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Abstract: Paper deals with the recognition accuracy of 
Lithuanian ten digit names. The recognition of the digit 
names is of the essential importance for the successful 
implementation of various voice-based internet and 
telephony applications. Three types of recognizers are 
investigated for above mentioned purpose: a) the 
adapted foreign language recognizer used in 
Windows’7 or Windows’8 operation systems; b) the 
adapted foreign language recognizer used in Microsoft 
Speech Server’2007; c) purely Lithuanian speech 
recognizer based on HMM (Hidden Markov Models) 
modeling. The efficiency of all recognizers was 
evaluated using speech corpora. The results of 
investigation will be used for the development of hybrid 
Lithuanian recognizer. 
 
Keywords: speech recognition, hybrid recognizer, 
recognition accuracy. 
 

1. Introduction 
 

Speech processing provides a natural and intuitive 
interface for the user. People communicate with one 
another through conversation, so it is comfortable and 
efficient to use the same method for communication 
with computers. The use of speech technologies lets us 
to create more natural, intuitive, more reasonable 
information service for much lower operational cost. 
The use of speech interface means that information will 
be available to the user independent from live operator. 
A speech input interface based on speech recognition 
technology has already been applied to many 
applications, but it is in particular important to people 
with physical disabilities [1]. 
The project “Hybrid recognition technology for voice 
interface” was started in Lithuania in 2012. The main 
goal of the project is to develop hybrid voice commands 
recognition technology and implement it in the first 
practical informative service using recognition of 
Lithuanian voice commands. The informative service is 
oriented to the workplace of physician/ pharmacist and 
seeks to support/ to speed up the search of the necessary 

information in pharmaceutical data base. The 
possibilities to fill the internet forms by voice will be 
investigated during the project too.   
The careful investigation of the vocabulary used in such 
task showed that most of the commands could be 
constructed from the digit names or digit strings, e.g. 
the person could be identified from the personal code, 
the disease name is coded using letter name and several 
digit names, other important information for the 
successful filling of the form is the date when patient 
went sick and the duration of the leave. All these 
considerations leave to the conclusion that the 
recognition of the digit names is of the essential 
importance for the successful implementation of such 
service. 
 

2. Hