronic circuit. 

Understanding and interpreting the dynamics of 
the brain, based on the EEG signals calls for the 
knowledge of several signal processing techniques 
and its correlation to the neurophysiological as well 
as cognitive processes occurring within the brain. In 
this paper we emphasize the relationship between two 
signals provided by two suitably positioned 
electrodes. The problem of automated classification 
of signals correlated with specific information 
content, has been investigated by several researchers, 
the studies were mostly focused on the classification 
accuracy. We must consider two different ways to 
look to an EEG signal. One is when human 
spontaneous EEG occurs in the absence of specific 
sensory stimuli, but may be easily altered by such 
stimuli (evoked potentials, EPs). Event-related 
potential (ERPs) are recorded in the same way as 
EPs, but occur at longer latencies from the stimuli 
and are more associated with endogenous brain state. 
The noise obscures the signal of interest, which is the 
sequence of underlying ERPs under study. From an 
engineering point of view it is possible to define the 
signal-to-noise ratio (SNR) of the recorded ERPs to 
increase the accuracy of analysis. In our correlation 
(interaction) study, using WT method, the noise 
components usually behave at higher frequency 
bands, wherefore they are visualized distinctive in 
time-frequency plots. 

The analysis of the EEG waveform spectra 
associated with each cognitive task showed that, for 
most subjects, the majority of differential activity is 
in the alpha-band (8-13 Hz) whilst some subjects also 
showed differences in the beta (13-30 Hz) band and, 
for the math tasks, also in the theta (4-8 Hz) band. 
The WT generated images, these frequency bands are 

shown, but their interpretation is strongly related to 
the recording electrode position on the scalp (Pre-
Frontal, Frontal, Central, Parietal, Occipital), but also 
depends on the Brain State or Normal/Clinical 
behavior of the recorded person. 

 
2. Methods 

Given two time series x(t) and y(t), the correlation 
is defined as: 

[ ]
[ ] [ ]

,Cxy
yyExxE

xyE
=    (1) 

where  the mean values of x and y are not present for 
simplicity and E[.] is the expected value of a random 
variable. The coherence of the same x(t) and y(t) is 
defined as: 
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where Sxx(w) and Syy(w) are auto-power spectral 
densities (PSDs) of x(t) and y(t), respectively, and 
Sxy(w) is their cross-power spectrum. To calculate 
these values is not an easy task, but we need the 
methods of correlation and coherence calculus 
algorithms to compare the time series of two EEG 
channels. The way we follow is to use the wavelet 
transform based definition of the two methods. 

To assess the correlation structure of n EEG 
channels by the values of their pair-wise correlations, 
it would have to work with n(n-1)/2 combinations. 
With the dozens of EEG channels, this would yield a 
lot of possible combinations. Given this big amount 
of information, an analysis method that focuses on the 
essential correlation structure is therefore highly 
desirable. In EEG literature we can find several 
methods to study the correlation between time series 
of different channels during a session of multichannel 
recording.  One method is utilizing welch method for 
spectral estimation to investigate the coherence 
between signals at particular frequency and under the 
different frequency bands [1]. Using a metric related 
to the correlation coefficients between activities of 
pairs of EEG channels, [2] method is proposed to 
reconstruct characteristic patterns of correlation from 
the EEG data. Another method is based on very 
compact assessment of the evolving correlation 
structure in a computationally efficient way, method 
using a sliding window along the EEG [3]. A method 
of embedded zero-tree wavelet (EZW) coding which 
provides progressive wavelet data scanning and 
encoding, leading to progressive layer-by-layer 
reconstruction of the image at the destination is 
presented in [4]. In [5] is presented a cross-spectrum 
method for normalized EEG in conjunction with feed-
forward neural network. Correlation method after 
Independent Component Analysis is used in [6]. 
These are few of representative concepts for a 
quantitative estimation of the information correlation 
from EEG signals recorded at different channels. 
Each of these concepts have a novelty, but the not 
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avoidable problem is that they are not considering the 
fact that EEG signals are from nonlinear, non-
stationary signal category. These methods in general 
are not wrong, but for a higher accuracy it is 
necessary to use methods fitting with non-stationary 
behavior of the signals.  

One of these methods is the mentioned WT 
transform [9]. Based on this method, we can calculate 
the WT of the signals and then the so called wavelet 
correlation and wavelet coherence time-frequency 
transform of the interrelation of channel information. 
A brief description of the wavelet analysis method 
should include a discussion of different wavelet 
functions, and gives details for the analysis of the 
wavelet power spectrum. The wavelet transform can 
be used to analyze time-series that are non-stationary 
at many different frequencies. The WT is used to 
refer to either orthogonal or non-orthogonal wavelets. 
The wavelet basis term refers only to an orthogonal 
set of functions. The use of an orthogonal basis 
implies the use of the discrete wavelet transform, 
while a non-orthogonal wavelet function can be used 
with either the discrete or the continuous wavelet 
transform. The continuous wavelet transform of a 
discrete sequence xn is defined as the convolution of 
xn with a scaled and translated version of Ŵ0(η) 
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where (*) indicates the complex conjugate. Once a 
wavelet function is chosen, it is necessary to choose a 
set of scales s to use in the wavelet transform (scale is 
not the frequency). By varying the wavelet scale s 
and translating along the localized time index n, we 
can construct a picture showing both the amplitude of 
any happenings versus the scale and how this 
amplitude varies with time. The subscript ‘o’ on Ŵ is 
to indicate that this Ŵ has also been normalized. To 
ensure that the wavelet transforms at each scale are 
directly comparable to each other and to the 
transforms of other time series, the wavelet function 
at each scale sis normalized to have unit energy [8]. 

Because the wavelet function Ŵ(η) is in general a 
complex function, the wavelet transform Wn(s) is also 
complex. The complex value transform can then be 
divided into the real part of it (R{Wn(s)}), and 
imaginary part (I{Wn(s)}), or amplitude, |Wn(s)|, and 
phase, arctan[R{Wn(s)}/I{Wn(s)}]. We can define 
the wavelet power spectrum as |Wn(s)|2. To make it 
easier to compare different wavelet power spectra, it 
is desirable to find a common normalization Ŵo for 
the wavelet spectrum. Using a normalization, the 
expectation value for |Wn(s)|2 is equal to N times the 
expectation value for |xk|

2
. For a white-noise time 

series, this expectation value is σ2
/N, where σ2 is its 

variance. A normalized wavelet power spectrum for a 
time series should be |Wn(s)|2/ σ2. The normalization 
by 1/σ

2 gives a measure of the power relative to the 
white noise. Because we are dealing with finite-

length time series, errors will occur at the beginning 
and end of the wavelet power spectrum. The cone of 
influence (COI) is the expression for the region of the 
wavelet spectrum in which edge effects become 
important. We can see these regions on our WT 
figures. To determine significance levels for wavelet 
spectra, we first need to choose an appropriate 
background spectrum. It is then assumed that 
different realizations of the EEG process will be 
randomly distributed about this mean or expected 
background, and the actual spectrum can be 
compared against this random distribution. For many 
EEG phenomena, an appropriate background 
spectrum is red noise (increasing power with 
decreasing frequency). Red noise (pink noise) 
wavelet power spectra are deduced and these spectra 
are used to establish a null hypothesis for the 
significance(significant at the 5% level) of a peak in 
the wavelet power spectrum. Thin line contours on 
WT figures are the biologically significant zones [7]. 

Given two time series X and Y, with wavelet 
transforms Wn

X(s) and Wn
Y(s) one can define the 

cross-wavelet spectrum as Wn
XY(s)=Wn

X(s)·Wn
(Y*)(s), 

where (*) has the significance of complex conjugate.  
The cross-wavelet spectrum is complex, and hence 
one can define the cross-wavelet power as |Wn

XY(s)|. 
In this case we also use the line contours to mark the 
biologically significant zones, and the COI is 
presented. Another useful quantity from WT analysis 
is the coherence, defined as the square of the cross-
spectrum normalized by the individual power spectra. 
This gives a quantity between 0 and 1, and measures 
the cross-correlation between two time series as a 
function of frequency. In WT the coherence phase is 
defined as arctan[I(Wn

XY(s))/R(Wn
XY(s))]. The small 

arrows direction on WT figures are shown this phase 
relation. The arrow direction to the right it means 
identical phase relation, arrow direction to the left it 
means opposite phase relation. 

(Observation: I indicate the imaginary, R the real 
part of a complex variable and arctan is the inverse 
tangent function). 
 

3. Results 

 
As a first step, we have created a test signal to 

bring out the WT method efficiency in wavelet signal 
analysis. We are starting with the test signal: 

     
)3/102sin()52sin( πππ +⋅⋅+⋅⋅= tty

   
 (4) 

Fig 1. is the representation of the details of this 
test signal (red). The following figures have been 
created using MATLAB codes developed by NSRG 
group and based on knowledge accumulated in 
different domain of signal processing. This is a 
detailed use of the method for oscillations of 
biological source, one of the first attempts of this 
kind. 
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Fig.  1 - The test signal: )3/102sin()52sin( πππ +⋅⋅+⋅⋅= tty  

 
Fig 2. shows the WT of this signal. In this time-

frequency representation there are visible the two 
harmonic components as two straight lines at 5Hz and 

10Hz. It means that WT was able to separate the two 
harmonic components. 

To test the wavelet correlation and coherence of 
 

 
Fig.  2 - The WT of the test signal, showing the two harmonic components 

 
 

the test signal component, we have used the same test 
signal. As it can be seen on Fig. 3, in the frequency 
band of 5 to 10 Hz there is a significant area (dark 
red). Within this band the arrows are showing the 
phase relationship in a time-frequency coordinate 
space. Each arrow is oriented in 60o degree direction 
in trigonometric sense, as the phase difference value 
(π/3) in the test signal. The normalized wavelet 

correlation is the wavelet coherence. The total 
coherence between signals has the value one, and the 
lack of coherence value is zero. These are shown on 
the scale bar as the right band insert in Fig. 4. In each 
wavelet time-frequency representation, the previously 
described con of influence (COI - as a result of finite 
length of the signals) is noticed in the left and right 
down corners of the figures. 
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Fig.  3 - The Wavelet correlation is showing the (π/3) phase difference in time-frequency space 

 

 
Fig.  4 - The Wavelet coherence of the test signal is in the 5 to 10 Hz band. 

 
 

We have used the correlation and coherence 
method for EEG signals. The EEG signals have been 
recorded by members of NSRG group with a non-
clinical equipment, EmotiveEpoc product, with 14 
electrodes in 10/20 standard and 256Hz sampling 
rate. The examined EEG signals of different channels 
are shown on Fig. 5.  

 
The channel’s signals in Fig. 5 are event related 

potentials, repeated at every 10 seconds within  an 
one minute interval. The channel’s name is after 
10/20 EEG standards. 

 
As we have mentioned, we are interested in the 

wavelet analysis procedure, and not in the biological 
significance of the results. The following two figures 
(Fig 6. and Fig 7.) are the wavelet transform of the 
channel F7 and F8 signals (F7 left frontal hemisphere, 
F8 the right frontal hemisphere) 

Fig 6. and Fig 7. represent the energy distribution 
in time and frequency. There are strong, significant 
events related to some periodic happenings. Its effects 
are visible in 0.7 to 3Hz (delta) and 8 to 12Hz (theta) 
bands. The energy structure of events in the two brain 
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hemisphere’s F7 and F8 areas are not identical, but 
they are very similar. In clinical use, such a wavelet 
picture can provide useful information about 
successive brain states. Calculating the wavelet cross-
correlation of F7 and F8 signals, we have got the 

picture from Fig 8. From the figure it is very visible 
that the significant events from the two electrodes 
position are in opposite phase (from the direction of 
the arrows). 

 
Fig.  5 - EEG recording with EmotiveEpoc recording system. The channel’s signals are event related 

potentials, repeated at every 10 seconds in an one minute interval. The channel’s name is from  10/20 

EEG standards. 

 

 

 
Fig.  6 - Wavelet transform of F7 EEG channel 
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Fig.  7 - Wavelet transform of F8 EEG channel from an event related recording 

 

 
Fig.  8 - The wavelet cross-correlation of F7 and F8 signals. They are in opposite phase, well known from 

literature. 

 
To find the normalized relationship between F7 

and F8 signals we have calculated the wavelet cross 
coherence of them. Interpreting the color code from 

the right side of the figure, we can conclude, that 
there is a significant coherence in the above 
mentioned 0.7 to 3Hz and 8 to 12Hz frequency bands. 
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Also there is a high theta activity. These observations 
have biological background (see Fig. 9.) and have an 
important interpretation in case of epileptic seizure. 
The coherence, with its normalized cross-correlation 
interpretation is highlighting the contributions of each 
frequency component of the signals to the total effect 
of the interrelations at the functional (biological) level 
and not only at a simple signal processing level.  We 
must emphasize that in case of fast events as the 
events from brain, averaging methods can hide a lot 
of important episodes. In the activity of a brain, 

actions of milliseconds are very common. This was 
also a reason to find procedures capable to accentuate 
fast brain actions. The nonlinear and non-stationary 
events are very characteristic to the rapid system 
happenings. In the case of these systems, the details 
are sometimes more important than the averaged 
values (histograms). It is also obvious that the 
recording of fast events is asking for higher sampling 
rates (Shannon rule). Higher sampling rate can 
provide much more details and more detailed signals 
are asking for now methods of analysis as WT. 

 

 
Fig.  9 - The wavelet cross Coherence of two EEG signals (F7 and F8) 

 

 
Fig.  10. - Almost no coherence between T7 and F8 channel sites. 
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Not all the time is possible to find any coherence 
between the signals from the simultaneously 
measured EEG channels. In the presented recording, 
the coherence figure of signals T7 and F8 (opposite 
hemisphere) is as it can be seen in Fig. 10. The 
coherence is almost inexistent (T7 is in left 

hemisphere, temporal site, F8 on the right site). 
The two figures (Fig. 11. and Fig. 12.) are two 

examples of correlations with a summary 
interpretation from the point of view of signal 
processing.

 

 
Fig.  11 - Wavelet coherence of two oscillations at frontal F7 and F8 areas with low oscillation (~1Hz) with 

continuous modulation in alpha and theta band. The two oscillations have a variable, but generally with 

an opposite phase relationship. This is a 40 second long recording. 

 

 
Fig.  12 - Strong, intermittent oscillatory normalized correlation between frontal, central brain areas 

(FC5, FC6). The slow wave oscillation is present and the two signals are in phase up to the significant 

8Hz. The recording sequence was of 54 seconds. 
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4. Conclusions 
There are strong evidence for a not usual 

modulation of brain basic rhythms. WT is using an 
apriori function to accomplish the analysis 
(continuous Morlet function), this asking for new 
challenges in correlation study methods. The WT 
correlation method, developed by our NSRG group, 
provides competitive tools for the comparison of 
cortical oscillations. In this study we have shown that 
WT is definitely a new and useful instrument to look 
inside of a time-frequency domain events. This 
method is usable in case of study of nonlinear and 
non-stationary signals. The well-known Fourier 
method is not providing a so accurate inside of 
oscillations, because of phase distortions and because 
it needs linear and stationary event system model. 
From our results, it is obvious that wavelet coherence 
and correlation procedures are complementary, and 
we can suggest to be used together for a clinical trial. 

Unlike the conventional coherence, this method 
shows nonlinear interactions between frequencies. In 
a signal that may be produced by a nonlinear model 
the conventional coherence function performs poorly.  
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ABSTRACT 
A home-based health care system requires the integration of environmental control and 

patient monitoring with real time communication and document management. To collect, 

store and analyze large amount of data coming from a diversity of nodes, ranging from 

sensors to high resolution cameras a new communication platform is needed. The 

proposed middleware uses the event-driven architecture that follows publish-subscribe 

pattern for small and structured data exchanges between nodes. The presented platform 

permits to save, search and replay huge amount of heterogeneous data, using distributed 

document oriented database.  The platform uses the MapReduce programming model to 

automatic anomaly detection. It can be use to monitor and reconfigure the system, to 

generate statistics. Large numbers of performance tests for the communication and 

automated data processing layer are presented using the implemented framework. 

Keywords: E-health system; Event driven architecture; Distributed non-SQL databases; MapReduce; 
Environmental control 

 
1. Introduction 
As the governments recognize the importance of 

home-based health care, this industry is growing 
quickly. To achieve the goal of providing accessible, 
effective, efficient and comprehensive health care an 
integrated information solution is needed. In the same 
time smart home technology can improve the 
comfort, communications, energy saving, and 
enhance both personal and building security for 
everyone. [1] The major requirements for the solution 
are: 
- Environmental control and patient condition 
monitoring through interoperating electronic 
equipment. 
- Integration of numerous technology based devices. 
- Real time communication between the service 
provider, the service receiver and other affected roles 
as family and friends. 
-  Develop and supervise different scenarios for 
identifying of the deviation of the prescribed values. 
- Make these service solutions available to as many 
people as possible in a standard and clear way. 
- The daily management activities of the home 
service and institution get more efficient and cheaper. 

The smart environments creates new opportunities 
as searching and combining bits of information, learn 
and adapt to user demands, assure the adaptability 
based on the analysis of the stored data [2]. The data 
flow generated by sensors can vary from a few bytes 
to a video stream. Storing this type of data can have 
different purposes. The user can visualize the state of 
the sensors from a specific location at a specified time 
eventually when some events are encountered. The 
system can optimize some control parameters based 
on long time analysis of the data, or define the 
parameter adaptation rule based on the real time 
pattern analysis of the data streams. The system 
should be easily extended with new processing rules 
regarding to alert condition, out of band condition; 
and new parameters should be added later to stored 
data. The system should support time sensitive 
analysis and retrospective analysis in the same time 
and applies the appropriate paradigm in each case. 

Based on the presented requirement the proposed 
distributed platform can integrate in a seamless way a 
diversity of interacting nodes, ranging from tiny 
sensors, up to users inside a video conference. The 
platform presents uniform interface and can be easily 
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integrated in existing information systems and 
solutions. The platform can be viewed as a set of 
interconnected components with layered architecture. 
The logical management layer has service oriented 
architecture. It is responsible for formatting and 
extracting the data, for automatic analysis and 
processing. It also manages the information and rights 
of the users and assures the interconnection with 
other systems. The lower communication layer uses 
the event-driven architecture that follows publish-
subscribe pattern for small and structured data 
exchanges between nodes. The data storage layer 
hides the used underlying database system and in the 
same time provides a storage support for this hybrid 
communication model. 

This paper present the architecture and 
performance analysis of the communication layer 
including the data analysis and processing closer to 
the sensor using MapReduce programming model.  In 
the presented distributed framework we propose a 
new way to store data streams, like multimedia 
frames coming from large number of audio/video 
sources or other data coming from sensors in a 
document oriented database and present in unified 
way to the user at request. The structure of the 
document can vary from one to another, but the 
structure doesn't have to be defined. This brings a big 
advantage since the data structure can be easily 
modified without affecting the whole system, making 
it ideal for applications where the data structure is not 
or cannot be defined from the beginning. 

 
2. Related works  
As a major problem with smart home design is the 

integration and interaction among heterogeneous 
subsystems, a large number of recent papers try to 
summarize the design requirements. In [3] the authors 
reviewed and analyzed the design, methodology, 
approach, upcoming trends and developments in 
housing technologies and concepts. In this paper, the 
authors provide answers to questions on the 
feasibility and impact of new technologies on future 
lifestyle and dwelling in the domain of real estate 
without proposing a unique solution.  

Many authors define the services to be provided 
by the smart home environment in the volume: 
Impact and wider potential of information and 
communication technologies [1]. These can be 
summarized in the following. Passive alarm systems: 
do not requires the interaction of the person. Remote 
support for family careers: includes all kinds of 
telecommunication based activities. Advanced 
services using video telephony: include remote 
monitoring and video-based alarm services. 
Permanently read, record and analyze the 
physiological and psychological variables in real-life 
conditions.  [1] 

A proposed open source health care messaging 
integration engine, Mirth is presented in [4].  Based 
on a unique client-server and enterprise service bus 

hybrid architecture, Mirth supports the development 
of interfaces for moving data between two or more 
systems, but gives not a solution for the previously 
defined requirements. 

Recent work in the area of ambient assisted living 
and smart home environments has the focus on the 
software architecture of the system [2], [5] and 
interaction between components [6]. The majority of 
the proposals and industrial solutions provide a 
customized, personal environment to the users of this 
space and possibility to define control scenarios [7], 
[8].  This type of systems offered limited support for 
data persistence in the past, the decisions are based on 
the current data, or the past data stored in memory.  

On the other side large number of web based 
distributed storage systems including image and 
video stream storage are implemented using 
distributed file systems, Non SQL database or clouds 
for data storage, without any connection with 
physical devices [9], [10], [11].  Large monitoring 
systems can accumulate huge amount of data that 
should be processed in real time [12]. Google propose 
MapReduce programming model for processing large 
data sets, [13] other papers focus on the data mining 
algorithms applied in distributed storage system [14].   
Data mining, clustering and pattern analysis are 
important requirements of the health care systems and 
should be integrated in the proposed platform. Our 
goal was to develop a configurable and extensible 
engine to provide the functionality for data collection, 
storage, processing from distributed heterogeneous 
environment and to encourage the use of standards-
based messaging as a system integration solution. 

 
3. Middleware Architecture 

The system will consist of different interacting 
nodes, ranging from tiny sensor nodes, up to powerful 
machines and multimedia equipment. The 
middleware creates a communication layer named 
Heterogeneous Messaging System to connect and 
manage different types of endpoints from physical 
devices like switches to users inside a video 
conferencing. The platform uses XMPP for meta-data 
exchange (like session initiation, device managing 
requests, etc.) and small structured data generated by 
endpoints (e.g. events: a switch change its state, an 
alarm sensor detected movements, blood pressure 
read by a sensor changed, etc.). For high quantity, 
binary data (e.g. video and audio streams) out-of-
band protocol is used depending of the type of 
stream. At the highest level there will be a set of 
interconnected XMPP servers over the Internet. 
Those interconnected XMPP servers will represent 
the backbone of the middleware and will route the 
messages between nodes as users, physical devices, 
conferencing sessions, automation scripts. The 
distribution of the XMPP servers ensures proper load 
distribution, interconnection between resources 
managed by different authorities and geographical 
grouping.  
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On the XMPP server level the proposed platform 
features are implemented in a server side component 
which is connected to a regular XMPP server. The 
Module. Core is a server side component which 
exposes basic and common functionalities to be used 
by the other modules. Those functionalities include: 

• communication with the XMPP world.  
• nodes management.  
• interconnection with the physical bus 
• persistent storage. 
To assure the interoperability between different 

vendors' specific devices a dedicated module was 
created for every type of industrial bus (egg. LON, 
CAN, EIB...). The module communicates with the 
specific bus and transforms the physical devices 
information into node representation.  

A node is defined by status information, received 
commands, and generated events which depend on 
the type of the node. The type of the node is 
identified by the classes where it belongs. A node can 
be dynamically created by the Node Manager based 
on a XML description or based on the image saved in 
the database.  The Node Manager collects and saves 
automatically every modification in the registered 
node data in the Object Archive. When a saved data is 
required, it is loaded into memory and transformed 
into his runtime C++ representation. 

Some of the node types/classes includes: 
• collections - used to group other nodes 
• devices - physical devices used in environmental 

control and patient condition monitoring 
• sessions - conferencing sessions including 

audio/video/chat/etc. streams  
• scripts - use in control to bind certain actions 

and conditions to certain events. 
The main requirement is the runtime adaptability 

of the system. It must support extensions by new 
devices and services; the available resources have to 
be utilized efficiently. Even if the system generates a 
huge amount of information, not all information will 
require strict consistency of data for the information 
system to function correctly. 

The discovery mechanism is used to obtain 
information about devices, using the standard Service 
Discovery protocol defined in the XMPP extension 
XEP-0030[15]. A node can pose the following 
optional sub nodes: state and event hierarchy. The 
state sub node can be a leaf node; in this case the 
disco info query will return the entire state of the 
node, or a branch node, which can be queried 
individually. The state is divided into several parts to 
assign different privilege levels to the state variables. 
The events are also organized hierarchically and 
different events require different privileges to 
subscribe them. A user subscribing to a collection 
node (an event node tree) will receive events 
generated by all the descendants of the collection 
node. 

The transport of the binary data from a source to 
multiple destinations is handled by the controller 

nodes. The access to the binary archives also is 
realized indirectly, through the controllers. Usually 
this complements the XMPP servers which distributes 
small pieces of XML oriented data and is not suitable 
for distributing large quantities of binary data like 
video, audio, appsharing streaming or files. The 
controller poses two types of communication 
channels: one for controlling the way data is 
distributed based on XMPP protocol; other for actual 
large data transport. The controller is exposed in 
middleware as a node attached to a component.  The 
controllers are managed by so called Binary Manager 
Nodes, like monitoring node or conference node. The 
Binary Manager can have information about other 
Binary Managers situated at the same module or at 
other modules. The Binary Manager periodically 
collects statistical information from its controllers. 
The collected information contain: CPU load, 
memory usage, I/O usage. From these statistics the 
Binary Manager creates a graph of the connected 
controllers for a certain binary. The selected 
controllers can be situated in different systems [fig.1]. 

 

Fig. 1 – Middleware architecture 
 

The Persistent Storage layer stores the state of the 
node, the messages received from the physical 
devices, and the binary streams. We chose Mongo 
DB, a non-SQL Database for distributed data storage, 
but the proposed storage layer can easily adapt to 
other document oriented databases. Most of the 
document oriented databases, like Mongo DB, 
permits the use of indexes which highly speeds up the 
search of documents. A very important feature 
introduced in Mongo DB is a mechanism called 
sharding, which permits the horizontal partitioning of 
the database [16], [17]. Mongo DB sharding 
mechanism doesn't support automatic dynamic data 
balancing or automatic configuration. The shard 
system can be very reliable if we extended it with 
replication. In practical use all of the shards instances 
can be a replica set. A replica in the replica set is a 
mirror of the original shared instance. Although 
Mongo DB is powerful and attempts to keep many 
features from relational systems [18], it offloads 
processing and logic to the client side. For this reason 
we extend Mongo DB framework to assure efficient 
storage and retrieval processing of nodes, events and 
binary streams.  
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The manager unit uses a pool of database 
connections, taking advantage of using multiple 
database connections in parallel and also reusing 
them. Continuously monitoring the read, write 
performance the number of the connections in the 
pool can be adjusted dynamically. 

 
4. Data processing 

To create a smart environment that is sensitive, 
adaptive and responsive to the environment changes 
two distinct data processing model are included in the 
middleware: data driven script running and stored 
data analysis based on MapReduce paradigm. The 
event based communication layer hides the 
heterogeneity of the different data sources and assure 
uniform input to the users construct data-driven 
scripts and save the received events in non-SQL 
Database.  In order to accommodate a wide variety of 
data types, the data is stored and referenced as a 
hierarchical key-value pair collection. The stored data 
are continuously analyzed to recognize different 
anomalies or to anticipate users’ needs and to control 
the devices. 

Scripts can be created at the system configuration 
or can be dynamically defined by the user. The user 
selects the desired events and the script runner 
automatically subscribes to the selected events. The 
granularity of the scripts can vary from the regular 
expression to a complex state machine written in 
Python. The script runner is a generic XMPP node, 
receiving events and starts the corresponding script. 
Scripts can be started dynamically without the need 
for restarting existing services. Due to the 
communication layer architecture any number of 
script runner can be run distributed in the system  A 
new script runner can be started automatically by the 
platform if the number of the scripts grow or the 
scripts should be closer to be observed, controlled or 
to reduce the network delay.  

Scripts can generate events that trigger additional 
scripts or send commands to devices. In addition, 
clients can send events to scripts to start stop one of 
them or to change some parameters over the XMPP 
network. 

Scripts can detect out of bound values from vital 
function monitoring devices (e.g. pulse, blood 
pressure, oxygen saturation) and send emergency call 
automatically.  In health care system it should be very 
important to monitor the exact position of the patient 
to control the environment condition automatically 
(light, heat) or to detect that patient has fallen and 
notify the nearby person.  The script parameters can 
be personalized for the individuals monitoring and 
saved for a better interaction of the user with the 
devices and scripts. In the same time it should be very 
uncomfortable when the system takes decisions for 
which the user wants to keep control. A hybrid 
solution where system continuously exposes the 
events from the devices and scripts ensure that user 
can override the script decision or modify some script 

parameters. 
MapReduce is often used to analyze data, such as 

system console logs stored in cluster [20]. The 
MapReduce architecture consists of a single master 
node and many worker nodes. The master is 
responsible for splitting the data, sending the data to 
the worker tasks and aggregating the result. This 
programming paradigm can be used to data 
aggregation, sorting of large distributed dataset, 
search in distributed data, pattern analysis. The user 
defines the map function that should be applied to key 
- value pair generating intermediate data of key - 
value type. The user defined reduce function 
combines these intermediate values to generate the 
result [16].  The system hides to the user the data 
partitioning for the map or reduce function, the 
number of parallel tasks, and the error recovery 
mechanism and communication layer details.  

Our system continuously generates input data 
from a large number of sensors. To generate real time 
events based on input data pattern, to recognize some 
anomalies or dependencies between the inputs the 
periodic analysis of the data can introduce significant 
latency. Using the incremental MapReduce of Mongo 
DB prevents the aggregation of the entire data set 
each time when new results are compute. To perform 
incremental map-reduce, take the following steps: 

- First, run a MapReduce job over an existing 
collection, and output the data to its own output 
collection. 

- When the number of the incoming data exceed 
some limit, some alarm condition are activated, or 
simply the periodic timer was expired  run a second 
MapReduce job, but use the query option to filter the 
documents to include only new documents. 

- Use the reduce output option. This will use your 
reduce function to merge the new data into the 
existing output collection [16]. 

Other implementation of the incremental 
MapReduce runs continuously, accepting new data as 
it becomes available and analyzing it immediately 
[19], [21]. This allows for near-real-time analysis of 
data streams received from environmental sensors 
[20].  The proposed solution does not allow the users 
to create interactive queries or processing functions, it 
only allows filtering the input based on the selected 
key. 

Our framework assures dynamic interrogation of 
the sensor data collection based on the relation 
between the generated events. For example we can 
count the total time that one specific user spent in 
some area based on the simultaneously analysis of the 
involved GPS tracking device, access control devices,  
door sensors, motion sensors, without the explicit 
selection of the devices. To describe the relation 
between the entities we use Resource Description 
Framework based model. The predicate use in RDF 
description form the basic set of the queries.  

To reduce the processing time and to avoid 
multiple runs of map and reduce functions the input 

352 

 



 

 

 

data should be filtered. If it is a complex query option 
it should be difficult to obtain the desired incremental 
run in a single step, instead a pipelined map function 
is applied.  Count the time spent on every room for a 
specific user. Make a synthetic analysis of the vital 
function parameters accounting the anomalies but 
take in consideration that the allowed interval varies 
with the user activities (egg. sleeping, sport, walking). 

 
5. Performance analysis 

The performance test of the proposed distributed 
framework were carried on a real monitoring system 
installed at "Vitensenteret for Helse og Teknologi" 
some other small health centers Norway. The health 
center in Drammen contain 100 environment sensors, 
recording temperature, humidity or light information, 
bed sensors, tracking devices,  motion sensors, RFID 
based access control, along with 5 cameras with 
microphones generating multimedia streams. Beside 
the read and write speed of different types of data, the 
system has to guaranty continuous processing and 
interactive search and video replay.  

The granularity of the data varies from small sizes 
events of 20 byte up to video chunks of couple of 
megabytes. The performance analysis has taken 
account of the heterogeneity of data at the transfer, 
storage and processing layer. Capture, replay, 
monitoring, conferencing applications were built 
based on the created middleware. We have tested 
multiple scenarios for saving and replaying the data 
streams, for generating alarms and notification based 
on the data collected from the sensors. 

Fig. 2 – Insert time of sensor events 
 
 In the first measurement we compare the average 

time to save events (50-200 Bytes) in storage layer 
using the Mongo DB Python API and the proposed 
framework. The platform collected events from a 
huge number of sensors, so we measured the total 
time and average time of one event insertion for 
number of 1000 and 5000000 events in a single lot. 
The final size of the collection has reached a size of   
500 Gbyte. The average insertion time for a non 
indexing collection (0.1164 ms) was 10% less 

compared to insertion time in indexed collection 
(0.1268 ms), but 3 times shorter than the average time 
obtained by the Python API (0.36931 ms) due the 
local aggregation of the events and the pool  of 
connection usage [fig. 2]. 

In order to determine the number of the shards and 
controllers in our platform we measured the 
throughput of the video stream save and replay 
operation. In the write speed test we have inserted 
several gigabytes of data using one, two, or four 
simultaneous writers [fig. 3]. The average write speed 
of the streams is greater than simple insertion in files, 
since Mongo DB uses memory-mapped files for I/O 
operations which means that the data is stored first in 
memory and then it is flushes periodically to the disk. 

Fig. 3 – Averages write speed with multiple writers 

In figure 4  we can see the average read speed of a 
stream. Different scenarios were tested with one, two 
and four simultaneous reads. The total size of the 
stream in the database was 500 GB and every reader 
has started from random positions and continuously 
read one GB of data. We can see that the read 
operation is scalable. 

Fig. 4 – Averages read speed for multiple readers 

The major requirement of the health care system is 
to search, process and retrieve data from large 
heterogeneous dataset. First of all we analyze the 
search time of different collection size.  For each 
collection 1000 of random search operation was 
initiated using indexed and non indexed properties. As 
we can see in table 1, the search time for non indexed 
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properties is proportional with the size of the 
collection (number of inserted events) but is less 
sensible in the case of indexed properties. 

 
Table 1. Search  time (ms) for different collection 

Number 
of events 

Non indexed Indexed 

50000 22.6753 0.06424 
500000 212.7557 0.06621 

1000000 411.0817 0.07068 
5000000 2248.2911 0.07441 

 
In most of the situation the search operation was 

followed by the aggregation of the results. The next 
experiments evaluate the processing time using 
MapReduce technique.   We account the number of 
alarm events send by the GPS tracker devices in a 
certain area. In table 2 we can see the processing time 
for MapReduce applied to whole collection and 
incremental MapReduce for indexed and non indexed 
collections. The incremental operation was applied at 
every 1000 new inserted events.  

 
Table 2. Processing  time (s) for different collection 

Number 
of events 

Normal Incremental 
Non Ind. Ind. Non Ind. Ind. 

1000 0.308  0.147  - -  
10000 2.4827  0.396  0.297 0.076 

100000 36.6065  1.232  0.238 0.075 
1000000 635.676  6.139  1.523 0.135 

 
6. Conclusions 
 
The proposed middleware platform has the ability 

to integrate different equipment into the system and 
create a generic event base notification platform 
combined with real time communication streaming. In 
the same time data analysis, automatic processing and 
presentation are encapsulated in different services that 
ensure the integration with information solutions. To 
create an integrated approach to healthcare the 
platform supports dynamic service discovering and 
can be completely personalized to the individual.  
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ABSTRACT
The fact that modern Networked Industrial Control Systems (NICS) depend on Information and

Communications Technologies (ICT) is well known. Although many studies have focused on the
security of NICS, today we still lack a proper understanding of the impact that network parameters,
e.g. network delays, packet losses, background traffic, and network design decisions, have on cyber
attacks targeting NICS. In this paper we investigate the impact of network parameters on cyber
attacks targeting industrial processes. Our analysis is based on the Tennessee-Eastman chemical
process and proves that network parameters have a limited effect on remote cyber attacks.

Keywords: Cyber-physical, attack, network parameters, security, resilience.

1 Introduction

Modern Critical Infrastructures (CI), e.g. power plants,
water plants and smart grids, rely on Information and Com-
munications Technologies (ICT) for their operation since
ICT can lead to cost optimization as well as greater effi-
ciency, flexibility and interoperability between components.
In the past CIs were isolated environments and used propri-
etary hardware and protocols, limiting thus the threats that
could affect them. Nowadays CIs, or more specifically Net-
worked Industrial Control Systems (NICS), are exposed to
significant cyber-threats; a fact that has been highlighted by
many studies on the security of Supervisory Control And
Data Acquisition (SCADA) systems [1, 2]. The recently
reported Stuxnet worm [3] is the first malware specifically
designed to attack NICS. Its ability to reprogram the logic
of control hardware in order to alter the operation of indus-
trial processes demonstrated how powerful such threats can
be.

In this paper we investigate the relationship between net-
work parameters and cyber attacks targeting industrial pro-
cesses. The main goal of our study is to evaluate the im-
pact of network communication parameters on the outcome
of remote cyber attacks. The network parameters included
in our study are communications delays, packet losses and
background traffic, that are typical to Internet communica-
tions. The adversary model included in the analysis is ca-

pable to communicate with control hardware through legiti-
mate packets. As a physical process we used the Tennessee-
Eastman chemical process [4] and the associated multi-loop
control system [5].

The rest of the paper is structured as follows. Related
work is presented in Section 2, while Section 3 discusses
the investigation methodology. Then, Section 4 presents the
results of our investigations and the paper concludes in Sec-
tion 5.

2 Related Work

We start with approaches that assume an adversary that
is capable to interact with control hardware using legitimate
packets, but is not able to reprogram the control hardware.
In this context we find the work of Zhu, et al. [6], that fo-
cused on securing communications protocols and proposed
a secure routing protocol to increase the resilience of Smart
Grids. In their work, Nai Fovino, et al. [7] proposed a
K-resilient system together with lightweight cryptography
to ensure that running one single command on a control
hardware would require the confirmation from K nodes.
The importance of cryptography to secure communications
was also highlighted in several other approaches [8, 9, 10].
However, these techniques, together with [6] and [7], do
not address more sophisticated attacks that manage to com-
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 promise secure communications protocols and finally repro-
gram the logic of control hardware.

In the context of the same adversary model are placed the
work of Germanus, et al. [11] and the work of Avallone, et
al. [12]. Instead of focusing on cryptographic measures,
the two approaches proposed network architectures to in-
crease the resilience of SCADA systems. The work of Ger-
manus, et al. [11] employed a peer-to-peer (P2P) overlay
network in which P2P communications between redundant
nodes were used to implement path redundancy and data
replication. On the other hand, Avallone, et al. [12] pro-
posed to split packets and send them on two node-disjoint
paths in order to limit the adversary’s capability to recon-
struct the entire information flow.

3 Investigation Methodology

As already stated, our investigation focuses on identify-
ing network parameters that affect cyber attacks targeting
industrial processes. For this purpose one could employ
experimentation with real systems, software simulators or
emulators. Unfortunately, experimentation with production
systems suffers from the inability to control the experiment
environment in order to reproduce the results. Furthermore,
if the study intends to test the resilience or security of a
system, there are obvious concerns about the potential side
effects (faults and disruptions) to mission critical services.
Software based simulation has always been considered an
efficient approach to study physical systems, mainly be-
cause it can offer low-cost, fast and accurate analysis. Nev-
ertheless, it has limited applicability in the context of cyber
security due to the diversity and complexity of computer
networks. Software simulators can effectively model nor-
mal operations, but fail to capture the way computer sys-
tems fail.

Based on these facts in our study we have chosen a hy-
brid approach in between the two extremes of pure simula-
tion and experimentation with only real components. That
is, we employed an Emulab-based testbed [13, 14] to recre-
ate the control and process network of NICS, including con-
trol hardware and servers, and a software simulation to re-
produce the industrial processes. For the industrial pro-
cess we used the Tennessee-Eastman (TE) chemical process
model [4] and the associated multi-loop control system de-
veloped by Sozio [5].

3.1 Process Control Architecture
Overview

Modern process control architectures have two different
control layers: (i) the physical layer, which comprises actu-
ators, sensors and hardware devices that physically perform
the actions on the system (e.g. open a valve, measure the
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Fig. 1: Process control architecture

voltage, etc.); and (ii) the cyber layer, which comprises all
the information and communications devices and software
that acquire data, elaborate low-level process strategies and
deliver the commands to the physical layer. The cyber layer
typically uses SCADA (Supervisory Control And Data Ac-
quisition) protocols to control and manage an industrial in-
stallation. The entire architecture can be viewed as a “dis-
tributed control system” spread among two networks: the
control network and the process network. The process
network usually hosts the SCADA servers (also known as
SCADA masters), human-machine interfaces (HMIs), do-
main controllers and other installation-specific nodes, e.g.
engineering stations, maintenance servers. The control net-
work hosts all the devices that on one side control the ac-
tuators and sensors of the physical layer and on the other
side provide the control interface to the process network.
A typical control network is composed of a mesh of PLCs
(Programmable Logic Controllers), as shown in Fig. 1.

3.2 Experimentation Framework Archi-
tecture

The experimentation framework developed in our pre-
vious work [15, 16] follows a hybrid approach, where the
Emulab-based testbed recreates the control and process net-
work of NICS, including PLCs and SCADA servers, and
a software simulation reproduces the industrial processes.
The architecture, as shown in Fig. 2, clearly distinguishes
3 layers: the cyber layer, the physical layer and a link layer
in between. The cyber layer includes regular ICT compo-
nents used in SCADA systems, while the physical layer pro-
vides the simulation of physical devices. The link layer (i.e.
cyber-physical layer) provides the “glue” between the two
layers through the use of a shared memory region.

The physical layer is recreated through a soft real-time
simulator that runs within the SC (Simulation Core) unit and
executes a model of the industrial process. The cyber layer
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is recreated by an emulation testbed that uses the Emulab
architecture and software [13, 14] to automatically and dy-
namically map physical components (e.g. servers, switches)
to a virtual topology. Besides the process network, the cy-
ber layer also includes the control logic code that in the real
world is run by PLCs. The control code can be run sequen-
tially or in parallel to the physical model.

3.3 The Tennessee-Eastman Chemical
Process

As pointed out by other authors as well [4, 17, 18], the
complexity of the Tennessee-Eastman (TE) chemical pro-
cess makes it suitable for a wide range of topics, such as
process-wide control strategy, non-linear control or multi-
variable control. Recently, the TE process was also used
in several security-related studies [19, 20], that add another
important topic to the previous list.

The TE chemical plant is a process with 41 measured pa-
rameters and 12 manipulated variables. Out of the 12 vari-
ables throughout the literature we find control loops defined
for 11 variables only, as for the last one (i.e. agitator speed
control valve) it is not desirable to close the loop (McAvoy
and Ye [17]). We briefly describe the process architecture
and PLCs in Fig. 3.

3.4 Adversary Model and Attack Scenar-
ios

The conducted experiment included a powerful adver-
sary model and the TE industrial process . The main goal of
the adversary was to cause the process parameters to reach
their shut down limits (SDLs). As pointed out by Cárdenas,
et al. [19] attacks targeting the minimum/maximum value
of parameters/control variables are the ones that can dam-
age the process in relatively short time periods. Such attacks
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Fig. 3: Architecture of the Tennessee-Eastman process

cause the accumulation of products (e.g. steam, water, fuel)
by completely opening valves (feed-valves) that feed prod-
ucts into process units and completely closing valves (free-
valves) that free products from the process units. In both
our models the adversary followed the same procedure to
force the industrial process to shut down. More specifically,
based on the documentation provided by Downs and Vogel
[4] we identified the feed-valves and free-valves of the TE
process and we employed OPEN commands for PLCs con-
trolling feed-valves and CLOSE commands for PLCs con-
trolling free-valves.

3.5 Experiment Implementation

The experiments were implemented in the Joint Re-
search Centre’s (JRC) Experimental Platform for Internet
Contingencies (EPIC) laboratory. The Emulab testbed in-
cluded nodes with the following configuration: FreeBSD
OS 8, AMD Athlon Dual Core CPU at 2.3GHz and 4GB of
RAM.

4 Experimental Results

We start our presentation with the normal operation of
the TE process. Then, we move on to the results from the
attack scenario described in the previous section.

4.1 Normal Operation of the Tennessee-
Eastman Process

The operation of the TE process for 40h without any dis-
turbances is shown in Fig. 4, where the target set-points are
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Fig. 4: Normal operation of the Tennessee-Eastman process for 40h without any disturbances: Reactor pressure (a), Reactor
level (b), Reactor temperature (c), Separator level (d), and Stripper level (e).

illustrated with a dashed line. With the implemented control
loops the process is able to run in a steady-state, as shown
by the five sub-figures depicting the behavior of the param-
eters that could trigger a shut down of the process. Without
these control loops, process parameters would reach their
shut down limits (SDLs) after approximately 3.6h [5].

4.2 Effect of Network Delays

Next, we measured the effect of network delays on the
process SDT. For the full network setting, the effect of de-
lays is insignificant, as up to 0.5s the SDT does not show
any changes. On the other hand, for network delays of 1s
the value of the SDT increased to 4.83min, while for delays
of 3s the SDT increased to 5.51min. However, such extreme
delays can rarely be measured over the Internet, and even in
such cases the impact on the attack is minimal. The effect of
network delays on the cyber attack targeting the TE process
is shown in Figure 5.

4.3 Effect of Packet Losses

In the next step we analyzed the effect of packet losses.
Packet loss rates of 5% increased the SDT of the full net-
work setting to 5.16min. However, extreme packet losses of
10% had an insignificant effect on the SDT and increased it
to only 5.58min in the same setting. Similarly to the study
of network delays, we can conclude that significant effects

are measured only for extreme packet losses that can rarely
be found in real settings. The effect of packet losses on the
cyber attack targeting the TE process is shown in Figure 6

4.4 Effect of Background Traffic

Finally, we analyzed the effect of background traffic. In
this case the increase in the background traffic to 5Mbit/s
did not produce significant changes in most of the im-
plemented settings. However, by increasing the traffic to
10Mbit/s, i.e. the maximum capacity of the external net-
work, the SDT showed major changes. Starting with the
full network setting, the SDT increased to almost twice its
initial value, i.e. 7.91min. Such change is mainly caused by
the excessive background traffic that lead to network con-
gestions and finally to packet losses and additional delays.
The behavior of the TE process for the two background traf-
fic parameters was illustrated in Fig. 7.

4.5 Discussion

The main goal of this study was not to be exhaustive in
the choice of network parameters, but to show that these
might play an important role in the outcome of cyber at-
tacks, given that specific conditions are met. The results
from this section showed that the studied parameters have
a significant effect on the outcome of cyber attacks only in
case of extreme network conditions.
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the operation of the Tennessee-Eastman process (SDL- Shut
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Throughout our study we found that network delays have
the least effect on cyber attacks. This is mainly because
packets are not lost, but only delayed and at the end are
able to reach their target. On the other hand, the effect of
packet losses is more obvious and in extreme cases can even
double the value of the SDT. The main cause of this is that
packet losses lead to major delays caused by timeouts in the
transport layer. It is a well-known fact that network time-
outs cause the retransmission of packets, which might occur
more than once for each loosed packet. However, out of the
three communications-related parameters, the most signif-
icant effect was recorded for network congestions. These
were caused by a background traffic equal to the network
capacity. In some cases this setting increased the value of
the SDT by three or even four times. Nevertheless, such
highly congestioned networks can rarely be found in prac-
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Fig. 7: Effect of background traffic on the cyber attack and
the operation of the Tennessee-Eastman process (SDL- Shut
Down Limit, TSP - Target SetPoint)

tice and even so, the adversary could launch the attack from
several locations in order to ensure the successful outcome
of the attack.

5 Conclusions

The study conducted in this paper employed an experi-
mental approach to show that network communication pa-
rameters have a significant effect on the outcome of cyber
attacks targeting CIs only in extreme cases. The studied
parameters illustrated that communications-related parame-
ters such as network delays, packet losses and background
traffic can cause a significant impact only in case of extreme
values that are rarely measured in practice. Nevertheless,
it is also worth mentioning that if the attack is extremely
time-dependent than even moderate changes in the network
traffic can affect the cyber attack. As future work we intend
to investigate other network parameters and develop novel
countermeasure or techniques for designing more resilient
CIs.
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[6] Q. Zhu, D. Wei, and T. Başar, “Secure routing in smart
grids,” Workshop on Foundations of Dependable and
Secure Cyber-Physical Systems, 2011.

[7] I. Nai Fovino, A. Carcano, M. Guglielmi, and
M. Masera, “A k/n attack-resilient ict shield for scada
systems,” Proc. of the First Workshop on Secure Con-
trol Systems, 2010.

[8] D. Choi, S. Lee, D. Won, and S. Kim, “Efficient secure
group communications for scada,” IEEE Trans. Power
Delivery, vol. 25, no. 2, pp. 714–722, 2010.

[9] O. Pal, S. Saiwan, P. Jain, Z. Saquib, and D. Patel,
“Cryptographic key management for scada system:
An architectural framework,” Proc. of International
Conference on Advances in Computing, Control, &
Telecommunication Technologies, pp. 169–174, 2009.

[10] I. dos Anjos, A. Brito, and P. M. Pires, “A model
for security management of scada systems,” Proc. of
IEEE International Conference on Emerging Tech-
nologies and Factory Automation, pp. 448–451, 2008.

[11] D. Germanus, A. Khelil, and N. Suri, “Increasing the
resilience of critical scada systems using peer-to-peer
overlays,” Proc. of the 1st International Symposium on
Architecting Critical Systems, Lecture Notes in Com-
puter Science, vol. 6150, pp. 161–178, 2010.

[12] S. Avallone, S. D’Antonio, F. Oliviero, and S. Ro-
mano, “Use of traffic engineering techniques to in-
crease resilience of scada networks,” Proc. of 5th
International Conference on Critical Infrastructure,
pp. 1–7, 2010.

[13] B. White, J. Lepreau, L. Stoller, R. Ricci, S. Gu-
ruprasad, M. Newbold, M. Hibler, C. Barb, and
A. Joglekar, “An integrated experimental environment
for distributed systems and networks,” Proc. of the 5th
Symposium on Operating Systems Design and Imple-
mentation, pp. 255–270, 2002.

[14] C. Siaterlis, A. Garcia, and B. Genge, “On the use
of emulab testbeds for scientifically rigorous exper-
iments,” Communications Surveys Tutorials, IEEE,
vol. PP, no. 99, pp. 1 –14, 2012.

[15] B. Genge, C. Siaterlis, I. N. Fovino, and M. Masera,
“A cyber-physical experimentation environment for
the security analysis of networked industrial con-
trol systems,” Computers & Electrical Engineering,
vol. 38, no. 5, pp. 1146–1161, 2012.

[16] B. Genge, C. Siaterlis, and M. Hohenadel, “Impact of
network infrastructure parameters to the effectiveness
of cyber attacks against industrial control systems,”
International Journal of Computers, Communications
& Control, vol. 7, no. 4, pp. 673–686, 2012.

[17] T. McAvoy and N. Ye, “Base control for the tennessee
eastman problem,” Computers & Chemical Engineer-
ing, vol. 18, no. 5, pp. 383–413, 1994.

[18] N. Ricker, “Model predictive control of a continu-
ous, nonlinear, two-phase reactor,” Journal of Process
Control, vol. 3, pp. 109–123, 1993.

[19] A. Cárdenas, S. Amin, Z. Lin, Y. Huang, C.-Y. Huang,
and S. Sastry, “Attacks against process control sys-
tems: Risk assessment, detection, and response,”
Proc. of the 6th ACM Symposium on Information,
Computer and Communications Security, pp. 355–
366, 2011.

[20] R. Chabukswar, B. Sinopoli, B. Karsai, A. Giani,
H. Neema, and A. Davis, “Simulation of network at-
tacks on scada systems,” 1st Workshop on Secure Con-
trol Systems, Cyber Physical Systems Week, 2010.

360 

 



 

The 6
th

 edition of the 

Interdisciplinarity in Engineering International Conference  

 “Petru Maior” University of Tîrgu Mureş, Romania, 2012 

 

 

 

 

 

 
 

HILBERT-HUANG TRANSFORM USED FOR EEG SIGNAL 

ANALYSIS  
 

Lajos LOSONCZI# *1, László BAKÓ#2, Sándor-Tihamér BRASSAI#3 and László-Ferenc MÁRTON#4 
* 

Lambda Communication Ltd. 

 Tirgu Mures, Str. Avram Iancu Nr. 37, Romania 
1lajos@lambda.ro 

#
 NSRG - Neural Systems Research Group, Sapientia University 

 Tirgu-Mures/Corunca, Şoseaua Sighişoarei 1C, Romania 
2lbako@ms.sapientia.ro 

3tiha@ms.sapientia.ro  
4martonlf@ms.sapientia.ro 

 

 

ABSTRACT 

The EEG signals are recorded between electrodes placed in standard positions on the 

scalp. They have a typical amplitude of 2-100 µV and a frequency spectrum from 0.1 ÷ 50 

Hz. The potential at the scalp derives from electrical activity of large synchronized 

groups of neurons inside the brain. EEG activity in particular frequency bands is often 

correlated with particular cognitive states. There are many ways to approach the 

understanding of brainwaves but the analysis of electroencephalograms (EEG) continues 

to be a problem due to our limited understanding of the signal origin. It is hard to design 

an effective evaluation method for the recorded signals. The Hilbert-Huang Transform 

(HHT) is in the centre of this study.  This procedure is giving a deep insight of time-

frequency structure of time series. The HHT method is exemplified on EEG signals 

recorded by our NSRG-team. In this paper we emphasize the technical aspects of the 

procedure and not the biological significance of the results. 

Keywords: Hilbert-Huang transform, Instantaneous frequency (iFr), Instantaneous phase (iPh), intrinsic mode 
function (IMF) 

 
1. Introduction 
’The EEG is thus like a symphony, which is a 

complex mixture of sounds, changing in time and in 
space’’. Most EEG signals (waveforms) originate in 
the brain’s outer layer (the cerebral cortex), believed 
responsible for many individual thoughts, emotions 
and behaviors. To the mathematical or theoretical 
considerations, many of these waveforms appear 
typical of nonlinear and non-stationary systems. This 
is a very important observation. It is reasonable to 
assume EEG signals as the summed effects of locally 
generated activity in small networks and more 
globally generated activity involving spatially 
extensive networks (up to the global scale of the 
entire cerebral cortex). The brain is a massively 
parallel processor each processor contains many 
thousands of cell systems. A cell system is an 
organized assembly of networks of different cell 
types. The preponderance of one or more rhythms at 

one time and the combination of task specific 
frequencies (combination in time and in space) is 
peculiar for the activities, of the brain. The analyses 
of the observed brainwave frequencies, analyzing the 
EEG data on a segment-by-segment basis, can 
approximate us to understand how information 
processing in neural systems are performed. The 
analysis of brain waves plays an important role also 
in clinical diagnosis. Despite the impressive 
advancements, interpreting brain waves remains quite 
difficult. Brain data are often complex and 
overwhelming. Techniques for nonlinear and non-
stationary signal processing may play an increasingly 
important role in the area of brain research. 

We have recorded EEG signals using a two-
electrodes (Ag / AgCl + gel), reference electrodes 
mounted on specific cortical areas on scalp, and an 
eleven-electrode array (semi dry, salted water) placed 
over the left and right cortical regions (sensorimotor, 
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motor, frontal, occipital). We have used 
programmable sampling frequencies (128Hz, 256Hz).  
The recording electrodes are placed over the scalp, 
respecting the International 10-20 System 
conventions. The recording device was not for 
clinical use. The off-line signal processing was 
performed on a PC. The used signal recordings have 
been performed on the members of NSRG research 
group without any previous teaching periods. 

  It is important to understand that the brain does 
not communicate, or do its processing, using the 
EEG. It is something a secondary measure, as the 
temperature of an electronic circuit, or such as the 
vibration of an engine. 

It is known that EEG reflects correlated synaptic 
activity of cortical assembly of neurons. Specifically, 
the scalp electrical potentials that produce EEG are 
generally thought to be caused by the extracellular 
summation of ionic currents caused by electrical 
activity of individual cells from a synchronized 
assembly. EEG's can detect changes over 
milliseconds. Rhythmic activity is characterizing the 
normal frequency structure of the recorded 
waveforms and is divided into bands by frequency. 
The rhythmic activity within a certain frequency 
range was noted to have a certain distribution over the 
scalp or a certain biological significance. The 
proposed HHT is giving a detailed inside of this 
frequency ranges. 

 For a deeper understanding of WT, at first, we 
must consider the biologically explainable frequency 
contain of EEG signals. 
1. Delta component is considered a signal in 0 to 4 

Hz band. Usually the lower band of 0.3 to 1.5Hz 
is specific of deep sleep Brain State (BS), 
namely the slow wave sleep (SWS) but has been 
found in some continuous attention tasks related 
signals. This component is specific for frontal 
lobe of adult persons (F in 10/20 standard), but 
posteriorly can be recorded at children. These 
components have high amplitude.  

2. Theta component is considered a signal in 4 to 8 
Hz band. It is related to exploratory tasks but 
sometimes to drowsiness (paradoxical sleep) or 
idle or meditative state of a person. 

3. Alpha component is considered a signal in 8 to 
13 Hz band (in sensorimotor cortex shows the 
rest of motor neurons – called Mu component). 
It is characteristic mainly to posterior regions of 
head, both side but with higher amplitude on 
non-dominant hemisphere. It is specific for 
closing the eyes, reflecting (relaxed) state or 
with inhibition control in different locations 
across the brain. In clinical recording, it is a sign 
of coma state. 

4. Beta component is considered a signal in 13 to 
30 Hz band. This component has symmetrical 
distribution on both side of the brain. It is a low 
amplitude wave. It is characteristic to anxious 
thinking or active state in alert (working) 

behavior. Beta activity is closely linked to motor 
behavior and is generally attenuated during 
active movements 

5. Gamma component is considered a signal in 30 
to 110 Hz band. It is mainly characteristic to 
sensorimotor cortex. It shows cross-modal 
sensory processing (related to the combination 
of two different perceptions).  It is shown during 
short term memory matching of recognition 
(objects, sounds, tactile sensations). 

It must be mentioned, that the frequency borders 
of the presented bands is not strict (specific 
boundaries depending on the range they choose to 
focus on), overlapping can be considered and 
sometimes the band type name is different in 
different studies. 

 
2. Methods 
Traditional data-analysis methods are all based on 

linear and stationary assumptions. The Hilbert–Huang 
transform (HHT) is an empirically based data-
analysis method. Its basis of expansion is adaptive, so 
that it can produce physically meaningful 
representations of data from nonlinear and non-
stationary processes. The universally accepted 
mathematical paradigm of data expansion in terms of 
an a priori established basis would need to be 
modified. The convolution computation of the a priori 
basis creates more problems than solutions. 

A necessary condition to represent nonlinear and 
non-stationary data is to have an adaptive basis. An a 
priori defined function cannot be relied on as a basis, 
no matter how sophisticated the basis function might 
be. For non-stationary and nonlinear data, where 
adaptation is absolutely necessary other than a 
Hilbert-Huang transform is not usable. 

Most of the studies rely on the temporal and/or 
spectral features of the pre-processed  EEG signals. 
Usually the spatial as well as temporal and spectral 
information have been considered by means of 
multivariate autoregressive (MVAR) modeling of the 
multi-channel EEG [1]. In [2] is a presentation of an 
algorithm based on a method of HHT for automatic 
location of alpha and theta waves in 
electroencephalogram. New method in seizure 
classification based on HHT is in [3]. One example of 
clinical use of HHT is relative to Alcoholic EEG 
research [4]. Electroencephalographic measures 
indicate an overall slowing subsequent to meditation, 
with theta and alpha activation related to proficiency 
of practice. For these studies a HHT method is 
presented in [5]. There are several studies and 
publications related to engineering (control 
engineering based on Brain Computer Interface - 
BCI) processes based on basic HHT methods. 

The HHT consists of two parts: empirical mode 
decomposition (EMD) and Hilbert spectral analysis 
(HSA). This method is potentially viable for 
nonlinear and non-stationary data analysis, especially 
for time-frequency-energy representations. The 
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physically meaningful way to describe such a system 
is in terms of the instantaneous frequency, which will 
reveal the intra-wave frequency modulations. The 
easiest way to compute the instantaneous frequency is 
by using the Hilbert transform. Hilbert transform is a 
convolution of a time series and a 1⁄t category 
function. Using the Hilbert transform of a time series, 
it is possible to define an analytic signal, in which the 
Hilbert transform constitute the imaginary part. Each 
complex expression can provide, in polar 
representation, its amplitude and a phase. The result 
of Hilbert transform of a time series is an analytical 
time series, a complex valued signal. Its amplitude 
and phase is time dependent. For this reason it was 
introduced three new concepts, the instantaneous 
amplitude and the instantaneous phase functions. The 
time derivative of phase function is called 
instantaneous frequency function. Even with the 
Hilbert transform, defining the instantaneous 
frequency still involves considerable controversy. It 
should lead to the problem of having frequency 
values being equally likely to be positive and 
negative for any given time series (positive or 
negative energy). As a result, the past applications of 
the Hilbert transform are all limited to the narrow 
band-passed signals, which have with the same 
number of extreme values and zero-crossings. But 
filtering is a linear operation, altering its harmonics 
and creating a distortion of the waveform. To avoid 
this situation, before Hilbert transform it is necessary 
to use the so called empirical mode decomposition 
(EMD) introduced by N. Huang in 1998. This is 
intuitive, direct, and adaptive method, with an a 
posteriori-defined basis from the decomposition 
method, based on and derived directly from the data.  

 

The basic idea of EMD is that each time series 
consists of different simple intrinsic modes of 
oscillations. Each intrinsic mode, linear or nonlinear, 
represents a simple oscillation, which will have the 
same number of extreme values and zero-crossings 
and the oscillation will also be symmetric with 
respect to the ‘local mean’. These functions are the 
mono-components or the intrinsic mode functions 
(IMF). It is known from literature that IMFs must 
have two basic properties: 
• The number of extreme values and the number 

of zero-crossings must be the same or differ at 
most by one, 

• At any point (time moment) the mean value of 
signal lower and higher envelope is zero. 

Any IMFs are simple, general oscillatory events 
as the harmonic function components modulated in 
amplitude and phase. There are several EMD 
methods developed after the first Huang procedure. 
Each of them is, usually, very time consuming 
repetitive algorithm [6], [7], [8]. 
 

3. Results 
At first, there is a test signal created to bring out 

the HHT method efficiency in signal analysis. We are 
starting with the test signal: 

  
)3/102sin()52sin( πππ +⋅⋅+⋅⋅= tty    (1) 

Figure 1 is the representation of this test signal 
(red).  The following figures have been created using 
MATLAB codes developed by NSRG group and 
based on knowledge accumulated in different domain 
of signal processing. This is a detailed use of the 
method for oscillations of biological source, one of 
the first attempts of this kind. 

 
Fig.  1 – The used test signal (red) and its components: )3/102sin()52sin( πππ +⋅⋅+⋅⋅= tty
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As it was mentioned before, the Hilbert-Huang 
transform is a combination of two basic procedures. 
We have a signal. If that signal is of biological origin, 
then we must consider it as having nonlinear, non-
stationary signal characteristics. We know that for 
such kind of signals, the Fourier transform is not 
usable, or it is usable with the risk to lose the 
expected accuracy of the analysis. The HHT is 
avoiding some of Fourier’s method inaccuracy.  The 
first part of HHT is the so called EMD (Empirical 
Mode Decomposition). It is a time consuming method 
for long recordings with a high sampling frequency 
rate. For our test signal, the EMD is about to detect 
the peaks and troughs of the original signal, calculate 
a mean signal value and using the original algorithm 
of Huang [8], the IMF components are calculated. 
The number of these mono-components (IMF) is not 
known from the beginning. An IMF is a special 
phase, frequency and amplitude modulated signal. In 
case of an IMF, we can use the Hilbert transform, not 

resulting a negative energy subspace in time-
frequency transform. The result of the Hilbert 
transform is an analytic (complex structure) function 
with its corresponding amplitude and a phase function 
components. The derivative of phase function is 
called the instantaneous frequency component. 

For our test signal, two mono-components have 
been found. One has 5Hz, the other 10Hz, as we 
expected. The following two figures are about these 
two IMFs (Fig. 2 and Fig. 3). In these figures, on the 
top subplot, there are visible not a straight line for the 
instantaneous frequency components (there must be a 
single, constant frequency component there), as we 
expect from a theoretical point of view, but here, 
there is an oscillatory state. This is because of the 
reduced (and finite) sampling rate of the generated 
test signal. It is also visible a short deformation of the 
mono-component at the beginning and of the signal. 
This is an effect of the short length of it. 

 
 

 
Fig.  2 - The IMF and its structure in IMF1, as it results in HHT from the test signal 

 
 
The middle subplots are the IMFs, in Fig. 2 the 

IMF1 and in Fig. 3 the IMF2. In an ideal case, both 
are pure harmonic functions. In a real case, these are 
close to an ideal harmonics. The bottom subplot in 
both figures shows the phase function of the IMFs. 
The domain of values are in [-π, +π], interval and 

each period is covering a trough to trough interval. If 
an event is considered at a time moment, from the 
instantaneous phase function, it is easy to find out the 
phase value relative the oscillatory state. 
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Fig.  3 - The IMF and its structure in IMF2, as it results in HHT from the test signal 

 
 

We have used the HHT method for EEG signals. 
The EEG signals have been recorded by members of 
NSRG group with a non-clinical equipment, Emotive 

Epoc product, with 14 electrodes in 10/20 standard 
and 256Hz sampling rate. The examined EEG signals 
are shown on Fig. 4. 

 

 
Fig.  4 - . EEG recording with EmotiveEpoc recording system. The channel’s signals are event related 

potentials, repeated at every 10 seconds in an one minute interval. The channel’s name are using 10/20 

EEG standards. 
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Fig.  5 - The F8 Channel signal, (from fig. 4). The blue is the original signal, the red is the added IMFs 

without IMF1, IMF2, IMF3. This is not a filtering method. The result is better, then using a low pass 

classical filter, because a filter is a ‘system’ with its all inconvenient characteristics (phase distortion, 

amplitude modulation at cutting frequency). 

 

 

 
Fig.  6 - The first eight IMF component of the F8 channel signal (see Fig. 5) 
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To understand much better what is resulting from 
a mono-component, in the following figures we will 
detail two of them, showing their instantaneous 
frequency function (iFr) and also the instantaneous 
phase function (iPh). It is important to understand, in 
case of nonlinear and non-stationary signals the 
notions as ‘Period’ and ‘Phase’ are reduced to iFr and 
iPh. It is hard interpret these notions in a classical 
way of thinking. For EEG type of signals, all the 

history of events are incorporated in a long sequence 
of moments described by the iFr and iPh. Each 
moment has its separate significance. It depends also 
on the used sampling frequency of the signal. As an 
example, a theta oscillation is not a harmonic function 
but it is a sequence of instantaneous theta events with 
different frequency and phase and amplitude in each 
moment. Fig 7a shows one minute recording from F8 
side of the cortex (10/20 standard). 

 

 
Fig.  7a - Almost no coherence between T7 and F8 channel sites. 

 
Fig.  7b - The five second long detail of IMF4 (see fig. 7a.) 
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The middle subplot from Fig. 7a is the no 4 mono-
component. It represents a component from delta and 
theta band. The top subplot is the instantaneous 
frequency function. It is not a function from the 
current mathematical definitions textbook, but it must 
be seen as a sequence of consecutive frequency 
values (the sampling points are the set of input). The 
frequency range is in 0.5 to 7Hz and represent a 
cumulated biological events related to the F8 area. 
The subplot from the bottom of the figure is the 
instantaneous phase plot. The set of output is the 
[-π, π] interval. Using this iPh function, in each 
moment of the input set (time), we can find the phase 
of a time moment related event. Each phase relation 
is from trough to next trough of the IMF. This is an 
accepted standard in signal processing. To have a 
more detailed inside of the HHT elements, we will 
show a shorter interval of this time series. This is the 
15 to 20 seconds (five second long) interval from Fig. 
7a. The details are shown in fig. 7b. The top subplot 
of this figure shows that the frequency happening 

within an IMF is almost never is a constant value (a 
pure harmonic oscillation). The red segments are 
trying to linearize part of the iFr, but it is obvious that 
in an interval limited by two consecutive troughs (two 
consecutive arrowheads and vertical blue limit lines 
in the middle subplot) usually there is a frequency, 
phase and amplitude modulation. On the bottom 
subplot, where the iPh is presented, it is clear that 
usually the phase variation is not linear. We have 
used the green line approximation of the possible 
linear phase relationship between two troughs of the 
IMF. It is very important to consider this nonlinearity 
in case of the phase lock studies of biological events 
related to brain oscillations. 

To have an idea about the differences between 
two mono-components, also the IMF5 is presented 
(see  fig. 8a.). IMF5 is representing a lower event 
structure (or IMF) of the channel F8 recording (10/20 
standard). It is obvious that this is the delta oscillation 
of the F8 EEG channel. 

.
 

 
Fig.  8a - The HHT of F8 EEG channel with the 5th mono-component. 

 
A detail of Fig. 8a, the length is highlighted with a 

red arrow. Fig 8b, on the top subplot with horizontal 
red lines represents a possible pure harmonic 
oscillation of 1Hz. Within these intervals there are 
frequency modulations subintervals. 

The phase relation is a non-linear. We have shown 
only few components of what HHT can provide, but 
our MATLAB application is calculating all of the 
components and also is able to provide quantitative 
measure of different properties of the oscillations. 

The HHT method can be used to analyze different 
origin’s oscillations but it has its high efficiency in 
case of signals mainly coming from nonlinear and 
non-stationary systems. It can also be used to remove 
the noise (identifiable from frequency bands, see Fig. 
5 as an example) without using any usual filtering 
procedure. This transform is a time-frequency method 
and the Fourier transform is not involved at all. 
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Fig.  8b - The 15 seconds long detail from fig. 8a. 

 
4. Conclusions 

 
An HHT-based time frequency analysis was used 

to evaluate EEG signals and to present the results not 
only on a temporal scale but in the amplitude –time – 
frequency domain. In addition, we discuss that the 
characteristics of these analysis are superior to other 
temporal frequency results, and more information can 
be extracted from the characteristics of each IMF 
components. Using the above presented analysis 
methods, a clinical specialist can identify from EEG 
or another biological signal important messages, 
using the IMFs, iFr, and iPh functions. 
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ABSTRACT 
This paper presents the design and FPGA implementation of an embedded artificial 

neural network system used for EEG signal classification. The hardware-software co-

design techniques used in the designed process take advantage of the reconfigurable 

environment yielding a spiking neural network (SNN) that can differentiate between EEG 

signals presented as an image containing a pattern derived from the signals' Wavelet 

transform. Some modules of the system may use run-time partial reconfiguration for 

optimal FPGA resource utilization. The hardware platform used was an Opus Virtex 5 

FPGA development kit with a built-in PowerPC 440 processor core. The developed SNN 

uses the processor core as well as the reconfigurable resources of the Virtex5 chip in 

order to implement a highly parallelized architecture optimized for the proposed task. 

Implementation details as well as performance analyses will be given in the paper. 

Keywords: embedded system, FPGA, spiking neural network, parallelization, PowerPC, VHDL 

 
1. Introduction 

The use of modern technologies is becoming 
widespread in biomedical research. The development 
of embedded system techniques and their integration 
with novel signal processing methods has raised the 
possibility to devise structurally more refined, non-
invasive EEG measurement systems and brain 
computer interfaces (BCIs) [1]. 

The development process considered the 
following priorities: 

●  improvement in signal acquisition, 
amplification and conditioning; 
● tuning of adaptive systems by the use of 

embedded microcontrollers; 
●  implementation of smart active electrodes, 

that get “smarter” while reducing their size; 
●  real-time interpretation of the acquired signals 

via hardware implemented advanced methods. 
The Smart Active Electrode (SAE) acquisition 

system developed by us is used, for the acquisition of 
the EEG signals that form the subject of the pattern 
recognition task presented in this paper.     

2. EEG signals and brain-computer interfaces 

Research areas of BCIs include the evaluation of 
invasive or noninvasive technologies to follow brain 
potential field activity. Electrical activity in the 
cerebral cortex contains important information to 
characterize brain function and is possible to study 
the role of individual cortical regions during event 
related processes, cognitive and motor tasks. Brain 
responses are, by definition cortical events translated 
into non-stationary EEG signals by active electrodes. 
We are involving special hardware and software 
procedures to handle the difficulties we met. 
Functional brain activity is associated with a variety 
of event-related changes in EEG spectra. The 
functional correlations of brain activities depend on 
the frequency bands in which they occur. Signal 
energy may increase in some frequency bands while 
it decreases in others, and the energy within one 
frequency band may increase at one time and 
decrease at another depending on its temporal 
relationship to the functional brain activation 
[2][3][4]. Usual EEG recording is performed with a 
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cap equipped with integrated scalp electrodes. EEG 
potentials, referenced to the average of the left and 
right ear lobes, are recorded at the standard fronto-
centro-parietal standard locations F3, F4, C3, Cz, C4, 
P3, Pz, and P4 [5]. 
 

3. Hardware embedded spiking neural 

networks (SNN) used for signal classification 

 Spiking neurons (SNs) differ from 
conventional artificial neural network (ANN) models 
as information is transmitted by means of spikes 
rather than by firing rates. This allows SNs to have 
richer dynamics as they can exploit the temporal 
domain to encode or decode data in the form of spike 
trains. However, this has demanded the development 
of new learning rules drawing again on inspiration 
from biology. When implemented on parallel 
hardware, ANNs can take full advantage of their 
inherent parallelism allowing specific units to be 
designed and added, that boost the computing speed. 
Implementing SNNs on reconfigurable hardware 
enables the identification of a number of challenges. 
Creating large-scale implementations of SNNs, 
particularly which operate in real time, and yet 
demonstrate biological plausibility (adaptability of 
the architecture) can become even more difficult. The 
presented implementation of a SNN, partly sacrifice 
the completely parallel nature of the design, by 
embedding hard-core processors, yet yielding a 
highly accelerated solution. 

The architecture of the SNN is feed-forward, using 
leaky integrate-and-fire neurons. The connections of 
the network are composed of a set of k synapses, each 
with a wij

k weight and a dk delay (Fig. 1). An input 
pulse from neuron I generates a set of post-synaptic 
weighted potentials (PSP, a function that models the 
impact of an input pulse on the target neuron as a 
temporal function). The magnitude of the synaptic 
weight determines the height of the PSP. In each time 
step, these PSP values are added to form a membrane 
potential at the target neuron. Given that this sum 
exceeds a predefined threshold θ, the j output neuron 
will generate an axonal spike. 

The values given as inputs to the network can be 
encoded into the synaptic values through delayed 
learning [6], [7], [8].  

 
Fig.  1 – The theoretical concept of the 

implemented neural network 
 

In order to achieve unsupervised learning, the 
weights are tuned according to a temporal version of 

the Hebb algorithm. If a PSP precedes closely the 
arrival of an axonal activation pulse, then the weight 
is increased, because it is considered to be of high 
efficacy in increasing the membrane potential of the 
post-synaptic neuron. Other synapses, which receive 
input spikes at a greater relative temporal distance 
from the axonal spike will have their weights 
decreased, reflecting their reduced addition to the 
post-synaptic membrane potential. For a weight with 
a delay dk from neuron I to neuron J, a proper 
formula would be: 
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according to [9], but this formula is unrealistic in 
terms of hardware implementations, hence a simpler 
method is needed. Each input neuron is allowed to 
emit a single spike during the encoding time frame. 
 

4. Signal preparation for neural network 

input generation  

During the first experiment, the subject of the 
EEG measurement was told to make timed 
movements. The signals were acquired from 
electrodes F7 and F3. The proposed goal was to 
determine the time of the movements by recognizing 
patterns in the signal with the implemented embedded 
neural network system.  

The duration and the script of the experiment is 
pre-defined and it says that the subject should do the 
following for about one minute: 18/10 sec – staying 
still, 10 sec – making movement, 8/10 - staying still, 
10 sec - making movement in opposite direction. 

Our goal was to differentiate among the following 
three types of events by feeding the pre-processed 
signal into the embedded SNN: activity, noisy signal, 
no activity. 

The first step of the pre-processing is the 
computation of Wavelet transform of the acquired 
EEG signal (Fig. 2), using a proprietary program. The 
same program marks those areas of the image 
representing the Wavelet transform of the signal (Fig. 
3) that contain significant information. These areas 
need to be identified automatically by the developed 
SNN. 
 

 
Fig.  2 – The acquired EEG signal 

 
However, this image (Fig. 3) needs further 

processing in order to produce a set of images that 
can be fed into the SNN hardware. 
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Fig.  3 – The wavelet transform of the measured 

EEG signal 
 

This phase is also performed by a proprietary 
program of our research group and it yields the 
expected results – the images that will form the 
SNN’s training and testing set – by performing the 
following processing steps: 

1. The vector containing floating point values 
of the wavelet transform result is converted into 
an grayscale image (Fig. 4), 

2. Background substraction for contrast 
enhancement, 

3. Distribution of the measurement interval into 
equal time frames that will be converted into 
training images (64 x 64 pixels), 

4. The images are pre-classified using the 
previously mentioned significance information 
in order to produce the expected output values 
of the SNN for all input images, 

5. These images are saved into a screen-
friendly format (Fig. 5, Fig. 6 and Fig. 7), 

6. Image data is transmitted to the SNN. 
The following figures present the pre-processed 

wavelet transform result and one example image of 
each of the three recognizable classes of the SNN 
training set. 
 

 
Fig.  4 – Grayscale image produced from the EEG 

signal’s wavelet transform 
 

 
Fig.  5 – Image showing activity signal 

 
Fig.  6 – Image presenting a signal to be classified 

as noisy 
 

 
Fig.  7 - Image showing no activity signal 

 
5. Hardware implementation of a SNN on a 

FPGA platform 

In order to make best use of the Opus 
Development board featuring a Xilinx Virtex™-5 
FX30T FPGA with embedded PowerPC processor the 
project has been divided into components 
implemented as software run on the PowerPC and 
highly parallelized hardware components that use the 
reconfigurable fabric of the FPGA. 

Structurally, the implemented SNN can be divided 
into three major components: the input neurons, the 
synapses and the neuron bodies or somas. Synapses 
and somas form the output layer neurons. 
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Fig.  8 –The structure of the FPGA implemented 

SNN 
  

As the block diagram in Fig. 8 above shows, the 
role of the input neurons is to encode the input 
images into time-delayed spike-trains that will 
propagate through the network and form a spike at 
one of the outputs. The functional component design 
using the Xilinx EDK environment yielded the 
structure presented in Fig. 9, where the MyIP module 
is the one implementing the SNN specific circuitary.  
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Fig.  9 – The main modules of the Xilinx EDK 

project that implements the SNN 
 

6. Computing image data into spike trains as 

input to the SNN embedded in the FPGA 

For each of the 64x64 pixels of the training set 
images a numerical value has to be generated, 
representing a grayscale level on eight bits. These 
have been computed based on the wavelet transform 
of the measured EEG signal, using a proprietary C 
program, and then saved into files either on the DDR 
RAM memory modules or on the SD card attached to 
the Opus board. 

7. Implementation of the input neurons and 

pulse stream generation 

After studying [10], [11], [12] several schemes, 
using multiple domain receptive fields have been 
investigated in order to extend the encoding precision 
and capacity, distributing an input variable through 
multiple input neurons. A distribution code, where the 
input variables are encoded with integrated and 
overlapping functions, can be found as an often 
studied method to represent real values. In these 
studies, the activation function of an input neuron is 
modeled as a receptive field that determines the 
activation rate. Translating this paradigm into relative 
activation moments is relatively simple: an optimally 
stimulated neuron will fire at time t=0, while an 
activation timestamp of up to t=37 is assigned to 
neurons with weaker stimulation (Fig. 10). 

 

 
 

 
In order to encode multidimensional data in the 

manner presented above, a choice has to be made 
regarding the dimension of the neuron’s receptive 
fields. The least expensive way to do this, in terms of 
number of neurons needed, is to encode each input 
with 1-D, independent receptive fields [14]. Since the 
interest is in two-dimensional classification, this 
encoding is the most convenient, because it is linear 

with regard to the number of needful neurons per 
dimension and it is, also, adaptable allowing the 
dimension encoding with higher precision, without 
excessive neural costs. 

A triangular approximation of the Gaussian 
activation functions of the input neurons is much 
more suitable for the aimed hardware 
implementation, due to reconfigurable resource costs. 
On the other hand, though, these triangular functions 
need to be designed with maximal overlapping areas 
in order to yield the highest possible number of 
activated input neurons for each input value. A 
scheme with 37 input neurons (triangles) has been 
devised for the proposed application. All these input 
neurons and their activation functions are computed 
by the C program that runs on the PowerPC. 

8. The parallelized output layer of the embedded 

SNN 
The output layer of the SNN is formed by the 

three somas with their 64x64 synapses, yielding a 
total of 12288 synapses units, all implemented as 
parallel cores in the reconfigurable fabric of the 
FPGA. All these units were designed in VHDL with 
the use of generic parameters in order to guarantee 
scalability. As Fig. 13 shows, the hardware 
implemented section of the SNN has three main 
functional units.  

The Control Unit (CTRL) is the system 
manager, coordinating all stages of the computation. 
The NETWORK unit contains all the somas and 
synapses of the SNN with their weight values and 
those temporal moments when they contribute to the 
appearance of an output spike. 

The LEARN module is responsible for the 
neural learning process employing a finite-state 
machine. The dynamic run-time reconfiguration 
capability of the Virtex FPGA can be used to inter-
change the CTRL and LEARN units – therefore 
saving precious resources – since they do not run 
their algorithms in parallel.  

The algorithm used to build the finite-state 
machine of the CTRL unit is presented in Fig. 12, 
which goes through the following states: 
• Ready: Waits while data is being transmitted 
through the PLB bus. When EN is active the machine 
switches to the Data_ready state otherwise stays in 
the current state. 
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Fig.  11 – Modular structure of the implemented 

SNN system 
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Fig.  10 - The method of encoding the input 

variables into delayed spikes 
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• Data_ready: if the memory address counter 
reaches 4096 – meaning that all spike trains have 
been generated – , then switches to the TH_Test state 
or else to the Bit_Test state, 
• Bit_Test: Watches for logical 1 values in the 
impulse set. Upon finding such a value on a particular 
position it computes – uses an offset – the memory 
address of the corresponding weight to be read. 
• Read: The BlockRAM memories that store the 
weight values and the pulse trains are enabled, 
• OR: The OR and SOMA units are clocked and the 
yielded spike train will give the enable signal to the 
synapse that needs to activate at this moment, then 
switches to the Write state, 
• Write: The generated spikes are written to a BRAM 
memory, then goes back to the Bit_Test state, 
• TH_Test: This state is the one where the SOMA 
modules are activated, as they receive and accumulate 
the weight values from the active synapses. Also 
tested are the threshold and membrane potential value 
to decide whether the cell will emit a spike or not and 
the time-step counter that runs until the value of 37, 
according to the lengths of the input spike train. 
• Out_Test: The number of the activated SOMA is 
saved to a variable for the LEARN module that will 
use this as a reference in the learning rules. 
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Fig.  12 –State diagram of the CTRL unit 

9. Hardware structure of the embedded SNN 

The actual components of the hardware built 
SNN are subunits of the NETWORK unit. The 
structure of this unit is presented in the Fig. 13 below. 
There are three MEM_WEIGHT memory modules, 
storing the synapse weight values for each of the 
three somas. These memory units have been 
generated using the Xilinx EDK's Core Generator tool 
and will yield a weight value to the internal data bus  

 

 
Fig.  13 –Functional modules of the SNN’s 

hardware components 

 
(10 bits) when addressed (on 12 bits) and enabled or 
will save one from the same bus when the learning 
mechanism modifies the strength of a synapse. Initial 
weight values were pre-computed using a C program 
and pre-loaded into the MEM_WEIGHT. 

The three cell body or SOMA modules are 
responsible for the spiking neuron's output 
generation. The most important parameters defined 
here are the membrane potential (MP), threshold 
potential and the resting potential values. When the 
enable signal is received active and there is a clock 
transition, the SOMA modules will update the 
membrane potential parameter values, by summing 
the incoming weight values of the currently activated 
synapses. The threshold potential (THP) and the 
resting potential (RP) values are defined as follows: 
THP=weight average* nr. of weights * spike average *  α% 

RP=weight average * nr. of weights * spike average *  β%, 

where the factors α=90 and the β=10. 
If the sum of the updated MP and the RP exceeds 

the value of THP, then the SOMA will activate (fire), 
emitting an output spike (output='1'). The OR module 
will merge these new generated output spikes with 
the previously computed data and feed these together 
into the MEM_IMP module that stores the soma 
output values and the time-step number when they 
were generated. Since the time-frame in this 
application has been set to 37 (equal to the number of 
input value encoding input neurons) the data bus 
width of the MEM_IMP module is also 37 bits. The 
ADD/SUB module is used during the learning 
process, to change the weight values that either needs 
to be increased or decreased. It will add or subtract a 
preset value to/from the received weight value (on the 
10 bit wide weight bus) depending on the state of a 
control signal and the presence of the enable signal 
and the clock transition. Since the learning rules are 
applied through the ADD/SUB module to the weights 
of a single soma there was need for a MUX module to 
select which MEM_WEIGHT module has to be 
addressed at a given step of the learning process.  
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10. The learning process used by the SNN 
The learning rules devised for this application is 

another original contribution of the authors of this 
paper. The algorithm can be considered as a 
modified, supervised version of the Hebb learning 
rule. In this application it has been tuned to fit the 
parameters of the built SNN. The 37 input neurons 
yield the 37 step time-frame. The devised learning 
rule is active in only eleven of these steps. In the 
time-step n, when MP≥THP, the weights are 
increased by a ∆W value (currently ∆W=60). This 
time-step n is always set to be the sixth step of the 
eleven when the learning is active. In the rest of the 
eleven steps - the five steps preceding and following 
n - will add or subtract, respectively, a value to/from 
the weights, value that decreases with 1/6th of ∆W by 
each time-step.  

This process is presented in detail in table 1. 
As mentioned before, the learning process is 

implemented in the LEARN unit, consisting of an 
elaborate finite-state machine with the state diagram 
presented in Fig. 14. 

The operation of this unit is best to be presented 
via the job of each of the states that are the following: 
• Idle – Waits for the signal that activates the 
learning process. 

 

Table 1 – Rules of the modified Hebb learning 
Synapses Axon Target Time step Operation Weight changes 

0 0 0 -- -- -- 
0 0 1 -- -- -- 
0 1 0 -- -- -- 
0 1 1 -- -- -- 
1 0 0 -- -- -- 
1 0 1 -- -- -- 
1 1 0 5< + ∆W-5*(∆W/6) 
1 1 0 4< + ∆W-4*(∆W/6) 
1 1 0 3< + ∆W-3*(∆W/6) 
1 1 0 2< + ∆W-2*(∆W/6) 
1 1 0 1< + ∆W-(∆W/6) 
1 1 0 = + ∆W 
1 1 0 1> - ∆W-5*(∆W/6) 
1 1 0 2> - ∆W-4*(∆W/6) 
1 1 0 3> - ∆W-3*(∆W/6) 
1 1 0 4> - ∆W-2*(∆W/6) 
1 1 0 5> - ∆W-(∆W/6) 
1 1 1 -- -- -- 

 
• Check_Out – Verifies if the outputs of the 
network match the prescribed values, where they do 
not, the memory access signal is set, then it switches 
to the Position state. Where they do match, the 
machine goes back to the Idle state, therefore ending 
the current learning cycle. 
• Position – The time-step counter (that increments 
up to the end of the time-frame) will determine which 
of the Hebb rules will be applied (detailed in table 1) 
then it sets the corresponding ∆W value. 
• Read_Imp – The clock, address and enable signals 
of the MEM_IMP module are generated in this state 
in order to read the spike streams for this module.  
While the address counter is less than 4096 it will 
step back to the Position state. 

• Read_Weight – The MEM_WEIGHT module is 
activated in order to read the weight from the synapse 
selected by the address counter. It is followed by the 
Add/Sub_Weight state. 
• Comp – The current time-step value is compared 
to the value read from the spike train, if 
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Fig.  14 – State diagram of the LEARN unit 
 
both are active (“1”), than the corresponding weight 
needs to be read (go to Read_Weight state) else the 
next impulse is read in the Read_Imp state. 
• Add/Sub_Weight – This is the state where the 
selected weight is actually modified, according to the 
rules table, by either increasing or decreasing its 
value, therefore strengthening or weakening the 
efficiency of the respective synapse. 
•  Before returning to the Read_Imp state the 
modified weight needs to be saved by activating the 
MEM_WEIGHT module.  

All components of the implemented hardware 
SNN have been verified and validated to function 
properly, via simulations.  
 

11. Results and conclusions 

The presented project has some major 
achievements in embedding a fairly large SNN into a 
Xilinx Virtex FPGA circuit by finding a good balance 
between the software implemented part (in the 
PowerPC processor core of the Virtex) and the 
massively parallelized components occupying the 
reconfigurable fabric of the circuit. Summarizing the 
results we can affirm that the hardware/software co-
design technique used has yielded the following 
outcome. The input neurons of the SNN application 
implemented on FPGA for EEG signal classification 
were implemented on the 400 MHz PowerPC core 
embedded into this circuit. This software has multiple 
tasks, but the most important is the conversion of the 
input image data into encoded spike trains, a process 
that takes 2.5 milliseconds. Besides this task the 
PowerPC program (written in C) is also responsible 
for reading the input image data from the SD card 
attached to the FPGA circuit, a process that takes up 
47 milliseconds per image, while encoding one image 
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to spikes takes 23.39 milliseconds. These values 
might seem large but these processes only take place 
once, immediately after the FPGA configuration, 
therefore do not have an impact on the overall 
performance of the SNN system.  Finally, the initial 
weight values are computed in the software part of 
the project. The generated spike trains are then 
transferred to the hardware implemented (using 
VHDL) part of the project via the PLB bus connected 
to the PowerPC processor. The output neurons with 
their synapses and somas are all implemented as units 
working in parallel. The control unit coordinates the 
various memory modules and finite-state machines 
that contribute to the successful implementation of 
the supervised version of the Hebb learning rule. 

As the hardware resource utilization of the 
project presented in table 2 shows, there is plenty of 
space left in the reconfigurable fabric of the FPGA to 
extend the project for true color image classification.  

 

Table 2 – Resource utilization of the SNN project 

Device Utilization Summary (estimated values) 
Logic Utilization Used Available Utilization 
Slice Registers 334 20480 1% 
Slice LUTs 562 20480 2% 
Fully used LUT-FF pairs 288 608 47% 
Bonded IOBs 77 360 21% 
Block RAMs / FIFOs 9 68 13% 
BUFG/BUFGCTRLs 4 32 12% 

The achieved performance has yielded an output 
computation time for a grayscale 64x64 pixel image 
of 2.6ms while a full learning cycle took 0.75ms. 

 

Table 3 – Classification results of the SNN 

THP 
(% of max 

MP) 

Cycle nr. / 

image 
(60 images) 

Number of images 

classified correctly 

50 50 30 
50 100 29 
50 200 32 
70 50 28 
70 100 31 
70 200 32 
90 50 22 
90 100 27 
90 200 28 

 

The classification accuracy assessment of the 
implemented embedded SNN system has been made 
using a few set of images derived from EEG signals 
measured by our research group. These sets of about 
100 images have been divided into training and a 
testing group. The SNN has been trained with input 
data generated from the first group of images then 
tested for data from the second group. Table 4 gives a 
few examples of the yielded results. It can be 
concluded that the classification accuracy is yet to be 
enhanced by fine-tuning the learning rules and also 
by using other training image sets with significantly 
higher number of images. 
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ABSTRACT 
Leukemias are malignancies with a definite and constant influence on the oral cavity. 

Oral complications are determined by leukemic disease, indirectly, being secondary to 

thrombocytopenia, anemia and neutropenia, as well as specific treatment, chemotherapy 

with or without radiotherapy, representing specific drug complications. We have 

developed and implemented a computer system that allows monitoring and evaluation of 

long-term oral complications that occur in children with leukemia. 

Keywords: Information system database, patient monitoring, children leukemia, teeth 

emergence 

 
1. Introduction 

The emergence of permanent teeth is a complex 

phenomenon employed in the processes of growth 

and development of the child, and it is influenced by 

general factors (systemic diseases, specific treatment, 

sex, race, socioeconomic factors, climate, 

geographical region) and local factors represented by 

untreated tooth decay of temporary teeth, periapical 

complications and their premature extraction [1-3].                           

The research’s premise started from the following 

issues: the complicated caries of the deciduous teeth 

modify the processes of dental permutation; data from 

the specialty literature indicates an increased risk in 

the occurrence of caries in children with malignant 

affections after chemotherapy and/or radiotherapy [4-

8]; however, there are no studies referring to the teeth 

emergence patterns of the permanent teeth in these 

children. 

This study aimed to evaluate the incidence of the 

carious lesions of the primary teeth and the 

emergence patterns of permanent teeth in a group of 

children with malignant affections compared to a 

group of healthy children and also to assess whether 

the malignant condition affects the emergence pattern 

of the permanent teeth in lateral sectors of the arches. 

 

2. Material and methods 

      This study took place during the period 

01.09.2010 - 01.06.2012 in The Integrated Dental 

Center of the University of Medicine and Pharmacy 

Targu Mures, and in the The Hemato-Oncology 

Department  of the Pediatric Clinic of Targu Mures. 

We have evaluated the incidence of dental caries of 

temporary teeth and permanent tooth eruption 

patterns in several groups of children with leukemia 

in different phases of treatment in comparison to a 

group of healthy children and established the 

relationship between malignancy and sequence of 

eruption of permanent teeth.  

      Assessment of orthodontic health and of the 

complications of the oral cavity was completed by 

clinical examination and the examination of the 

Orthopantomogram x-rays. Considering the number 

of working groups included in the study, the 

complexity of the worksheets and especially the need 

for regular updating of information being dependent 

on the evolution of the disease, as well as the specific 

treatment phase, we implemented a system that 

allows for the management of data processing and 

statistical analysis. 

      The computer system contains a database 

management system (SGDB) for storing patient data 

and a client-server architecture for file transfer. The 

medical staff Doctors will fill-in two forms: the 

cancer data form containing the patient screening, and 

the monitoring form of the oral complications.  

      A patient may have several consultations, so 

between the first and second forms there is a 

relationship (1→ n), and the data from these records 

can be viewed as medical history and used to generate 

reports.  

      The Ortopantograms are stored on the server.      
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      To upload or download a file from the server 

(figure 1), the protocol is:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      3. Results 

      This study included children with mixed dentition 

between the ages of 8-11, grouped as follows: 

      The group of children with malignant affections: 

      Based on the collaboration between the Pediatric 

Oncology Clinic and the The Center of Dental 

Medicine in Targu Mures, all the children who 

undergo cancer treatment are sent to regular dental 

checks. The children invited to take part in this study 

were in the remission stages of malingant affections  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

who followed chemotherapy and/or radiotherapy 

according to specific protocols.  Eligibility criteria for 

this study were the installation of the second phase of 

mixed dentition (8-11 years) and lacking any type of 

dental agenesis of permanent teeth. Thus 36 children 

Client Server 

Sending request 

Change data 

Confirmation + Hash 

Confirmation 

Fig. 1 – File transfer 

protocol 

 

Fig. 2 - Orthopantomogram 

 

 

Fig. 3 – Database structure 

 

 

378 

 



 

 

 

were selected (22 with leukemia, 14 with solid 

tumors) that formed the group of children with 

malignancies. No child refused the invitation to take 

part in the study. 

      The group of healthy children: 
      Included in this group were 58 healthy children 

who have had dental injuries treated or under 

treatment at the Dental Center, University of 

Medicine and Pharmacy of Targu Mures. These 

children also met the study eligibility criteria: aged 8-

11 years, the installation of the second phase of 

mixed dentition and lacking any type of dental 

agenesis of permanent teeth. 

      For each subject included in the study, the caries’ 

intensity were determined with the help of dmft 

(decay-missing-filling-teeth) individual indices and 

the emergence sequences of the permanent teeth (3-

canine, 4-first premolar, 5-second premolar) in the 4 

quadrants of the oral cavity. The assessment of tooth 

emergence patterns was conducted through periodic 

clinical and radiologic examinations, with the help of 

the orthopantomograms. 

      Statistical analysis: with the help of the methods 

of statistic calculation (Fisher exact test, significance 

level p<0.05) we established the frequency of each 

emergence pattern in the healthy and sick children as 

well as the association between that respective pattern 

and the oncological condition. 

      Caries experience: 46.55% of healthy children 

and 63.88% of children with malignant affections 

presented values of the dmft index ≥5. We noticed 

dmft ranging from 1-4 in 39.65% of the healthy 

children and 30.55% of children with malignancies. 

Of the total of 94 children examined, only 10 (8 

healthy, 2 sick) did not develop any carious lesions 

and were classified as dmft=0 (Table 1). 

 

Table 1. Caries intensity  

in the second phase of mixed dentition 

 

      Patterns of permanent teeth emergence: we 

assessed the sequence and order of emergence of 

permanent teeth in 376 maxillary and mandibular 

quadrants of the 94 children included in the study and 

we found a number of 5 patterns of emergence, 2 

favourable and 3 unfavourable, separately for the 

upper arch and lower arch (Table 2, Table 3). 

      In the maxilla, the favourable replacement 

sequences (4-5-3 and 4-3-5) represented 38% of the 

total of tooth emergence patterns in the healthy 

children and 25% in the children with oncological 

conditions without spotting an association from a 

statistical point of view between the oncological 

disease and the tooth emergence pattern (Table 2). 

      We showed the unfavourable emergence 

sequences in proportion of 23% in the healthy 

children and 14% in the children with malignant 

affections. 

 

Table 2. Emergence patterns  in the maxilla 

              *statistically insignificant (p>0.05) 

              

   In the mandible, the optimal replacement order of 

type 3-4-5 and 4-3-5 occurred in 77 quadrants (41%) 

in healthy children and in 58 quadrants in children 

with malignant affections (31%). We noticed 

statistically significant negative association between 

the malignant condition and the tooth emergence 

sequence (Table 3). The unfavourable patterns 3-5-4, 

5-3-4 and 4-5-3 represented a share of 21% of the 

total of tooth emergence sequences in the mandible in 

healthy children towards 7% in children with 

oncological conditions. 

 

Table 3. Emergence patterns in the mandible 

 

 

 

*statistically significant (p<0.05) 

 

4. Discussion 

      The process of dental replacement is conditioned 

by the size differences between the deciduous teeth 

and the permanent ones. The primary molars present 

greater mezio-dystal diameters than the replacement 

premolars’ with approximately 1.5 mm at the maxilla 

and 2.5 mm at the mandible. This extra space, also 

called lee-way-space, allows the harmonious 

replacement with permanent teeth, thus, the integrity 

of canines and primary molars until the replacement 

physiological age is especially important [9]. 

      The small number of patients with malignancies 

and healthy children group composition (with dental 

injuries that cause changes in patterns of eruption of 

permanent teeth, therefore not representative of the 

entire population) could be the causes of statistical 

results, hence the need for future study including a 

larger sample of subjects. 

      Leroy [10] assessed the relation between the 

incidence of the optimal emergence sequences and 

Index of  

caries intensity  
Dmft 

0 

Dmft 

1-4 

Dmft 

≥5 

Healthy  

children (58) 

Malignancies (36) 

 

8 

2 

 

23 

11 

 

27 

23 

MAXILLA Optimal 

patterns 

Favourable 

patterns 

Fisher 

exact test 

Malign + 

 

 

Malign - 

26  

(13.86%) 

 

44 

(23.39%) 

46 

(24.46%) 

 

72 

(38.29%) 

 

1 grade of 

freedom 

p=0.877* 

MANDIBLE Optimal 

patterns 

Favourable 

patterns 

Fisher 

exact test 

Malign + 

 

 

Malign - 

14  

(7.43%) 

 

39 

(20.72%) 

58 

(30.84%) 

 

77 

(41.01%) 

 

1 grade of 

freedom 

p=0.045* 

 

OR=0.477; RR=0.578 

CI95%=0.317-1.007 
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the health status of the primary teeth on an extended 

group of children and over a period of six years. In 

the case of children with the lack of caries on the 

primary molars, the replacement order was 

predominantly favourable. On the contrary, in the 

situations when both deciduous molars were affected 

by caries, the unfavourable sequences predominated 

in the maxilla and mandible, both in boys and girls. In 

our study, children examined presented intensity 

indices with high values and the share of optimal 

sequence in the maxilla was of 38% in the healthy 

children and 25% in the children with malignancies. 

In the mandible, the favourable sequences were met 

in 41% of the total or emergence patterns in healthy 

children and in 31% in the case of children with 

oncological conditions. 

       The process of dental emergence was also 

monitored on a group of 270 children aged between 

6-14 years diagnosed with diabetes mellitus [11] 

comparatively with a group of 320 healthy children 

and the same age category. The authors noticed 

delays regarding the teeth emergence age and 

unfavourable replacement sequences of the primary 

teeth with the permanent teeth that are mostly 

produced in the second phase of the mixed dentition, 

both in the maxilla and the mandible. In the study 

conducted by us on children with malignancies also 

in the second phase of mixed dentition, we 

emphasized precocious emergencies of the permanent 

teeth and unfavourable replacement patterns in higher 

proportions in the maxilla than in the mandible. 

     Other authors [12] investigated the age and 

emergence sequences of the permanent teeth in 

children with Down syndrome comparatively to the 

same parameters in healthy children without genetic 

or systemic conditions. Children with Down 

syndrome presented delayed emergences and 

asymmetries in the emergence of permanent teeth, 

especially the canines and premolars. Regarding the 

symmetry of the replacement process, the clinical and 

radiological examinations within this present study 

emphasized the fact that replacement patterns are 

mostly symmetric in the right and left quadrants in 

the maxilla and the mandible, both in children with 

oncological conditions and in healthy children: in the 

group of healthy children we noticed a number of 4 

asymmetries regarding the emergence sequences in 

the mandible, and in the group of diseased children 

we emphasized 9 asymmetries of which 4 in the 

maxilla and 5 in the mandible. 

 

5. Conclusions 

      Damage caused by caries of primary teeth in the 

second phase of mixed dentition is quite high in 

children with malignant affections as well as in 

healthy children. The untreated dental caries and their 

complications modify the emergence sequences of the 

permanent replacement teeth and favor the 

appearance of dental anomalies. A future study 

including a larger sample of subjects could provide 

more relevant statistical data.  

      Implementation and use of this system has 

contributed significantly to the statistical 

interpretation and comparison of results with those of 

the specialized international literature and to the 

lifestyle improvement of the children with special 

needs. 
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ABSTRACT

It is called an outer measure on X a function

φ : P(X) → R+

which is σ-sub-additive (i.e. for any sequence (An)n ⊂ P(X) such that An∩Am = ϕ
whenever n ̸= m we have that

φ

( ∞∪
n=1

An

)
≤

∞∑
i=1

φ(An)

and φ(ϕ) = 0) and increasing (i.e. for any A ⊂ B it follows that φ(A) ≤ φ(B)).

Keywords: positive measures, Radon measure, outer measure

1 Radon measure on X

A class of sets on X is a part nonempty of P(X). A class
of sets R on X it is called ring of sets, provided that from
A,B ∈ R it follows that A ∪B ∈ R and A \B ∈ R.

A class of sets A will be called algebra of sets provided
that it holds:

1. X ∈ A

2. For any A,B ∈ A we have A∪B ∈ A and A\B ∈ A.

An A algebra will be called σ algebra if for any family
(An)n≥1 included in A it follows that ∪n≥1An ∈ A.

It’s clear that the set of parts of X (i.e. P(X)) is a σ-
algebra of sets and intersection of a family of σ-algebras is
also a σ-algebra of sets.

If A is a class of sets we denote by σ(A) the intersection
of the family of σ-algebras of sets including A. This class

of sets is the smallest σ-algebra of sets including A and is
called σ-algebra generated by A.

Let X be a topological space and T (F) the open (resp.
closed) sets of X. We denote by B(X) the σ-algebra gen-
erated by T . Elements of B(X) is called the Borel sets on
X. Obviously F ⊂ B(X) and B(X) is also the σ-algebra
generated by F .

If X is a set and A is a σ-algebra on X, a function
µ : A → R+ is called a positive measure if µ(ϕ) = 0
and for any sequence (An)n included in A such that An ∩
Am = ∅ whenever n ̸= m we have that µ (

∪∞
n=1 An) =∑∞

n=1 µ(An).
We denote by M+(A) the set of positive measures on A.

Definition 1. A class of sets on X , K is called semicompact
class if for any sequence (Kn)n ⊂ K such that

∩n
i=1 Ki ̸=

∅, for all n ∈ N then we get
∩∞

n=1 Kn ̸= ∅.
From the Definition it follows that any finite class of sets
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 is semicompact class and if K is a semicompact class and
K′ ⊂ K then K′ is also a semicompact class. If X is a sep-
arated topological space, then the class of compact subsets
of X, K(X) is semicompact class.

Definition 2. An increasing function µ : A → R+ is called
regular with respect to K if A ∈ A, K ∈ K, A ⊂ K then
we get µ(A) < +∞ and if for any A ∈ A and α < µ(A)
there exists A0 ∈ A and K ∈ K such that µ(A0) > α and
A0 ⊂ K ⊂ A.

Particularly if K ⊂ A, an increasing function µ : A →
R+ will be regular with respect to class K if µ is finite on K
and for any A ∈ A we have

µ(A) = sup{µ(K) | K ∈ K, K ⊂ A}

When X is a separated topological space, then a positive
measure on B(X) which is regular with respect to class
K(X) of compact sets of X is called Radon measure on
X .

Remark 1. If µ : A → R+ is a finite additive function and
regular with respect to K then we get that µ is a measure on
A.

2 Properties of outer measures

Let R be a ring of sets on X and µ : R → R+ a function
with the following properties: 1. µ(ϕ) = 0 2. For any
sequence (An)n ⊂ R such that An ∩ Am = ϕ whenever
n ̸= m and ∪nAn ∈ R we have that

µ

( ∞∪
n=1

An

)
=

∞∑
n=1

µ(An)

Such as function is called positive measure on ring of sets
R. We denote by H(R) the class of sets B ⊂ X for which
there exists a sequence (An)n ⊂ R such that B ⊂ ∪nAn.
We consider a positive measure on ring R, µ : R → R+

and we define the function µ∗ : P(X) → R+

µ∗(B) =

inf

{
n∑

i=1

µ(An) | (An)n ∈ R,
∪
n

An ⊂ B

}
,

if B ∈ H(R) +∞ if B ̸∈ H(R).

Proposition 1. Application µ∗ is an outer measure on X
and the following assertions hold:

1) µ∗(A) = µ(A), ∀ A ∈ R
2) µ∗(B) = µ∗(B ∩ A) + µ∗(B ∩ CA), ∀ A ∈ R and

B ⊂ X.

The sets for which relation 2) holds form a σ-algebra and
restriction of µ∗ on it is σ-additive.

These considerations may be made not only for outer
measures associated with positive measures, but for any
outer measure. This is the basic idea for extending a pos-
itive measure on a ring to a positive measure on σ-algebra
generated by this ring.

Definition 3. Let φ be an outer measure on X. A subset A
of X will be called φ-measurable if for any subset B of X
the following relation holds:

φ(B) = φ(B ∩A) + φ(B ∩ CA).

The set A will be called φ-integrable if is φ-measurable
and φ(A) < ∞. The set A will be called φ- negligi-
ble if φ(A) = 0. Will be denote with τ(φ) the set of
φ-measurable parts. Obviously any φ-negligible set is φ-
measurable and also a set A ⊂ X will be φ-measurable if
and only if its complementary X \A is φ-measurable.

Theorem 1. Let φ be an outer measure on X . Then τ(φ)
is a σ-algebra and restriction of φ to τ(φ) is a positive mea-
sure. Moreover for any sequence (An)n of τ(φ) disjoint
two by two sets we have

φ(M ∩ (
∪
n

An)) =
∑
n

φ(M ∩An), (∀) M ⊂ X.

Theorem 2. Let µ be a positive measure on R and µ∗ be an
outer measure associated to µ. Then the following assertion
holds:

Restriction of µ∗ to a σ-algebra τ(µ∗) of µ∗-measurable
sets is a positive measure which extends µ and moreover for
any A ∈ P(X) there exists A′ in σ-algebra generated by R,
with A ⊂ A′ and µ∗(A) = µ∗(A′).

Definition 4. A set A ⊂ X will be called µ-negligible if is
µ∗-negligible. A measure µ on R will be called complete if
R contains all µ-negligible sets.

Remark 2. 1. Since τ(µ∗) contains all µ∗-negligible sets
it follows that restriction of µ∗ to τ(µ∗) σ-algebra is a com-
plete measure. 2. If R is a σ-algebra then a set A ⊂ X is
µ-negligible if only if there exists B ∈ R such that A ⊂ B,
µ(B) = 0. In this case µ will be complete if A ⊂ B,
B ∈ R, µ(B) = 0 then we get A ∈ R.

Definition 5. If F ⊂ P(X) and γ : F → R+ we say
that A ⊂ P(X) is γ σ- finite if there exists (Fn)n∈N ⊂ F ,
A ⊂

∪
n∈N Fn and γ(Fn) < +∞ for any n ∈ N. If any

F ∈ F is γ σ-finite, we say that γ is σ-finite.

Theorem 3. In terms of Theorem 2 if µ is moreover σ-
finite, then any M ∈ τ(µ∗) can be written as:

M = E ∪N, E ∈ σ(R), N ⊂ B ∈ σ(R), µ∗(B) = 0
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 Proposition 2. Let R be a ring of parts of X and η : R →
R+ a σ-additive function, η(∅) = 0. The following equali-
ties hold:

η∗(A) = inf{η∗(E) | A ⊂ E, E ∈ σ(R)}
= inf{η∗(F ) | A ⊂ F, F ∈ τ(η∗)}

where η∗ is outer measure induced by η and τ(η∗) is the
sets η∗-measurable.

Conclusion 1. Let R be a ring of parts of set X and µ :
R → R+ a function σ-additive, µ(∅) = 0. If µ∗ is outer
measure induced by µ and µ1 = µ∗ |σ(R), µ2 = µ∗ | τ(µ∗)
then µ∗

1 = µ∗
2 = µ∗ and

µ∗(A) = inf{µ∗(E) | A ⊂ E,E ∈ σ(R)}
= inf{µ∗(F ) | A ⊂ F, F ∈ τ(µ∗)}.
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ABSTRACT

It is called an outer measure on X a function

φ : P(X) → R+

which is σ-sub-additive (i.e. for any sequence (An)n ⊂ P(X) such that An∩Am = ϕ
whenever n ̸= m we have that

φ

( ∞∪
n=1

An

)
≤

∞∑
i=1

φ(An)

and φ(ϕ) = 0) and increasing (i.e. for any A ⊂ B it follows that φ(A) ≤ φ(B)).
From the definition it follows that if (An)n is a sequence of P(X) we have that

φ

( ∞∪
n=1

An

)
≤ φ(An).

Let φ be an outer measure on X. A subset A of X will be called φ-measurable if for
any subset B of X the following relation holds:

φ(B) = φ(B ∩A) + φ(B ∩ CA).

The set A will be called φ-integrable if is φ-measurable and φ(A) < ∞. The set
A will be called φ- negligible if φ(A) = 0. Will be denote with τ(φ) the set of φ-
measurable parts. Obviously any φ-negligible set is φ-measurable and also a set
A ⊂ X will be φ-measurable if and only if its complementary X \A is φ-measurable.
Let φ be an outer measure on X . Then τ(φ) is a σ-algebra and restriction of φ to
τ(φ) is a positive measure. Moreover for any sequence (An)n of τ(φ) disjoint two by
two sets we have

φ(M ∩ (
∪
n

An)) =
∑
n

φ(M ∩An), (∀)M ⊂ X.

Keywords: Lebesgue outer measure, Caratheodory outer measure, Haussdorf outer
measure
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 1 The main outer measures

1. Lebesgue outer measure
Let R be the set of real numbers. We denote by

S = {[a, b) | a ∈ R, b ∈ R}.

We denote by µ the function µ : S → R+, defined by
µ([a, b)) = b− a.

It is called Lebesgue outer measure the function

µ∗ :

{
A ⊂ R | (∃) (En)n∈N ⊂ S,

∪
n∈N

En ⊃ A

}
→ R+

defined by

µ∗(A) = inf

{∑
n∈N

µ(En) |
∪
n∈N

En ⊃ A, (En)n∈N ∈ S

}

Since R =
∪

n[−n, n) =
∪

n∈Z[n, n+1) we have {A ⊂
R | (∃) (En)n∈N ⊂ S,

∪
n En ⊃ A} = P(R). Hence

µ∗ : P(R) → R+.

A subset E ⊂ R is called Lebesgue measurable if the
following equality holds:

µ∗(A) = µ∗(A ∩ E) + µ∗(A ∩ CE), for any A ∈ P(R)

The Lebesgue outer measure holds the following proper-
ties:

1. µ∗(ϕ) = 0

2. A ⊂ B ⊂ R ⇒ µ∗(A) ≤ µ∗(B)

3. (An)n∈N ⊂ P(R) ⇒ µ∗(
∪

n∈N An) ≤∑
n∈N µ∗(An)

4. A ⊂ R, t ∈ R ⇒ µ∗(A+ t) = µ∗(A)

5. µ∗ | S = µ.

2. The Carathodory outer measure
Let X be a topological space. An outer measure φ on X

is called the Carathodory outer measure on X if any open
set of X is φ-measurable. Obviously if φ is a Carathodory
outer measure then any Borel set of X is φ-measurable and
hence restriction of φ to σ-algebra B(X) of Borel sets on
X is a positive measure.

Let (X, d) be a metrical space and φ an outer measure
on X. Then the following assertions are equivalent: 1. φ is
Carathodory outer measure. 2. For any two separated sets
A,B from X we have φ(A ∪ B) = φ(A) + φ(B). 3. For
any two sets A,B of X with d(A,B) > 0, φ(A ∪ B) =
φ(A) + φ(B).

Remark 1. The Lebesgue outer measure is Carathodory
outer measure.

3. The Lebesgue outer measure on Rn.

µ∗ : P(Rn) → R+

µ∗(A) = inf

{∑
i∈N

(bi1 − ai1) . . . (b
i
n − ain) |

A ⊂
∪
i∈N

[ai1, b
i
1)× . . .× [ain, b

i
n)

}

is an outer measure invariance to translations. Let Sn =
{[a1, b1) × . . . [an, bn) | ak, bk ∈ R, k = 1, 2, . . . , n} and
µ : Sn → R+ defined by equality

µ(([a1, b1)×. . .×[an, bn)) = (b1−a1)(b2−a2) . . . (bn−an)

is finite additive and σ-sub-additive, Sn is sub-ring and µ∗

is outer measure induced by µ. The µ∗-measurable sub-
sets of Rn are called Lebesgue measurable sets on Rn.
σ-algebra generated by Sn is family Borel sets in Rn.
Lebesgue measure in Rn is restriction of outer Lebesgue
measure to the family of Lebesgue measurable sets. All
properties on R are transferred to Rn.

4. Haussdorf outer measure of k dimension in Rn (k ≤
n).

Let Bk = {(x1, . . . , xk) ∈ Rk |
∑k

i=1 x
2
i ≤ 1} the

closed unit ball of Rk. Obviously Bk is a Borel set in Rk

hence Lebesgue measurable and Lebesgue measure of Bk

equal with Jordan’s measure of Bk (Bk is compact and Jor-
dan measurable set), hence with volume of Bk.

We denote by ωk volume of Bk. Let now Rn and k ≤ n.
We define now,

Hk,ε : P(Rn) → R+, ε > 0

Hk,ε(A) = inf

{
ωk

∑
i∈N

(ri)
k | A ⊂

∪
i∈N

Si, Si

ball with radius ri, ri < ε} .

It is observed that Hk,ε(A) is decreasing in ε. There ex-
ists limε→0 Hk,ε(A).

It is called Haussdorf outer measure of k-dimension in
Rk, k ≤ n the function Hk : P(Rn) → R+ defined by
equality Hk(A) = limε→0 Hk,ε(A), for any A ∈ P(Rn).

It follows that Hk is an outer measure with property

Hk(A) = inf{Hk(G) | G ⊃ A, G open set in Rn}

The measure determinated of restriction of Hk to family of
Hk-measurable sets is a regular, complete measure and is
called Haussdorf measure of k-dimension in Rn, k ≤ n and
is denoted by Hk.

Examples.
1 Hn in Rn is Lebesgue measure.
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 2 A ⊂ R2, A circle of radius r, H1(A) = 2πr
3 A ⊂ R3, A sphere of radius r, H2(A) = 4πr2

4 Π = {x ∈ Rn | xn = 0}, A ⊂ π, Hn−1(A) is
Lebesgue measures of n− 1 dimension of A.

5. The discrete measure on N
Let s∗ : P(N) → R+, defined by:

s∗(A) =

{
+∞, A infinite
cardA, A finite

s∗ is an outer measure and family s∗-measurable sets is
P(N).

6. Lebesgue-Stieltjes measure on R
Let g : R → R an increasing function and continuous to

left. Let µ∗
g : P(R) → R+ defined by:

µ∗
g(A) =

{∑
k∈N

(g(bk)− g(ak)) |
∪
k∈N

[ak, bk) ⊃ A

}

It is verified easy that µ∗
g is an outer measure, µ∗

g is called
Lebesgue-Stieltjes outer measure. It is verified that µg :
S → R+, µg([a, b)) = g(b)− g(a) is finite additive σ-sub-
additive, hence σ-additive on S. Therefore µ∗

g is an outer
measure induced by a measure on ring I(S). The complete
measure given of restriction of µ∗

g to family µ∗
g-measurable

sets is called Lebesgue-Stieltjes measure associated to func-
tion g. Since µ∗

g is an outer measure induced of a measure
on I(S) it follows that Borel sets are µ∗

g-measurable sets.
7. Let B be the Borel sets of R. A measure µ : B → R+

is called finite Borel measure.

Remark 2. Any finite Borel measure is restriction of a
measure Lebesgue-Stieltjes associated to a function g :
R → R (g increasing, continuous to left) bounded and with
limx→∞ g(x) = 0.

Proof. Let µ be a Borel finite measure and

g(x) = µ((−∞, x)), x ∈ R.

Obviously g is increasing and 0 ≤ g(x) ≤ µ(R) < +∞.
If x ∈ R and (xn)n∈N ⊂ R is an increasing sequence,

limn→∞ xn = x from continuity up of µ it follows that

g(x) = µ((−∞, x)) = lim
n→∞

µ((−∞, xn)) = lim
n

g(xn).

Hence g is continuous to left. Continuity down of µ it re-
sults from finitude of µ and we deduce

lim
x→−∞

g(x) = lim
n→∞

g(−n) =

lim
n→∞

µ((−∞, n)) = µ(∩n(−∞, n)) = µ(∅) = 0.

Finally µ([x, y)) = µ((−∞, y) \ (−∞, x)) = g(y)− g(x).
Since µ is finite has subtractivity property.

By extension unique of a σ-additive function on ring to
σ-ring generated it follows that µ = µ∗

g | B.
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ABSTRACT 
Usage of the telecommunication services has grown to be an essential component of life. 

Consequently the effects of the usage of the telecommunication services are very 

important to be studied. In order to develop telecommunication services according to 

their psycho-social effects, deeper knowledge of relationship is required. A questionnaire 

to measure this relationship with the youth has been elaborated using an adapted version 

of the Delphi consultation. 

Keywords: Telecommunication services, Delphi technique, Next Generation Network, Intelligent Network 

 
1. Introduction 

Today’s telecommunication networks [1] are 

evolving towards the Next Generation Network 

(NGN) architectures [3], [5], [7], [9]. All transported 

information is to be encapsulated in packets (Fig.  1). 

These form the premises for sophisticated and more 

and more personalized telecommunication services to 

be implemented based on IN (Intelligent Network) 

architectures [6], [10], [13]. 

 

 
Fig.  1 - Convergence to the NGN 

(Source: [10], ICT quality of service regulation: 

practices and proposals, Robert Milne, ITU, 2006) 

 

The phenomena resulting from the usage of 

telecommunication services are studied mainly by 

psychology and/or telecommunication marketing. 

The first approach studies the effects of using the 

different telecommunication services, which are 

considered mainly negative and undesirable 

(dependence, addiction [14], anxiety, fear, 

depression, etc.). The resulted recommendations are 

mainly targeted to avoid using or to reduce the time 

to be connected to telecommunication services. 

The second approach aims to maximize the usage 

time of the offered services, maximizing the profit 

which is realized. 
These two approaches are rather contradictory.  

A research is being led about the development of 

the telecommunication services according to their 

psycho-social effects. It must be accomplished 

without being captive of either of the two former 

approaches. 

The research is intended to have two main stages. 

At the first one, a statistical study is to be achieved 

concerning the correlation between the usage of the 

telecommunication services and the psycho factors. 

At the second stage, methods of offering selective 
telecommunication services and contents according to 

the individual and group users’ profile are to be 

supposed, tested, developed and implemented. 
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The present paper relates the elaboration of the 

questionnaire to be used at the early phase of the first 

stage, using an adapted variant of the Delphi method. 

The questionnaire has to measure both 

telecommunication usage customs and psycho-social 

factors with the same sample of young people. 
 

2. Application of the Delphi Method 

The Delphi method is a group technique, 

developed by O. Helmer at Rand Corporation, Santa 

Monica, California, in the 1960s. In its standard 

version, it is used to choose one of the hypothesis 

from a larger number of previously elaborated ones, 

or to make medium/long term forecasts. This is why 

the method is named Delphi, deriving from the Oracle 

of Delphi. The force of method comes from the 

supposition that group judgments are more operative 

than individual ones. According to the method, a 
board of experts is consulted in two or more rounds. 

The experts do not meet each other, even more; they 

do not know that they are members in the same board. 

This is to avoid oratorical talent, scientific reputation 

or titles to become arguments, instead of the 

rationality of judgment [2]. After each round of the 

consultation, the facilitator provides a summary of the 

previous round to the board. Of course, this summary 

is anonymous. Consequently, the members of the 

board are encouraged to modify their earlier 

considerations based upon the others’. After several 
rounds the opinions become convergent, no more 

rounds are needed. The consultation achieves its 

target, and is ready to be stopped. 

13 members have been asked for the board: 

A - Professor; mathematics, statistics 

B - Engineer; Telecommunication 

C - Assistant professor; Electrical engineering 

D - Psychologist 

E - Engineer; Telecommunication 

F - Engineer; Telecommunication laboratory 

G - Sociologist 

H - Professor; Electrical engineering 
I - High school teacher 

J - Student 

K - Researcher; Telecommunication 

L - Professor; mathematics 

M - Professor; Electrical engineering 

The experts have been chosen to cover all the 

needed fields in this interdisciplinary study. 

For starting the Delphi consultation rounds, a draft 

questionnaire has been used. It contains questions 

about usage of the telecommunication devices (POTS 

telephony, mobile telephony, radio, television and 
computer), services and contents. There are 

psychological factors measuring/scaling questions 

too. Questions have been asked in both open and 

multiple choices, multiple answer variant. 

The telecommunication services usage concerning 

open questions were: 

 What do you use telecommunications for? 

 What do you use POTS for? How much? 

 What do you use mobile for? How much? 

 What do you listen to in the radio? How much? 

 What do you watch on TV? How much? 

 What do you use the Internet for? How much? 

The telecommunication services usage concerning 

multiple choices questions were about: 

 Mobile 

o Solving personal problems 

o Brief personal communication 

o Long personal communication 

o Music 

o Internet access 

o SMS 

o Games 

o Photo/video 

o Planner 

 Radio 
o Information 

o News 

o Politics 

o Culture 

o Science 

o Of society 

o Music 

o Sports 

o Quiz 

o Interactive programs 

 TV 
o Information 

o News 

o Politics 

o Culture 

o Science 

o Of society 

o Music 

o Sport 

o Quiz 

o Interactive programs 

o Video clips 

o Feature film 
o Documentaries 

o Action films 

o Comedies 

o Plays 

o Romance films 

o Reality show 

o Horror 

o Erotic 

 Internet 

o Professional resource 

o E-mail 
o Games 

o Messenger (e.g. Yahoo) 

o Socialization sites (e.g. Facebook) 

o Information 

o E-books, e-textbooks 

o Encyclopedia (e.g. Wikipedia) 

o E-shopping 

o E-medicine 

o News 
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o Politics 

o Culture 

o Science 

o Of society 

o Music 

o Sport 
o Matrimonial ads 

o Video clips 

o Feature films 

o Documentaries 

o Action films 

o Comedies 

o Plays 

o Romance films 

o Reality shows 

o Horror 

o Erotic 

However, the presentation of the psycho factors 
measuring scales [12] to be included in the 

questionnaire is not target of this paper, yet some 

considerations of the Delphi consultation’s 

performing experts’ board will be brought forward. 

The starting draft questionnaire contains questions 

like: 

 Do you consider the information on the Internet 

credible? 

 Have you had periods recently, when you haven't 

used mobile (or Internet)? 

 Do you consider that the phone/Internet has 
positive/negative influence? 

 Does telephone/Internet addiction exist? 

 What do you do in your spare time? 

 Are you sociable or you'd rather be alone? 

 Which are your hobbies? 

 

3. Results of the Delphi consultations 

After receiving the participation acceptance from 

the experts, the first round of the Delphi consultation 

was launched in November 2011. The draft 

questionnaire and a request explaining the 
methodology, purpose and targets of the consultation 

were sent by e-mail. Bellow selections from the 

experts' answers of the first round can be found: 

 Supposing that the consumption of 

telecommunication services occurs according to 

an exponential distribution, it would be good to 

get to know how often the customer pay more 

(and in what degree) than their contract. 

o Such a question has been added. 

 It would be good to test screening the 

questionnaire in order to transform answers to 
the open questions into multiple choice answers, 

and to drop the open questions. 

o Implemented 

 A question about the place where the 

telecommunication services are used should be 

asked 

o Also implemented 

 In case accessing Internet through a mobile, more 

detailed answers should be given (browsing, e-

mail, chat). The MMS should be added as a 

possible choice too. 

o Also implemented 

 Instead of giving the exact time of services usage 

(like 10 min, 70 min ...), intervals should be 
suggested. 

o Not implemented in the firs and second 

round, but in the final form of the 

questionnaire. 

After the first round the questionnaire was 

improved adding the suggestions, the questions were 

coded, and the second round was launched in 

December 2011. In the second round the 

questionnaire was found stabilized and ready to be 

test screened. 

This testing occurred at the beginning of 2012, the 

results are presented in the following chapter. After 
all these procedures, the questionnaire could gain its 

final version. 

After two Delphi rounds, several questions have 

been added, reformulated or eliminated. This second 

variant of the questionnaire has been test screened; 

n=40 high-school pupils filled it in. The results have 

been statistically analyzed [11]. The calculated/ 

analyzed statistical functions were: 

-Average: 

_

x =
n

xi
   (1) 

-Median: the value of the central element. 

-Standard deviation: 

2
_

2 )(
1

1
xx

n
s i  (2) 

-Kurtosis: characterizes the peakedness or flatness of 

a distribution. 

-Variance:  

2
_

)(
1

1
xx

n
v i   (3) 

 

4. Test screening; results and discussion 

Questions about POTS (Plain Old Telephone 

System): 

A remarkable result of the test screening was, that 

the POTS was not used by youth any more. It could 

be interesting to know the cause of this phenomenon, 
and if it is reversible, knowing that fix and mobile 

telephone technologies and services are converging. 

 

Questions about mobile calls: 

Table 1 contains the results concerning the 

calls/SMS performed by mobile. SMS is the most 

used communication type (73.71%), followed by 

brief personal communication (10.94%) and solving 

personal problems (10.41%). 
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Table 1. Mobile calls 
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SMS 687 73.71 24.54 12.50 28.43 0.77 808.3 

Brief personal 

communication 
102 10.94 3.64 0.00 7.02 7.54 49.35 

Solving 

personal 

problems 

97 10.41 3.34 0.00 4.51 0.28 20.31 

Long personal 

communication 
39 4.18 1.22 0.00 2.18 7.60 4.76 

Long 

communication 
7 0.75 0.23 0.00 0.62 5.15 0.38 

No. of calls: 932       

 

Fig.  2 presents [4] the individual number of calls. 

It is easy to notice the great value of data deviation 

and/or variance. Except SMS, the median was 0, 

which means that more than half of the subjects did 

not use the service at all. 

 

 
Fig.  2, Mobile calls 

 

Questions about mobile usage: 
These questions were about the other usage of the 

mobile phone than call performing or SMS sending. 

Resulting from the experts’ opinion, more detailed 

questions concerning the Internet contents accessed 

by mobile were implemented. Table 2 presents results 

about the usage of mobile phone for accessing 

different services and contents. A remarkable amount 

of time is spent (31.9%) by listening to music 

(horribile dictu, this is not a proper 

telecommunication service, although the music had 

been downloaded, by Wi-Fi or Bluetooth transferred 

before, or were on-line listened). On the following 
position were Internet chat (20.73%), Internet 

browsing (15.17%) and games playing (10.25%). But 

the median was found to be 0 at most of the services 

here too. Photo/video, planner (actually these are not 

telecommunication services) and MMS were found to 

be poorly used and were deleted from the mobile 

usage list.  

Table 2, Mobile usage 
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Music 1135 31.90 36.6 30.0 47.8 10.6 2280 

Internet access-

chat 
880 20.73 29.3 0.0 58.2 5.3 3385 

Internet access-

browsing 
644 15.17 21.5 0.0 37.5 4.8 1406 

Games 435 10.25 14.0 0.0 20.4 0.5 415.7 

Internet access-

e-mail 
202 4.76 7.0 0.0 14.6 5.4 214.2 

Planner 150 3.53 5.0 0.0 27.4 30.0 750.0 

Photo/video 95 2.24 3.2 0.0 7.9 4.8 62.9 

MMS 17 0.40 0.5 0.0 2.0 18.8 3.9 

Minutes: 3558       

 

Fig.  3 presents the individual values of minutes 

spent for accessing services by mobile. Data variance 

is also great. This means that it is difficult for one to 

estimate exactly the amount of time spent on a service 

accessing activity. But also could cover real high 

deviation and dispersion. 
 

 
Fig.  3, Accessing services by mobile (minutes) 

 

Questions referring to radio usage: 

Table 3 presents the time spent on listening to the 

radio (selective). Music was on top here, too 

(43.09%), followed by sports (18.69%) and quiz 

(9.38%). Radio by broadcast interactive programs 

proved to be very unpopular and were dropped. So 

were the ‘of society’ programs too. 

 

Table 3, Radio 
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Music 1125 43.09 36.29 30 41.14 1.26 1692 

Sports 488 18.69 13.56 0 31.54 5.97 994 

Quiz 245 9.38 7.21 0 32.22 27.0 1038 

Science 220 8.43 6.67 0 22.03 23.2 485 

....        

Of society 70 2.68 2.19 0 10.70 30.1 114.4 

Interactive 

programs 
3 0.11 0.09 0 0.51 35.0 0.3 

Minutes: 2611       
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Fig.  4 presents the time spent on listening to the 

radio estimated by the test screening participants. The 

median is 0 here too in almost every case. Probably 

another quantification system would be necessary to 

ask the time estimated to have been spent / service. 

 

 
Fig.  4, Listening to the radio 

 

Questions referring to TV watching: 

Table 4 has included the time estimated to have 

been spent watching different TV programs 

(selective). TV proved to be much more popular than 

Radio, the total estimated usage time were 
10146/2611= 3.9 times greater. Comedies were the 

most popular (11.66%), followed by movie serials 

(10.89%) and music (‘De la musique avant toute 

chose, ... De la musique encore et toujours!’ Paul 

Verlaine). Information and of society were dropped 

off the list of programs. 

 

Table 4, TV 
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Comedies 1183 11.66 39.43 0.00 57.06 -.59 3256 

Movie serials 1105 10.89 39.46 0.00 54.23 0.06 2941 

Music 1048 10.33 37.43 25.00 50.72 8.93 2572 

Horror 817 8.05 29.18 0.00 52.98 3.00 2807 

...        

Plays 24 0.24 0.77 0.00 3.96 30.4 15.65 

Minutes: 10146       

 

It is obvious that the results were influenced by 

the very great deviation of data. This is visible in the 

Fig.  5 too. 

 

 
Fig.  5, TV watching 

 

Internet: 

The Internet was found to be the most popular 

interactive content delivering telecommunication 

service (Table 5). Most used were the messengers 

(18.34%), socialization sites (11.83%) and music 

(10.38%). Messengers and socialization sites together 

totalize more than 30%, which proved a very high 

affinity of the youth for the human to human 

relations, instead of human to machine ones. E-

medicine, of society, work from home and politics 

were estimated to be not used, consequently were 
deleted from the Internet usage list for the final 

questionnaire. 

 

Table 5, Internet 
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Messenger 
(e.g. Yahoo) 

1846 18.34 71.00 55.00 91.03 3.26 8286 

Socialization 

(Facebook) 
1190 11.83 42.50 0.00 77.06 10.5 5938 

Music 1045 10.38 40.19 25.00 59.29 5.04 3516 

Comedies 819 8.14 30.33 0.00 51.56 1.66 2659 

Romance 

films 
750 7.45 25.00 0.00 41.75 0.54 1743 

Games 636 6.32 20.52 0.00 46.11 8.41 2126 

Horror 550 5.47 18.97 0.00 49.16 7.08 2417 

Erotic 380 3.78 13.10 0.00 37.14 5.78 1379 

Documentaries 370 3.68 12.76 0.00 32.50 7.37 1056 

Action films 340 3.38 12.59 0.00 29.03 3.78 843 

E-mail 335 3.33 10.81 0.00 35.87 17.8 1287 

Sport 325 3.23 11.61 0.00 27.39 8.94 750 

Information 308 3.06 10.27 0.00 24.40 14.2 595 

Encyclopedia 

(Wikipedia) 
280 2.78 9.66 0.00 25.32 13.3 641 

Professional 

resource 
248 2.46 7.75 0.00 16.63 4.75 277 

Video clips 234 2.33 8.07 0.00 17.14 4.73 294 

Feature film 162 1.61 5.40 0.00 22.23 26.6 494 

Science 90 0.89 3.21 0.00 12.49 17.4 156 

E-shopping 61 0.61 2.03 0.00 7.60 23.1 58 

Plays 32 0.32 1.07 0.00 5.48 29.7 30 

E-books, e-

textbooks 
20 0.20 0.63 0.00 3.54 32 13 

Culture 20 0.20 0.65 0.00 3.59 31 13 

Matrimonial 

ads 
20 0.20 0.67 0.00 3.65 30 13 

News 1 0.01 0.03 0.00 0.19 29 0 

Of society 1 0.01 0.03 0.00 0.19 29 0 

E-medicine 0 0.00 0.00 0.00 0.00  0 

Work from 

home 
0 0.00 0.00 0.00 0.00  0 

Politics 0 0.00 0.00 0.00 0.00  0 

 10063       

 

The high variance of data made necessary to 

analyze data distribution, too. According to the 
Sturges rule, the number of data intervals (classes) to 

be used is: 
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)ln(10
1

n
k   (4) 

40 subjects participated in the test screening 
(n=40). Using (4), k=6.34. Because a high variance of 

data, and low number of subjects (n=40), a number of 

k=15 intervals were used in the distribution study. 

Fig.  6 presents the distribution of the 20 (given and 

nonzero) answers at the Messenger question. Minimal 

value was 0, maximal was 360 min. In this case an 

interval is 360/15=24 minutes large (Fig.  6). 

 

 
Fig.  6, Distribution of 'Messenger' usage 

 

Because of these random distributions, and a very 
high variance of data, another quantification system 

for the possible answers was necessary to be 

implemented. Instead of asking to estimate the exact 

number of calls, or exact duration of service usage, 6 

quantified possible answers were introduced: 

0=not at all, 1=very little, 2=little, 3=average, 

4=much, 6=very much. 

 

5. Conclusions 

The most/least used telecommunication devices, 

services and contents accessed by youth were 

identified. Music listening by telecommunication 
devices is very popular. Messengers and socialization 

sites are the most required contents accessed by the 

Internet. Like many other authors conclusion (e. g. 

[8], it was confirmed that fix telephony is not used by 

youth anymore, while services and contents accessed 

by mobile telephone are more and more diverse and 

popular. The most appropriate form and content of 

the questionnaire was set. The standardized psycho 

factors measuring scales to be used were chosen 

using [12]. Furthermore, research of the develop the 

telecommunication services according to their psycho 
social effects, seems to be advisable. Consequently 

the elaborated questionnaire would be useful to step 

in the next phase of the research.. 
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ABSTRACT
This paper deals with the issues of archiving the documents which justify the expenditures
made from the budgets of state institutions. Different possibilities of archiving are
presented, each with its advantages and disadvantages, while the electronic archiving
using an Excel database is finally chosen for the current study. The creation of the
database, the querying of data and the printing of the reports are all done using an
application written in Excel’s Visual Basic for Applications (VBA). The case study was
carried on the budget of a state university.

Keywords: Excel, VBA, budget, archive, application.

1. Introduction
The execution of a budget is an extremely

important and complex activity especially for the
state institutions. It’s well known that the execution
of a budget begins with breaking it down by
expenditure categories a process that takes into
account several guidelines and rules elaborated by the
Ministry of Finance. Spending over the cap of any
expenditure category is a serious offence. State
budgetary institutions with integrated informatic
systems can easily manage their budgets. However,
smaller budgetary institutions like schools,
universities or different departments of the local
public administration struggle in the absence of an
integrated informatic system.

Reference [1] presents an informatic application
created in VBA-Excel for the management of a state
institution budget, with a case study on a public
university. The method presented there solves the
problem of budgetary execution but has a downside:
it does not provide a solution for archiving the
documents related to an expense.

In practice situations often occur in which a
certain document regarding an expense from a certain
period of the current year gets lost or is accidentally
destroyed. Another possible situation is when an
expense needs to be analyzed but the documents
related to it are at the bank. In these situations a copy
of the missing document is necessary.

The following sections present several methods
that could solve the problems involved in budgetary

executions, highlighting the advantages and
disadvantages of each of these.

2. Identifying the methods to solve the
problem

For obtaining the duplicates of the documents
related to a budgetary expenditure several methods
were identified.

(1). The organization of a physical archive
From a technical point of view this method seems

like the safest. Documents related to an expenditure -
Proposition, Commitment, Ordering - are issued in 2
copies. All the 3 documents need to be filed in a well
designed and organized archive for seamless access.
However, beyond safety and simplicity the solution
presents certain disadvantages:
 Big consumption of paper and toner ink;
 Needs space for the physical archive;
 Requires severe discipline in manipulating the

documents;
 Most of the archived documents are never

actually used. They are needlessly archived just
for the odd cases when a backup is actually
needed.

This method is completely uneconomic thus has
to be dropped. Its use could be justified only when
alternatives are impossible to be implemented.

(2). Reproducing the situation at the time the
documents were issued
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 As presented in [1] the documents belonging to an
expenditure are printed from a VBA-Excel
application with the data existing at that moment:
expenditure category balance, value of the
expenditure, current date, etc. In order for the
application to be able to output the correct
information all subsequent expenditures must be
ignored, in other words we need to get back in time to
the respective moment. This again requires a strict
discipline in using the program, like for example
avoiding the relatively frequent case of changing the
current date for some reason [11]. This method is
tested to work very well in case of disciplined usage.

The method, although feasible, relies too much on
users correct handling of data and puts an
unnecessary responsibility on them [6]. The smallest
indiscipline from a user can lead to the issue of a
flawed document. After thoroughly analyzing the
method it became obvious that further researches
were needed.

(3). The electronic archiving of documents
Another tested method was the electronic

archiving of the three documents associated with an
expenditure - Proposition, Commitment, Ordering.
Initially the application was designed to keep some
data related to an expenditure but only the minimum
necessary to the budget managers for the different
analyses they need. With this data one can extract
certain information, such as:
 The expenditure list of a certain category, for all

the departments or for a single one;
 The expenditure list for all the categories of one

department;
 The expenditure list for a certain time interval.

This data is saved in an Excel database, on a
worksheet named Payments. However, it’s
insufficient for the program to be able to reproduce
the documents that generated it. If we had all the
necessary data needed to reproduce the three
documents - Proposition, Commitment, Ordering - it
would be possible to imagine a methodology to print
them. Starting from this idea the database “Payments”
was automatically augmented with the data needed to
reproduce the three important documents.

This was chosen as the preferred method that gave
birth to the proposed solution for the document
archiving problem.

3. The proposed solution
The proposed solution for the archiving of

documents needed to manage the budget of a public
institution is an adaptation of the application
presented in [1]. The major problem that needed to be
solved was the automatic saving of data at the time of
its creation, without the explicit intervention of the
user. More, finding the document in the archive needs
to be a seamless process.

Fig. 1 - Main panel on the user interface

One important aspect that was considered was to
make sure the addition of the new functionalities
would not modify the user experience when working
with the application [4]. The only modification on the
visual interface is the addition of the command button
“Archive” to the main sheet named “Panel”, as can be
seen in Figure 1. This button opens a dialog that
allows the selection of the document to be printed.

Figure 2 presents the structure of the entire
application.

Fig. 2 - The structure of the application

It can be observed that compared to the structure
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 of the previous application 3 new sheets appeared:
 Reprint Proposition
 Reprint Commitment
 Reprint Ordering

These sheets are just forms which the program
fills automatically with the data extracted from the
archive for a specified expenditure. Each sheet
contains the buttons (actions):
 Print – for printing the document from the

archive;
 Panel – to return to the main window.

(1). Creating the archive
To set up the archive we need to identify the data

that needs to be saved for each document. For all 3
documents we identified 36 fields that have to be
saved at the time a new expenditure is entered. These
fields have received suggestive names and the
columns that hold them are formatted to be hidden
[2].

Of all the fields only one needs special attention.
It’s the field named DocSeries which was created to
uniquely identify each expenditure and is formed
from 8 digits in the format YYMMDDxx. The first 6
digits represent the year, month and day of the
expenditure and the last 2 represent the ordinal
number of the document in that day (00 - 99). As
such, up to 100 documents can be archived daily
which covers the working volume of maximum 30
documents per day for the chosen case study.

The field DocSeries plays the role of a primary
key from the theory of relational databases [3], [5].
This field is generated automatically for each
expenditure (just like the AutoNumber data type in
Access for example) with the help of a special
function that determines the last ordinal number used
in the current day. If one record with a lower ordinal
number than the current one gets deleted the
allocation continues as normal, by returning the
number next to the biggest found in the database.

(2). Printing from the archive
By having the documents related to an

expenditure archived one can print them at any time
without difficulty. In order to do this one needs to
identify the target expenditure in the “Payments”
worksheet and copy its serial number to clipboard
(CTRL +C). The button “Archive” from the main
window can then be used to bring on screen the
dialog shown in Figure 3.

Fig. 3 - Choosing the document to print

In this dialog one can choose the type of

document to be printed - Proposition, Commitment,
Ordering - and then introduce the serial number from
the memory. Pressing OK the program queries the
records [9] and sends the user to the worksheet
containing the document that he searched for, filled
with the corresponding data. The worksheet contains
two more buttons: Print and Panel, which enable the
user to send the document to the printer and to return
to the main window of the user interface respectively.

4. Conclusions
This paper presented an elegant solution for the

archiving of documents related to budgetary
expenditures. These documents are issued by the
budgetary institutions and are sent to the bank (The
Treasury). We presented several studied methods,
each with advantages and disadvantages. We opted
foe the electronic archiving of the documents and
used for this purpose a database-like Excel table.

The proposed solution is implemented by a
program written in the VBA-Excel programming
language which. This allows the users to
automatically archive the documents. The application
performs the archiving silently in the background and
is also responsible for the automatic generation of an
identification code. This code is used to uniquely
identify each document in the archive and can be used
to extract the document and print it.

VBA-Excel applications used by informatic
systems end users are getting more popular due to
their efficiency in dealing with the diversity of form
and reports specific to each firm, institution or
department. Because of this any informatic system
used by a big firm or corporation can output the data
to Excel files, files that can be managed by each
department according to its specific needs. Synthetic
data, reports, forms, etc., of such great diversity that
its useless to incorporate them all into the informatic
system.

The communication between Excel and integrated
informatic systems is bidirectional. One can also send
information from the Excel applications the users are
used to, to the informatic systems databases. Well
designed forms, with carefully imposed restrictions
can lead to higher efficiency and reduce flawed input
into an integrated informatic system. This paper is a
practical example of how to utilize VBA-Excel
applications.

References
[1] Mocian, I. and Cazacu, R. (2009), Computer

Aided Administration of the Budget of a State
Institution, InterEng Scientific International
Conference 4th Edition.

[2] Bullen, S., Bovey, R. and Green, J. (2009),
Professional Excel Development: The Definitive
Guide to Developing Applications Using
Microsoft(R) Excel and VBA(R), 2nd ed.,
Addison-Wesley Professional.

396 

 



 [3] Winemiller, E., Roff, J. T., Heyman, B. and
Groom, R. (2001), [Visual Basic 6. Databases],
Teora.

[4] Bockmann, C., Klander, L. and Tang, L. (2001),
[Visual Basic. The Programmer’s Library],
Teora.

[5] Connolly, T., Begg, C. and Strachan, A. (2001),
[Databases. Design, Implementation,
Management], Teora.

[6] Erwig, M., Abraham, R., Cooperstein, I. and
Kollmansberger, S. (2005), Automatic
generation and maintenance of correct
spreadsheets, , ICSE 2005 Proceedings 27th
International Conference on Software
Engineering, pp. 136-145.

[7] Tezel, A. and McManus, G. (1999), Monthly
Cash Budget Under Sales and Collections
Uncertainty, Journal of Financial Education.

[8] Cliff, T. R. (1998), Spreadsheet Modeling and
Decision Analysis: a Practical Introduction to

Management Science, South-Western College
Publishing.

[9] Witkowski, A., Bellamkonda, S., Bozkaya, T.
and Naimat, A. (2005), Query by Excel,
Proceedings of the 31st international conference
on Very large data bases, pp. 1204-1215.

[10] Thiriez, H. (2004), Spreadsheet-Based
Professional Modeling, INFORMS Transactions
on Education, Vol. 4, No. 2, pp. 14-27.

[11] Bishop, B. and McDaid,. K. (2008), An
Empirical Study of End-User Behaviour in
Spreadsheet Error Detection & Correction,
Proc. European Spreadsheet Risks Int. Grp., pp.
165-176.

[12] Arora, A., and Klabjan, D. (2002), A model for
budget allocation in multi-unit libraries, Library
Collections, Acquisitions and Technical
Services, vol. 26, issue 4, pp. 423–438.

397 

 



 

The 6
th

 edition of the 

Interdisciplinarity in Engineering International Conference  

 “Petru Maior” University of Tîrgu Mureş, Romania, 2012 

 

 

THE ALGORITHM FOR THE DELAY DIFFERENTIAL EQUATION

Nicola OPREA
“Petru Maior” University of Târgu Mures
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ABSTRACT

In this paper we consider an even degree polynomial spline approximation method to
approximate the solution of the delay differential equation.
In the numerical treatment of differential equations with deviating argument, two es-
sential difficulties occur. First, for the evaluation of the right-hand side of the differ-
ential equation, an approximation of the deviating argument function must be used.
Secondly, the solution routine has to pay attention to the jump-discontinuities of the
solution in various derivatives, which are inherent for derivating argument differential
equations.

Keywords: spline function, delay differential equation, derivative-interpolation,
spline approximation

1 Spline approximation solution for the delay
differential equation

Let us consider the numerical solution of the delay dif-
ferential equation problem:{

y′(t) = f(t, y(t), y(φ(t))), a ≤ t ≤ b,

y(t) = g(t), t ∈ [a, a], a = inf{φ(t) | t ∈ [a, b]}
(1)

where f : D ⊂ R3 → R satisfies all the conditions assuring
the existence of a unique solution y : [a, b] → R of the
problem (1), and φ(t) ≤ t, t ∈ [a, b], φ : [a, b] → [a, b], is
a given function, usually called delay function. We assume
that the initial function g is given on the initial set a ≤ t ≤
a.

There are some important investigations of the numerical
treatment of the problem (1) by means of spline functions.
The aim of this paper is to propose a new algorithm for ap-
proximation the solution y of (1) by a spline function of
even degree s

[k]
y ∈ S2m on the each subinterval [xk−1, xk],

of a partition ∆N of [a, b], where N ≥ 1.

If φ : [a, b] → [a, a], then the problem (1) becomes an

usual initial value problem:{
y′(t) = f(t, y(t), g(φ(t))) =: h(t, y(t)), t ∈ [a, b],

y(a) = g(a).

Let ∆N be the following partition of [a, b] :

a = x0 < x1 < . . . < xk−1 < xk < . . . < xN = b.

On each subinterval [xk−1, xk] we shall construct an even
degree polynomial spline function s

[k]
y ∈ S2m by the fol-

lowing procedure.

Let ∆
[1]
n be the following partition of the interval

[x0, x1] :

∆[1]
n : a = x0 = t

[1]
0 < t

[1]
1 < . . . < t[1]n = x1,

and denote by s
[1]
y ∈ S2m(∆

[1]
n ) the spline function satisfy-

ing the derivative-interpolation conditions:

s
[1]
y (t

[1]
0 ) = y(t

[1]
0 ) = g(t

[1]
0 )

ds[1]y (t
[1]
k )

dt = y′(t
[1]
k ) = f(t

[1]
k , y(t

[1]
k ), y(t

[1]
k )),

(2)
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 k = 1, n− 1, where t
[1]
k = φ(t

[1]
k ). Here the unknown val-

ues are y(t
[1]
k ), for k = 1, n− 1, and y(t

[1]
k ), for t[1]k > x0.

Using the theorem of the existence and uniqueness of a
spline function sy ∈ S2m, such that the derivative - inter-
polating conditions are hold, we have directly the following
theorem:

Theorem 1. If y is the exact solution of the problem (1),
then for n > m ≥ 1, there exists a unique spline func-
tion s

[1]
y ∈ S2m(∆

[1]
n ) satisfying the derivative-interpolating

conditions (2).

Corollary 1. If {s[1]0 ,S [1]
k , k = 1, n− 1} are the fundamen-

tal spline functions in S2m(∆
[1]
n ), satisfying:

s
[1]
0 (t

[1]
0 ),

ds
[1]
0 (t

[1]
k )

dt
= 0, k = 1, n− 1

S [1]
i (t

[1]
0 ) = 0,

dS [1]
i (t

[1]
k )

dt
= δik, i, k = 1, n− 1

then we can write:

s[1]y (t) = s
[1]
0 (t)·g(t[1]0 )+

n−1∑
k=1

S [1]
k (t)·f(t[1]k , y(t

[1]
k ), y(t

[1]
k )),

t ∈ [x0, x1], and because s
[1]
0 (t) ≡ 1, we shall call the

spline approximating solution of the problem (1) on the in-
terval [x0, x1], the function:

s
[1]
y (t) = g(t

[1]
0 ) +

∑
t
[1]
k ≤x0

S [1]
k (t) · f(t[1]k , y(t

[1]
k ), g(t

[1]
k ))+

+
∑

t
[1]
k >x0

S [1]
k (t) · f(t[1]k , y(t

[1]
k ), y(t

[1]
k )), t ∈ [x0, x1]

(3)

Theorem 2. If y ∈ Wm+1
2 [x0, x1] is the exact solution of

the problem (1) and sy := s
[1]
y is the spline approximating

solution (3) for y, then the following estimations hold:

∥y(j) − s
(j)
y ∥∞ ≤

√
m(m− 1)(m− 2) · . . . · j

∥∆[1]
n ∥m−j+ 1

2 · ∥y(m+1)∥2, for j = 1,m.

Corollary 2. If y ∈ Wm+1
2 [x0, x1], we have:

∥y−sy∥∞ ≤ (x1−x0)·
√
m(m−1)!∥y(m+1)∥2·∥∆[1]

n ∥m− 1
2

Corollary 3. lim
∥∆[1]

n ∥→0

∥y(k) − s(k)y ∥∞ = 0, k = 0,m.

2 Effective development of the algorithm

In order to study the error estimation and the conver-
gence of this procedure for simplicity we shall have the up-
per index everywhere in our notations.

For any t ∈ [x0, x1], we consider that y(t) ≈ sy(t). If we
denote, as usual, the error e(t) := y(t)−sy(t), t ∈ [x0, x1],
we have: |e(t)| ≤ (x1 −x0) ·

√
m · (m− 1)! · ∥∆n∥m−1/2 ·

∥y(m+1)∥2, or e(t) = 0 (∥∆n∥m−1/2), ∀ t ∈ [x0, x1].

Denoting:

wi := sy(ti),
ei := e(ti) = y(ti)− sy(ti), i = 1, n− 1
wi := sy(ti),
ei := e(ti) = y(ti)− sy(ti), for ti > x0,
I := {i | ti ≤ x0},
J := {i | ti > x0},

we have yi := y(ti) = wi + ei, i = 1, n− 1, yi := y(ti) =
wi + ei, ti > x0 where

wi = g(t0) +
∑
j∈I

Sj(ti) · f(tj , yj , g(tj)+

+
∑
j∈J

Sj(ti) · f(tj , yj , yj), i ∈ I ∪ J

wi = g(t0) +
∑
j∈I

Sj(ti) · f(tj , yj , g(tj)+

+
∑
j∈J

Sj(ti) · f(tj , yj , yj), i ∈ J

(4)

In what follows, we suppose that in (3) the function:

f : D ⊂ R3 → R, (D ⊂ [a, b]× R2),

is a continuous function, and also that ∂f(t,u,v)
∂u , ∂f(t,u,v)

∂v
are both continuous functions on the domain D, and there-
fore both bounded in D. The system (4) with an approx-
imation of order O(∥∆[1]

n ∥m−1/2) can be replaced by the
following nonlinear system in wi and wi :

wi = g(t0) +
∑
j∈I

Sj(ti) · f(tj , wj , g(tj))+

+
∑
j∈J

Sj(ti) · f(tj , wj , wj), i ∈ I ∪ J

wi = g(t0) +
∑
j∈I

Sj(ti) · f(tj , wj , g(tj))+

+
∑
j∈J

Sj(ti) · f(tj , wj , wj), i ∈ J

(5)

In order to solve the nonlinear system (5), let us intro-
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 duce the following notations:

I := {i1, i2, . . . , ir},
J := {j1, j2, . . . , js}, r + s = n− 1
w := (wi1 , wi2 , . . . , wir ;wj1 , wj2 , . . . , wjs},
w := (wj1 , wj2 , . . . , wjs),
W := (w,w),Hi(W ) := wi, i = 1, n− 1,
Hi(W ) := wi, i ∈ J,
H(W ) := (Hi1(W ), . . . ,Hir (W );Hj1(W ), . . . ,
Hjs(W );Hj1(W ), . . . Hjs(W )),
A :=

(
∂H
∂W

)
.

Now the system (5) is:

W = H(W ) (6)

To investigate the solvability of the nonlinear system (6)
we shall use the following classical theorem:

Theorem 3. Let Ω ∈ Rn+s−1 be a bounded domain and let
H : Ω → Ω be a vector function defined by W = H(W ).
If the functions H and ∂H/∂W are continuous in Ω, then
there exists in Ω a fix point W ∗ of H, i.e. W ∗ = H(W ∗),
which can be found by iterations. W ∗ = lim

k→∞
W (k),

W (k) := H(W (k−1)), k = 1, 2, . . . ,W (0) ∈ Ω arbitrary.
If in addition

∥A∥ :=

∥∥∥∥ ∂H

∂W

∥∥∥∥ ≤ Q < 1,

for any iteration W (k), the following estimation holds:

∥W ∗ −W (k)∥ ≤ Qk

1−Q
∥W (1) −W (0)∥.

Theorem 4. Suppose that there exist the constants M,N
such that: ∣∣∣∂f(t,u,v)∂u

∣∣∣ ≤ M,
∣∣∣∂f(t,u,v)∂v

∣∣∣ ≤ M,

|f(t, u, v)| ≤ N, ∀ (t, u, v) ∈ D.

If M < ∥S∥−1, then the system (5) has a solution which
can be found by iteration.

In general, on the interval [xl, xl+1], l = 0, N − 1, of
the partition ∆N , the delay differential equation problem
(1) becomes:{

y′(t) = f(t, y(t), y(φ(t)), t ∈ [xl, xl+1],

y(t) = g[l](t), t ∈ [a, xl]
(7)

where

g[l](t) :=

{
g(t), t ∈ [a, a]

s
[i]
y (t), t ∈ [xi−1, xi], i ∈ 1, l

and the spline function of even degree s
[i]
y is constructed as

in the first part of this section.

Following the above procedure, the spline approximating
solution s

[l+1]
y of even degree on the partition

∆[l+1]
n : xl = t

[l+1]
0 < t

[l+1]
1 < · · · < t[l+1]

n = xl+1,

will be

s
[l+1]
y (t) = s

[l]
y (xl)+

+
∑

t
[l+1]
k ≤xl

S [l+1]
k (t) · f(t[l+1]

k , y(t
[l+1]
k ), g[l](t

[l+1]
k ))+

+
∑

t
[l+1]
k >xl

S [l+1]
k (t) · f(t[l+1]

k , y(t
[l+1]
k ), y[l](t

[l+1]
k )),

with t
[l+1]
k := φ(t

[l+1]
k ).

The spline approximating solution of even degree for the
exact solution of the problem (7), on the interval [xl, xl+1]
is:

s
[l+1]
y (t) = s

[l]
y (xl)+

+
∑

t
[l+1]
k ≤xl

S [l+1]
j (t) · f(t[l+1]

j , w
[l+1]
j , g[l](t

[l+1]
j ))+

+
∑

t
[l+1]
j >xl

S [l+1]
j (t) · f(t[l+1]

j , w
[l+1]
j , w

[l+1]
j ))

3 Numerical examples

Example 1.{
y′(t) = 1− 2y2

(
t
2

)
, t ∈ [0, 1]

y(0) = 0

y(t) = sin t

N n m=1 m=2 m=3
2 5 0, 102× 10−2 0, 721× 10−3 0, 478× 10−5

10 0, 184× 10−3 0, 909× 10−4 0, 256× 10−6

5 5 0, 187× 10−3 0, 114× 10−3 0, 137× 10−6

10 0, 330× 10−4 0, 143× 10−4 0, 735× 10−8

10 5 0, 449× 10−4 0, 272× 10−4 0, 811× 10−8

10 0, 797× 10−5 0, 339× 10−5 0, 439× 10−9

Example 2.{
y′(t) = 1

2e
t/2 · y

(
t
2

)
+ 1

2y(t), t ∈ [0, 1]

y(0) = 1

y(t) = et
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 N n m=1 m=2 m=3
2 5 0, 154× 10−1 0, 190× 10−2 0, 635× 10−4

10 0, 386× 10−2 0, 239× 10−3 0, 446× 10−5

5 5 0, 265× 10−2 0, 388× 10−3 0, 178× 10−5

10 0, 644× 10−3 0, 484× 10−4 0, 121× 10−6

10 5 0, 683× 10−3 0, 104× 10−3 0, 115× 10−6

10 0, 164× 10−3 0, 129× 10−4 0, 770× 10−8
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ABSTRACT

Computational methods for ordinary equations, although constituting one of the older
established areas of numerical analysis, have been the subject of a great deal of re-
search in recent years. It is hoped that this article will provide postgraduate students
and general uses of numerical analysis with a readable account of these developments.
The only prerequisites required of the reader are a sound course in calculus and some
acquittance with complex numbers, matrices and vectors. Some see ”analysis“ as the
keyword, and wish to embed the subject entirely in rigorous modern analysis. To oth-
ers, ”numerical“ is the vital word, and the algorithm the only respectable product. In
this paper I have tried to take a middle course between these to extremes. In this pa-
per, using the polynomial extrapolation, we solve an initial value problem in ordinary
differential equations.
The aim of this paper is to compare with the fourth-order Runge-Kutta method on the
basis of accuracy for a given number of function evaluations.

Keywords: polynomial extrapolation, superlinearly converges, basic steplength, the
modified mid-point method, one-step and two-step method, weak stability, the exis-
tence of asymptotic expansions;

1 Polynomial extrapolation

In many situations in numerical analysis we wish to eval-
uate a number A0, but we are able to compute only an
approximation A(h), where h is a positive parameter and
where A(h) → A0 as h → 0. Let us suppose that, for ev-
ery fixed N, A(h) possesses an asymptotic expansion of the
form:

A(h) = A0 +A1h+A2h
2 + . . .+ANhN +RN (h),

RN (h) = O(hN+1), as h → 0,

where the coefficients A0, A1, . . . , AN are independent of
h. We shall summarize this statement by writing:

A(h) ≈ A0 +A1h+A2h
2 + . . . (1)

Suppose that we have calculated A(h0) and A( 12 · h0), so:
A(h0) = A0 +O(h0) and A( 12h0) = A0 +O(h0) as h →
0. There exists a linear combination of A(h0) and A( 12h0)
which differs from A0 by an O(h2

0) term:

2A

(
1

2
h0

)
−A(h0) = A0 −

1

2
A2h

2
0 − . . . = A0 +O(h2

0)

(2)
This is the basic idea of Richardson extrapolation. It can be
extended in several ways: in addition to A(h0) and A( 12h0),
we compute A( 14h0) and then we can find a linear combi-
nation of these three values which differs from A0 by an
O(h3

0) term. Moreover, we don’t need to consider only
the sequence: h0,

1
2h0,

1
4h0, . . . , but a general sequence

h0, h1, h2, . . . of values of h, where:

h0 > h1 > h2 > . . . hs > 0 (3)
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 In general, we can find a linear combination with the prop-
erty:

S∑
s=0

cs,sA(hs) = A0 +O(hs+1
0 ), h → 0 (4)

The forming of such linear combinations is essentially
equivalent to polynomial interpolation at h = 0 of the data
(hs, A(hs)), s = 0, 1, 2, . . . , S. If the extrapolation is per-
formed in an iterative manner (due originally to Aitken and
Neville), it is avoid computing the coefficients cs,S in (4).
For each value of hs compute A(hs) and denote the results
by a

(0)
s . Let I01(h) be the unique polynomial of degree 1 in

h which interpolates the points (h0, a
(0)
0 ) and (h1, a

(0)
1 ) in

the h − A(h) plane. This polynom may be represented in
terms of a 2× 2 determinant as follows:

I01(h) =
1

h1 − h0

∣∣∣∣∣a(0)0 h0 − h

a
(0)
1 h1 − h

∣∣∣∣∣ (5)

So defined I01(h) is indeed a polynomial of degree 1 in h

and: I01(h0) = a
(0)
0 , I01(h1) = a

(0)
1 .

Let us denote by a
(1)
0 the result of extrapolating to h = 0

using this polynom; so I01(0) = a
(1)
0 . From (1) it fol-

lows that a
(1)
0 = A0 + O(h2

0), in the case when h1 =
1
2h0; a

(1)
0 coincides with the left side of (2). We obtain a

value a
(1)
1 = A0 + O(h2

1) by a similarly extrapolating to
zero using the linear interpolant of the data (h1, a

(0)
1 ) and

(h2, a2(0)), where

a
(1)
1 = I12(0),

I12(h) =
1

h2 − h1

∣∣∣∣∣a(0)1 h1 − h

a
(0)
2 h2 − h

∣∣∣∣∣ .
Now we note by I012(h) the unique polynomial of de-
gree 2 which interpolates the points: (h0, a

(0)
0 ), (h1, a

(0)
1 ),

(h2, a
(0)
2 ) in the h−A(h) plane. Then we may write:

I012(h) =
1

h2 − h0

∣∣∣∣I01(h) h0 − h
I12(h) h2 − h

∣∣∣∣
since:

(i) I012(h) is a polynomial of degree 2 in h;
(ii) I012(h0) = I01(h0) = a

(0)
0 ; I012(h2) = I12(h2) =

a
(0)
2 ;

(iii) I012(h1) = [(h2−h1) ·a(0)1 − (h0−h1)a
(0)
1 ]/(h2−

h0) = a
(0)
1 .

Extrapolating to zero by this polynomial define us:
a
(2)
0 = I012(0) and we find that a(2)0 = A0 + O(h3

0). Note
that a(2)0 is a linear combination of a(0)0 , a

(0)
1 and a

(0)
2 , so

that we have found the required linear combination (4) in
the case S = 2. This process can be continued to give
higher-order approximations to A0 and we may be summa-
rized by the following table:

h0 a
(0)
0

h1 a
(0)
1 a

(1)
0

h2 a
(0)
2 a

(1)
1 a

(2)
0

h3 a
(0)
3 a

(1)
2 a

(2)
1 a

(3)
0

...
...

...
...

...

(6)

where

a
(0)
s = A(hs), s = 0, 1, 2, . . .

a
(m)
s = 1

hm+s−hs

∣∣∣∣∣a(m−1)
s hs

a
(m−1)
s+1 hm+s

∣∣∣∣∣ , m = 1, 2, . . .

(7)
For computation is more suitable an equivalent form of (7):

a(0)s = A(hs);

a(m)
s = a

(m−1)
s+1 +

a
(m−1)
s+1 − a

(m−1)
s

hs/hm+s − 1
,

m = 1, 2, . . . ; s = 0, 1, 2, . . .

(8)

We show that: a(m)
s = A0 +O(hm+1

s ).

The benefits of repeated extrapolation are greatly en-
hanced if it happens that the asymptotic expansion for A(h)
contains only even powers of h - this will be the case for
some important applications to ordinary differential equa-
tions.

For example, corresponding to (2), we have:

4

3
A

(
1

2
h0

)
− 1

3
A(h0) = A0 +O(h4

0).

If the asymptotic expansion for A(h) has the form:

A(h) ≈ A0 +A2h
2 +A4h

4 + . . . (9)

then the process of repeated polynomial extrapolation is de-
scribed by (6), where now in place of (8):

a(0)s = A(hs);

a(m)
s = a

(m−1)
s+1 +

a
(m−1)
s+1 − a

(m−1)
s

(hs/hm+s)2 − 1
,

m = 1, 2, . . . ; s = 0, 1, 2, . . .

(10)

We then have a
(m)
s = A0 +O(h2m+2

s ).

The algorithm defined by (6) and (10), where (9) is as-
sumed, is analysed by Gragg who shows that if A(h) is
continuous from the right at h = 0, then a necessary and
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 sufficient condition for the convergence of {a(n)0 } to A0 as
n → ∞ is that sup

n≥0
(hn+1/hn) < 1. Gragg show that each

column of (6) then converges to A0 faster than the one to
its left, and that if: inf

n≥0
(hn+1/hn) > 0. The principal di-

agonal a(0)0 , a
(1)
0 , a

(2)
0 , . . . converges to A0 faster than any

column. Under mild conditions on A(h), {a(n)0 } converges
to A0 superlinearly, in sens that: |a(n)0 − A0| ≤ Kn and
lim

n→∞
(Kn+1/Kn) = 0.

2 Application to initial value problems in
ordinary differential equations

For a given discrete numerical method (linear multi-
step, Runge-Kutta) let denote y(x;h) the approximation at
x, given by the numerical method with steplength h, to
the theoretical solution y(x) of the initial value problem:
y′ = f(x, y), y(x0) = y0.

We intend to use polynomial extrapolation to furnish ap-
proximations to y(x) at the basic points x0 + jH, j =
0, 1, . . . , where H is the basic steplength.

First we choose a steplength h0 = H/N0, where N0

is a positive integer and apply the numerical method N0

times starting from x = x0 to obtain an approximation
y(x0 + H;h0) to the theoretical solution y(x0 + H). A
second steplength h1 = H/N1, where N1 is a positive in-
teger greater than N0 and the method applied N1 times,
again starting from x = x0, to yield the approximation
y(x0 +H;h1).

Proceeding in this fashion for the sequence of
steplengths {hs}, where hs = H/Ns, {Ns | s =
0, 1, . . . , S} being an increasing sequence of positive inte-
gers, we obtain the sequence of approximations {y(x0 +
H;hs) | s = 0, 1, . . . , S} to y(x0 +H). In practice S is in
the rand 4 to 7.

If, for the given numerical method, exists an asymptotic
expansion of the form:

y(x;h) ∼ y(x) +A1h+A2h
2 +A3h

3 + . . . (11)

then we can set a(0)s = y(x0 + H;hs) in (6) and apply
the process of repeated polynomial extrapolation using (8).
Equation (10) replaces (8) in the case when the numerical
method possesses an asymptotic expansion of the form:

y(x;h) ∼ y(x) +A2h
2 +A4h

4 +A6h
6 + . . . (12)

Then we take the last entry in the main diagonal of the table
(6) as our final approximation to y(x0 + H) and denote it
by y∗(x0 +H;H).

To obtain a numerical solution at the next basic point
x0 + 2H, we apply the whole of the above procedure to

the new initial value problem: y′ = f(x, y), y(x0 +H) =
y∗(x0 +H;H).

The motivation for extrapolation methods depends heav-
ily on the possibility of choosing H to be large. Neverthe-
less, these results can be fairly described as generally en-
couraging, particularly since the numerical methods behind
the algorithm, the mid-point rule, has no interval of absolute
stability.

3 Weak stability

The success of extrapolation methods thus hinges on the
existence of numerical methods which asymptotic expan-
sions of the form (11) or, preferably (12). The existence of
such expansions had frequently and rigorously investigated
by Gragg.

Gragg’s method (the modified mid-point method) is thus
defined as follows:

hs = H/Ns, Ns-even,
y0 = y(x0),
y1 = y0 + hsf(x0, y0)

(13)

ym+2 − ym = 2hs · f(xm+1, ym+1),

m = 0, 1, 2, . . . , Ns − 1,

y(x0 +H;hs) =
1

4
yNs+1 +

1

2
yNs +

1

4
yNs−1.

If (13) is repeated for an increasing sequence Ns, s =
0, 1, . . . , S, of even integers, polynomial extrapolation us-
ing (6) and (10) can be applied. Two popular choices
for the sequence {Ns} are {2, 4, 6, 8, 12, 16, 24, . . . } and
{2, 4, 8, 16, 32, 64, . . . }.

We investigate the existence of asymptotic expansions of
the form (12) for general implicit one-step methods of the
form:

yn+1 − yn = h · ϕ(xn, xn+1, yn, yn+1, h) (14)

and we show that if the function ϕ satisfies the symmetry
requirement:

ϕ(s, t, η, ξ, h) = ϕ(t, s, ξ, η,−h) (15)

the (14) possesses an asymptotic expansion of the form
(12). The trapezoidal rule satisfies this requirement, as does
the implicit mid-point method,

yn+1 − yn = h · f
(
xn + xn+1

2
,
yn + yn+1

2

)
.

This method suffers the disadvantage that it must be solved
exactly for yn+1 at each step, if the asymptotic expansion
is to remain valid. For practical purposes (13) still remains
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 easily the most appropriate numerical method on which to
base an extrapolation algorithm.

The mid-point method has no interval of absolute stabil-
ity, but the algorithm has a non-vanishing interval of abso-
lute stability. We cannot deduce from these intervals any
useful information on the weak stability properties of the
overall method consisting of (13), followed by polynomial
extrapolation, since the latter forms linear combinations of
the y(x0 +H;hs) s = 0, 1, 2, . . . , S the coefficients in the
combinations sometimes being negative.

Stetter adopts a new approach by computing the pertur-
bation at x0 + H which results on introducing unit pertur-
bations in each step of (13) applied to the linear differential
equation y′ = λy, and then forming the linear combinations
which correspond to the extrapolation process.

Now, with polynomial extrapolation for the sequence
Ns = 2, 4, 6, 8, 12 (applying method (13)) we solve the ini-
tial value problem: y′ = −y, y(0) = 1, for one basic step
of length H = 1, 0.

The table (6) can be constructed using (10). Each of the
entries a(m)

s is an approximation to the theoretical solution
y(1) = e−1; the entries in brackets denote the global error:
y(1)− a

(m)
s , multiplied by 105.

ss NHh / )(m

sa

2

1
0h

0,375000

(-712,056)

4

1
1h

0,371093

(-321,431)

0,369791

(-191,223)

6

1
2h

0,369455

(-157,644)

0,368145

(-26,614)

0,367939

(-6,038)

8

1
3h

0,368796

(-91,739)

0,367949

(-7,004)

0,367884

(-0,467)

0,367880

(-0,096)

12

1
4h

0,368297

(-41,768)

0,367897

(-1,791)

0,36787998

(-0,054)

0,36787946

(-0,002)

0,36787943

(0,001)

The results are clearly consistent on the rates of conver-
gence of the columns and the principal diagonal. Note that
the error in the final extrapolated value is roughly 40.000
times smaller than the error in the most accurate of the orig-
inal computed solutions y(1;hs).

The first application of (13) clearly costs N0 + 1 evalu-
ations of the function f(x, y). Each application of (13) for
given Ns will cost Ns evaluations (since the evaluation of
f(x0, y0) need not be repeated). Thus, to compute y(1;hs)
for the first 3, 4 and 5 members of sequence {1

2 ,
1
4 ,

1
6 ,

1
8 ,

1
12}

of steplength, costs respectively 13, 21 and 33 evaluations
of f. Since the fourth-order Runge-Kutta method costs 4
evaluations per step, we shall compute solutions by it, us-
ing steplengths 1

3 ,
1
5 and 1

8 , which will costs 12, 20 and 32
evaluations respectivelly. We compared the errors in the two
processes:

The superiority of the extrapolation method asserts itself
only when S ≥ 2. In practice S is typically in the rang 4 to
7.

Polynomial extrapolation Runge-Kutta

Evaluations Error Evaluations Error

13 - 6,038 10
-5 12 - 5,002 10

-5

21 - 0,096 10
-5 20 - 0,580 10

-5

33 0,001 10
-5 32 - 0,083 10

-5
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ABSTRACT 

Designing a brain - computer interface (BCI) based on electroencephalograph (EEG) 

needs methods that can identify, classify EEG patterns in real time. Portability and cost 

efficiency channels BCI applications to use a limited number of electrodes that is why 

measurements need to be as accurate as possible. A method’s efficiency is directly related 

with his input reliability-quality. 

This paper presents adaptive filtering algorithms: least mean squares (LMS) normalized 

least mean squares (NLMS) and recursive Kalman Filter applied to EEG signals for 

enhancing time-frequency representation. An accurate graphical representation is 

essential for a correct evaluation which allows us to identify patterns. 

Our results have shown that adaptive pre-filtering will not compromise real time 

processing, allowing to fine-tune time-frequency parameters for subject specific 

frequency ranges and to locate essential electrode positions. 

Keywords: EEG, LMS, NLMS, STFT, BCI 

 
1. Introduction 

A Brain-Computer Interface (BCI) application 
should translate human thoughts directly into digital 
commands based on a computer signal processing 
algorithms. Our research focuses on non-invasive 
data gathering methods such as electroencephalogram 
based BCI systems. These devices can give control to 
disabled people over their prosthesis or to users who 
need hands free applications for manipulating objects 
or give out commands only by their thoughts [1], [2].  

That is why; feature extraction methods for BCI 
should support inter-subject variability making priori 
subject training obsolete [3]. 

Our task was to extract movement specific 
patterns from subjects EEG signal using time-
frequency representation. We found that the 
spectrogram created with this method was strongly 
influenced by EEG data quality, meaning, 
quantization errors, artifacts lead to a false evaluation 
of results. Therefore a filtering mechanism was 
needed to separate real brainwaves from the rest of 
the quantified signals. Also it had to work real-time to 
support topographic brain rhythm tracking. In other 
words the whole mechanism should be fast enough to 
deliver live date allowing researches to find event 
related spatial projections (hot-spots) on the subjects 

scalp [4], [5], [6]. 
 

 
Fig. 1 – Evoked potential topology for different 

frequency stimulus taken from  

R. Srinivasan, F. Alouani Bibi, and P. L. Nunez: 

Steady-state visual evoked potentials: distributed 

local sources and wave-like dynamics are sensitive to 

flicker frequency, Brain Topogr. 2006. 

 
Traditional broad-band filters did not bring the 

expected results, adaptive filter had been introduced. 
In this paper, we present a comparative study of these 
filters to enhance time-frequency view, allowing a 
clear display of human brainwaves frequency bands: 
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alpha (7-13Hz), beta (13-27Hz), theta (
The proposed method can be applied to numerous 

signal types due to his adaptive nature allowing 
continues recursive update of his coefficients. Of 
course like every mathematical processing method it 
has his limitations and it is influenced from a wide 
range of factors which will be presented in the 
fallowing chapters. 

 
2. Filtering Methods  

Time - frequency transform is used in signal 
processing to represent a signal 
domains in the same time. It is a generalization of the 
Fourier transform like: short time Fourier
fractional Fourier transform and decomposition into 
other functions like the wavelet transform
this methods are based on the windowing procedure 
which cuts the signal into slices multiplying them 
with a smoothening window.  

���� �  � ��	�
����

��
The obtained segments become periodical

discriminating artifacts and boundary jumps
false Fourier coefficients. We obtained be best results 
using Nuttall window, belonging to the Blackman
Harris window family fig. 2. Even windows shifted 
with one sample had been processed in real time.

 

Fig. 2 – Nuttall window

 
Sometimes these windows are used to design 

digital filters, transforming infinite impulse response 
filters into finite ones. 

However the STFT has its disadvantages. The 
accuracy of the imagery is defined 
length. For a specific length only specific
are displayed without distortion. If the studied 
frequencies are not scaled to window length then they 
will be scattered all over the time scale

 

Fig. 3 – Four different window lengths for 

the same EEG 

 

Filtering is a fundamental operation in signal 
processing, used to separate noise from the real 

), theta (4-7Hz) [7]. 
The proposed method can be applied to numerous 

signal types due to his adaptive nature allowing 
continues recursive update of his coefficients. Of 
course like every mathematical processing method it 
has his limitations and it is influenced from a wide 
range of factors which will be presented in the 

frequency transform is used in signal 
represent a signal in two different 

. It is a generalization of the 
Fourier transform, 

transform and decomposition into 
transform [8], [9]. All 

his methods are based on the windowing procedure 
which cuts the signal into slices multiplying them 

���	  (1) 
The obtained segments become periodical, 

boundary jumps, avoiding 
Fourier coefficients. We obtained be best results 

using Nuttall window, belonging to the Blackman-
Even windows shifted 

with one sample had been processed in real time. 

 

window 

re used to design 
digital filters, transforming infinite impulse response 

STFT has its disadvantages. The 
accuracy of the imagery is defined by the window’s 

specific frequencies 
isplayed without distortion. If the studied 

frequencies are not scaled to window length then they 
will be scattered all over the time scale. 

 
Four different window lengths for 

 

fundamental operation in signal 
processing, used to separate noise from the real 

signal. Most filters can be classified into two 
fix or adaptive filters. The fix ones are designed 
mainly for systems whose signal and noise properties 
are well known. Adaptive filters work best in 
conditions were properties change constantly. 
Adaptive Least mean squares 
them. It is based on FIR type filter were the 
coefficient are updated at every 
filtered signal at n-th iteration, 
the following form:  

���� � ∑ �������
��� ���

Were L is the length of the signal, x is the signal 
itself and h holds the filters coefficients.

Let us assume that d is the wanted signal and y is 
the measured one, then e would be the error. But 
knowing the error we can minimize and calculate the 
mean square error. 


��� � ����
��� � ��
��� ! � ��"�

��� # 1� � ���� # μ
The LMS is based on the steepest descendent 

method, minimizing the recursive error gradient, 
producing a set of optimum coefficients. These a
then updated, recalculated fo
direction of the gradient with a step noted with 
(adaptation constant, µ). 

��� # 1� � ����
where MSE is the gradient of the square mean 

error [10], [11], [12], [13]. 
The single mathematical difference between the 

two methods (Normalized Least Mean Squares
LMS) is the calculus of the step.
updated using the magnitude 
not like the LMS were the step remained const
The new function has the following update algorithm. 

��� # 1� � ���� #
&

'�(�)

Recursive Kalman filter; i
mathematical state equations which implement an 
optimum predictor-corrector
covariance of the estimated error to given conditions. 
The filter will estimate the process state and then will 
correct himself using the actual value that is 
measured. The whole algorithm can be divided in two 
parts: prediction- trying to predict the next state in the 
future and correction – correct the variables using the 
actual measurement for a better prediction

 

Fig. 4 – Kalman Filter algorithm 

Welch and G. Bishop, An Introduction to the Kalman 

Filter, TR 95-041

signal. Most filters can be classified into two groups: 
fix or adaptive filters. The fix ones are designed 
mainly for systems whose signal and noise properties 

. Adaptive filters work best in 
conditions were properties change constantly. 

Least mean squares filter (LMS) is one of 
them. It is based on FIR type filter were the 
coefficient are updated at every iteration. If y(n) is the 

 then the operation has 

� � * ��   (2) 
Were L is the length of the signal, x is the signal 

itself and h holds the filters coefficients. 
Let us assume that d is the wanted signal and y is 

then e would be the error. But 
we can minimize and calculate the 

� � * ����   (3) 
" ��� * ��������+ ! (4) 

, 
��� , ����  (5) 
The LMS is based on the steepest descendent 

izing the recursive error gradient, 
producing a set of optimum coefficients. These are 
then updated, recalculated following the opposite 
direction of the gradient with a step noted with mu 

� � * μ , -���        (6) 
is the gradient of the square mean 

he single mathematical difference between the 
Normalized Least Mean Squares and 

is the calculus of the step. The step is also 
ated using the magnitude of the signal’s power, 

the LMS were the step remained constant. 
llowing update algorithm.  

&

� � ,'�(�
, 
��� , ����  (7) 

Recursive Kalman filter; is in essence a set of 
equations which implement an 

corrector, minimizing the 
covariance of the estimated error to given conditions. 
The filter will estimate the process state and then will 

using the actual value that is 
orithm can be divided in two 

trying to predict the next state in the 
correct the variables using the 

urement for a better prediction [14]. 

 
Kalman Filter algorithm taken from G. 

Bishop, An Introduction to the Kalman 

041. 2001. 
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The variables and parameters are explained in the 
following table: 

 
Table 1. Kalman Filtere parameters 

�.�
� a priori state estimate  

�.� a posteriori state estimate 
/� control input 
A,B state and input matrices 
0�

� a priori estimate error covariance 
0� a posteriori estimate error covariance 
Q process noise covariance 
R measurement noise covariance 

1� 
blending factor that minimizes the a 
posteriori error covariance 

H
 output matrix 

2� given measurement  
 
3. Dataset  
EEG measurements digitize electromagnetic 

activity of the brain. Ag/AgCl passive electrodes have 
been placed on the human head in specific positions 
to detect and record electrical impulses. EEG is 
usually described in frequency bands like: Gamma 
(greater than 30Hz) Beta (13-27Hz), Alpha (7-13Hz), 
Theta (4-7Hz), and Delta (less than 4Hz). 

 

 
Fig. 5 – Basic EEG frequency bands 

 
The presents of Alpha waves indicates ability to 

mentally coordinate the body. Our research is based 
on the frequencies around 10Hz, responsible for 
movement execution or planning. Four different 
signal sources have been used for coherent results: 

Offline dataset from the Department of Electrical 
Engineering, Imperial College, London. All data files 
are in Matlab format, digitized with a 16 bit converter 
at 125Hz. 

Brain Computer Interface research at NUST 
Pakistan. Recorded at 500Hz, data also in Matlab 
format. 

University of Medicine and Pharmacy Târgu 
Mureş, Neurology department. Sampling rate at 
1000Hz. Data was available in exported txt format. 

Petru Maior University from Târgu Mureş, 
Engineering department. Data was enquired over 
BrainBay at 256Hz. EEG-SMT and EEG-ASM was 
used as converter hardware 

For all measurements the well known 10-20 
Electrode Placement System was applied 

4. Results 

For testing LMS we used a signal built from white 
noise and a sine curve. The results are shown below 
in fig. 6. Sysorder represents the order of the filter 
(coefficient number) and mu is a step constant (µ). 
We can see that by decreasing step size and 
increasing filter order will bring us closer to the given 
default, desired signal.  

 

 

 

 
Fig. 6 – LMS filter applied to noisy sin function 

 

For periodical signals the algorithm does follow 
the given values but for complex, EEG like 
measurements we have to increment the filter order 
until a desired error is obtained like in fig. 7. 

 

 
Fig. 7 – Different order LMS filter applied to 

composite sin function 

 

The NLMS algorithm is used in many real time 
applications due to his superior performance. In the 
next fig. 8 the two filters are compared, by their 
ability to track a signal composed from two sine and 
one cosign curve. It is clear that NLMS converges 
more quickly than the LMS due to his step size which 
adapts to changes [12], [15], [16]. 

 

 
Fig. 8 – LMS and NLMS filter applied to a 

composite sin function 
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The next figure shows a recursive Kalman filter, 
trying to extract the original input signal from one 
affected by random white noise. Original input was a 
constant value of 5. It converges relatively well but 
only if the initial state is chosen correctly. 

 

 
Fig. 9 – Kalman filter applied to a noisy constant 

 
Additional analysis shows that the filters 

coefficients stop fluctuating and settle on almost 
constant values.  These values could be used for 
designing a fixed filter, in the condition that the 
system remains the same. Figure 10 represents the 
evolutions in time of the coefficients for NLMS and 
LMS filters. 

 

 
Fig. 10 – NLM, LMS coefficients evolution 

 

By analyzing the square means error we can see 
the performance of the filter in quantified numbers. 
The following table describes the MSE for different 
steps and filter orders try to track the same function. 
Execution time is shorter for LMS but LMLS 
converges faster that is why it is used more often in 
real time applications. 

 
Table 2. Performance of LMS and NLMS 

algorithms 

algorithm ord. step MSE 

LMS 5 0.5 4.852947e+273 

LMS 5 0.4 1.233163e+213 

LMS 10 0.4 Inf 

LMS 10 0.15 2.471549e+193 

LMS 20 0.15 Inf 

LMS 20 0.1 Inf 

LMS 20 0.05 1.391632e+097 

LMS 30 0.05 3.566325e+243 

LMS 30 0.02 3.002113e-002 

LMS 30 0.015 3.094280e-002 

LMS 45 0.015 3.022414e-002 

NLMS 5 0.5 6.731780e-001 

NLMS 5 0.4 7.766067e-001 

NLMS 10 0.4 3.090991e-001 

NLMS 10 0.5 2.783839e-001 

NLMS 20 0.4 1.724638e-001 

NLMS 20 0.5 1.666571e-001 

NLMS 20 0.3 1.815394e-001 

NLMS 30 0.3 4.676527e-002 

NLMS 30 0.5 3.609811e-002 

NLMS 30 0.4 3.001738e-002 

NLMS 45 0.4 3.345858e-002 

 
The two next graphics shows us MSE variation 

compared to filter order and different adaptation 
constant. As you can see LMS method is not able to 
track EEG signals with a coefficient order lower then 
20, even if step value is decreased. In this case the 
system becomes instable. The mean square error is 
significantly smaller using LMNS method even for 
fewer coefficient numbers newer reaching infinite.  

 

 

 
Fig. 11 – MSE for different NLMS, LMS filter 

orders 
 
Results in filtering out different frequencies are 

presented in the figures below. NLMS filters out 6Hz 
from a signal containing two sinus functions at 6Hz 
and 12 Hz leaving only the higher frequency. 

 

 
Fig. 12 –Time-Frequency representation of sin 

functions 

409 

 



 

 

 

A time-frequency representation in the next 
graphic shows an EEG signal contaminated with 
noise. After applying the filter only the desired 10Hz 
component remained, eliminating all other unwanted 
elements. The signal was sampled at 256 Hz, 
segmented into 25 sample windows.  

 

 

Fig. 13 – Time representation of an EEG signal 

 

 
Fig. 14 – Time-Frequency representation of an 

EEG signal before and after applying NLMS 

filtering 

 
For performance issues we tried another approach, 

making overlapping smaller resulting in less slices to 
be processed with time-frequency transform. We 
cannot observe quality loss only if the slicing interval 
exceeds 25% of the window length. 

 

 
Fig. 15 – Time-Frequency representation of an 

EEG signal before and after applying NLMS 

filtering, with smaller overlap 

5 . Conclusions 

This paper describes how adaptive filter can be 
used to filter out unwanted components leaving only 
frequencies of choice. The research has been 
conducted on real EEG measurements proving that a 
real time adaptive filtering and processing is possible.  

One of the major challenges was to connect 
different programming environments: Matlab with 
Visual C making the whole system robust and 
extensible. Enhancement like implementing new 
processing algorithm, methods does not affect the 
systems architecture, will only overwrite matlab 
functions [17]. 

 

 
Fig. 16 – Matlab and Visual C application 

screenshot 
 

 
References 

[1] T. Isa, E. E. Fetz, K.-R. Müller, (2009), Recent 

advances in brain-machine interfaces, Neural 
Networks, vol. 22, no. 9, pp. 1201-1202. 

[2] P. J. Durka, R. Kuś, J. Żygierewicz, M. 
Michalska, P. Milanowski, M. Łabęcki T. 
Spustek, D. Laszuk, A. Duszyk, M. Kruszyński, 
(01/11/2012), User-centered design of brain-

computer interfaces OpenBCI.pl and BCI 
Appliance. 

[3] Schlögl A, Vidaurre C, Müller KR, (2010) 
Adaptive Methods in BCI Research - An 

Introductory Tutorial, Brain-Computer 

Interfaces, Springer. 
[4] Bánki M. Cs, (2006), Agyunk fogságában, Az 

agy eletromos térképe, Ed. Pro Die, pag. 63-67. 
[5] Sullivan, T. (04/2010), A user-friendly 

SSVEPbased brain–computer interface using a 

time-domain classifier, Journal of Neural 
Engineering. 

[6] F. Beverina, G. Palmas, S. Silvoni, F. Piccione, 
and S. Giove (2003), User adaptive BCIs: 

SSVEP and P300 based interfaces, 
PsychNology Journal, vol. 1, pp. 331–354. 

[7] Orbán-Kis K, Szilágyi T, (2011), 
Electroencefalografia, Lucrări practice, 

documente online. 
[8] W. A. Chaovalitwongse ,P. M. Pardalos, P. 

Xanthopoulos, (2010), Computational 

Neuroscience, pp 65- 76, Springer. 

410 

 



 

 

 

[9] P. Xanthopoulos, (2010) A primer on modeling 

EEG activity using time-frequency 

transformations, University of Florida. 
[10] V. K. Ingle, J. G. Proakis, (2011), Digital signal 

processing using Matlab, Third Edition, 
Cengage Learning Stamford, USA.  

[11] S. Ciochina, (1999), Sisteme Adaptive, 
Universitatea Politehnica din Bucuresti. 

[12] Ondracka J, Oravec R, Kadlec J, Cocherová E, 
(2000), Simulation of RLS and LMS algoritjms 

for adaptive noise cancellation in Matlab, CAS 
Praha, Czech Republic. 

[13] M. P. Tarvainen, P. O. Ranta-aho, P. A. 
Karjalainen, F. Kuopio, (2001), Time-Varying 

ARMA modelling of Nonstationary EEG using 

Kalman Smoother Algorithm, Engineering in 
Medicine and Biology Society. 

[14] G. Welch, G. Bishop, (2001), An Introduction to 

the Kalman Filter, TR 95-041, Department of 
Computer Science. University of North Carolina 
at Chapel Hill. Chapel Hill, NC 27599-3175. 

[15] Ahmedul K, Khandaker A. R, Ishtiaque H, 
(2007), Performance Study of LMS and NLMS 

Adaptive Algorithms in Interference 

Cancellation of Speech Signals, SUB journal pp 
57-64, vol 1, ISSN 1998-3778. 

[16] A. D. Poularikas, Z. M. Ramadan, (2006), 
Adaptive Filtering Primer with MATLAB, CRC 
Press. 

[17] http://openeeg.sourceforge.net/doc/modeeg/mod
eeg.html 
 

 

411 

 



 

The 6
th

 edition of the 

Interdisciplinarity in Engineering International Conference  

 “Petru Maior” University of Tîrgu Mureş, Romania, 2012 

 

 

 

 

 

 

 

SOME ASPECTS OF COMPUTER AIDED 

ENGINEERING TECHNIQUES IN ORTHODONTIC 

TREATMENT 

Claudia ŞOAITA, Sorin POPŞOR 

University of Medicine and Pharmacy of Tg. Mureş, Romania 

claudia_soaita@yahoo.com, sorin57p@yahoo.com 

 

ABSTRACT 
The purpose of this article is to illustrate the contribution brought by Computer Aided 

Engineering (CAE) technology in orthodontic diagnosis, treatment planning and 

implementation. The method is described using an example of a clinical case treated by 

means of computerized orthodontic system available in orthodontics. Today, CAD/CAM 

technology is widely available and has become a very useful tool but little is known about 

it by the dental practitioner. Its importance is reflected in the significant reduction of time 

and stages of the orthodontic treatment, maintaining a safe, stable and healthy 

therapeutic prognosis in terms of biomechanics and aesthetics. 

Keywords: computer aided engineering, orthodontic treatment, laser scanning, virtual model 

1. Introduction 

In dentistry, as in other fields, computers and 

computer technology have become very useful tools - 

almost indispensable. 

In the past 20 years there has been developed a 

variety of CAD / CAM (computer aided design / 

computer aided manufacturing) systems that have 

been applied to the total process for fabricating 

restorations [1],[2]. 

An overview of the current dental CAD/CAM 

classic systems used for the fabrication of crowns and 

fixed partial dentures is given in Figure 1. 

After the abutment teeth are prepared, the 

mainstream work-flow for conventional metal 

restorations is first obtained by taking an impression 

followed by model production, wax up, and then 

casting.  

When this work is performed with the aid of 

computer-assisted technology, abutment teeth are 

directly digitized inside the oral cavity instead of 

taking conventional impressions [3].  

Restorations are designed on a computer monitor 

using CAD software based on the digitized data as a 

virtual wax-up. Finally, restorations are processed by 

a computer assisted processing machine, usually a 

milling machine [2]. 

Today, networked CAD / CAM systems garnered 

attention, especially for the fabrication of high-

strength ceramic frameworks. 

The role of digitizing a stone model and that of 

CAD/CAM processing are separated in this system. 

Data for the abutment that are digitized at the satellite 

office are transferred via the internet to a processing 

center based anywhere in the world. Frameworks 

fabricated at the center are then delivered to the 

satellite office to complete the restorations by 

layering porcelains[1]. This is an application of 

CAD/CAM technology to the prosthodontic field 

within a total process. 

Recently, computer-aided engineering (CAE) is 

broadly using computer software to aid in engineering 

tasks. In the dental field CAE includes computer-

aided design (CAD), computer-aided analysis (CAA), 

computer-aided planning (CAP) and computer-aided 

manufacturing (CAM). 

 

 
 

Fig. 1 - An overview of current dental CAD/CAM 

systems used for the fabrication of crown-bridge 

restorations [1] 
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2. CAE techniques in orthodontic diagnosis 

and treatment 

Unlike traditional orthodontic treatment, which 

relies on plaster models and X-rays, CAE provides a 

detailed 3-D computer model of teeth to plan 

individual tooth movements throughout the treatment 

process[4]. 

The first step of the method is to acquire digital 

images of intra-oral laser scanning or computed 

tomography CBCT. In our case we obtained a 3D 

virtual model by laser scanning. This model is 

visualized and analyzed with a computer aided three-

dimensional interactive application that allows the 

doctor to examine the case from all angles of view, 

even the roots and soft tissue [5]. The doctor using 

the software virtually aligns teeth in their correct 

position with a very good control over each tooth 

(Fig. 2). 

Thus, the optimal virtual 3D model is obtained (Fig. 

3), which is the ultimate goal of treatment. This can 

be also showed to the patient for his/her agreement. 

The contact relationships between opposing teeth can 

be discerned. The decision support simulation 

software allows the orthodontist to simulate and 

visualize various treatment possibilities [6]. 

After the orthodontist has designed the virtual 

patient smile and occlusion, the application plans the 

most efficient and short way to move teeth into the 

correct position.  

The figure 4 shows the overlap of differently 

colored three-dimensional models, emphasizing in a 

clear way what are the changes intended to be made 

in both arches. 

Information on the ideal model is sent to a robot 

that creates individualized archwires for the patient 

(Fig.5). The accuracy for the design of archwires is 

up to 0.1 mm[7].  

The archwires can be made of different alloys: 

heat activated memory alloys, CopperNiTi or 

stainless steel. The memory alloys are used for 

“smart” archwires that permanently retain the 

individual prescription and are activated by a 

patient’s body heat (Fig.6). In the same archwire the 

robot can place for a single tooth combined bends of 

different orders. 

The therapeutic goals for the patient in the study 

were represented by: 

 expansion and maxillary and mandibular arches 

forms and symmetrization; 

 arch alignment and leveling of the occlusal 

plane in the frontal area, closing the existing 

gaps and uprighting of lower third molars; 

 overjet, upper midline correction and class II 

correction on the right side by distalization of 

 
Fig. 5 - Wires are robotically bent to 

orthodontist’s specifications [7] 

 
Fig. 4 - Highlighting changes that need to 

be done during initial treatment by 

overlapping 3D initial model (yellow) 

 and final (brown) 

 
Fig. 2 - The virtual model of teeth and arches 

 
 

Fig. 3 - 3D model of the predicted end of treatment 

of the case 
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the right maxillary hemiarch; 

 leveling the curve of Spee, correction of  

overbite by intrusion of the lower incisors and 

extrusion of lower side areas. 

3. Results and discussion 

For the patient presented in this study a fixed 

appliance with .018 x .025" Roth information slot was 

chosen. Also the SureSmile technology (OraMetrix, 

Richardson, Texas) was preferred by the patient for 

the reduced treatment time compared to conventional 

approaches and good quality [8].  

In the nine months of treatment the patient 

changed four archwires for each arch:  

 -.013 CuNiTi superior and .012 NiTi inferior; 

 - .016x.016 NiTi superior and inferior ; 

 - .016 x .022 NiTi superior, inferior;  

 - .016 x .022 Elgiloy superior, inferior.  

All 4 springs were made by CAE technology 

described above. Progress of treatment is confirmed 

by the intra-oral photos in figure 7. 

This case shows a very good alignment of both 

arches with a small number of arches. The gaps in the 

lower arch were closed, but the third molars still need 

more uprighting. The cant of the occlusal plane was 

corrected. 

The case had a good progress in the first nine 

months of treatment, as Saxe [8] and Alford [9] report 

that this technique reduces the time to complete 

orthodontic treatment by 34% and increase quality of 

results. 

There are many advantages of CAE technology in 

orthodontic treatment. The 3D computer model 

replaces the alginate impression and the plaster 

model. The treatment plan is made on the model 

generated by the laser scan or CBCT. With the 3D 

model, the doctor can see teeth and how they fit 

together from any angle.  

3D dental scanner quickly captures the cloud 

point data of any intra-oral elements. This allows the 

user to get in a simple and intuitive way, with a 

precision of 10 micron, the open STL files that will 

leave the user the free choice both of the center of 

production and of CAD/CAM applications developed 

by third parties for the planning and construction of 

any dental device.  

With the specialized orthodontic software a setup 

is created by the doctor or by a laboratory 

technologist to the doctor’s prescription. Review of 

the setup and wire design is done by the doctor. With 

new releases in software and training programs, the 

time spent by doctors has been drastically reduced 

without compromising the doctor-driven design 

phase. The clinician does spend more time on the 

computer initially, but the time drops significantly 

with experience. 

Several simulations can easily be done in a very 

short time. Compared to this technique a diagnostic 

setup with physical models takes more time.  

In the classical orthodontics the finishing 

positions for teeth are developed over time by 

viewing progress at frequent monitoring visits. With 

the aid of computer simulations, the doctor tries to 

predict treatment response at each appointment. 

These simulations are made available to both patients 

and staff at the beginning of treatment. They provide 

a visual map for the patient to follow care progress 

and substantially increase their compliance. For the 

practice team, they provide a shared goal to achieve. 

The team is able to take a first-line diagnostic and 

communication role at the chair-side in assessing the 

patient’s response rather than being trapped in the 

doing versus the thinking and trying to envision the 

next steps in the doctor’s treatment plan[10]. 

Instead of bending archwires by hand at chair side 

during each appointment that requires continuous re-

adjustment over the course of treatment, with CAE 

one can direct a robot to bend shape-memory alloy 

archwires according to doctor’s prescription[11]. 

The main disadvantage of a computerized system 

is the relative high cost. Although an important 

investment at the acquisition moment, it becomes 

profitable in long term due to its other advantages 

gained from efficiency. Practices can gain efficiencies 

in chair-time and labor per patient because it reduces 

overall treatment time, treatment visits, and the 

number of wires used for each patient. This allows 

the doctors to grow practice volume without adding 

staff or chairs and also to reduce operating expenses 

such as consumables. 

The case presented in this paper was treated using 

the SureSmile CAE technology at 

VargasOrthodontics, FL, USA, as it is not available 

yet in Romania. The SureSmile treatment-planning 

software has many functional components: 3D 

visualization, measurement, communication, decision 

making with simulation, bracket placement, setup and 

archwire design, quality and outcome assessment, and 

SureSmile patient management [6]. Each of these 

 

Fig.6 .016x.022 NiTi archwire  

customized for the inferior arch  

of the case 

 

Fig.7 The progress of the case 
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utilities used either singularly or in combination 

enables the doctor to make better informed decisions 

and design the targeted prescription archwire. 

The development of SureSmile stemmed from a 

meeting of forward-thinking experts in orthodontics 

and technology. They envisioned a system that could 

improve the quality and predictability of orthodontic 

treatment by customizing shape memory alloy wires. 

These wires, made of Copper Nickel Titanium, are 

preferred for gentle, consistent forces in moving teeth 

and used frequently in the early stages of treatment. 

Traditionally, orthodontists were not able to use 

these wires for the precise movements required in 

completing treatment because of the high 

temperatures required to customize the wires for each 

patient's needs. The experts had a revolutionary idea: 

use robotic technology to customize the wires. Not 

only could a robot bend the wires with high heat, but 

it could bend them more precisely than a human 

could.  

The precision bends and properties of the shape 

memory alloy wires would reduce treatment times 

and improve outcome quality by moving teeth more 

directly and predictably to their finishing positions. 

To verify the accuracy of the data obtained by 

intra-oral scanning we performed a milling in 

polyamide using the Mori Seiki 5080 Duravertical 

CNC milling machine. The 3D model, stored as a 

STL file, was used to command the machine to 

produce the models of both arches. The comparison 

of real upper arch shown and the milled model is 

shown in Figure 7.  

4. Conclusions 

IT techniques are efficient means to support 

research in dentistry and also they gained more 

popularity in everyday dental practice. 

The most spectacular development was the digital 

biomedical imaging. Today modern image processing 

techniques exceed human abilities and are used by 

specialists to put into practice the virtual outcomes 

imagined. 

This CAE technology for optimization of 

orthodontic treatment gives doctors the ability to 

visualize and plan treatment like never before. It is 

changing the way orthodontists approach treatment 

planning by enabling better quality outcomes and 

long-lasting results for patients. 

Many authors state that future of dentistry is 

digital, but the final decision in all medical problems 

is taken by the dental specialist. There are various 

software and systems that are currently developing 

and testing for fulfilling "expert" tasks, but it will take 

a long time until they will be able to replace human’s 

decision.  

Without being a mandatory option in orthodontic 

treatment, CAE technologies help orthodontist deliver 

a personalized and premium treatment experience. 

Their contribution is reflected in the significant 

reduction of time and stages of treatment and 

maintaining the therapeutic prognosis secure, stable 

and healthy in terms of biomechanical and aesthetic.  

This article is an invitation for doctors to upgrade 

dental offices with digital imaging and CAE systems. 
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Fig. 8 – Intra-oral photography and model 
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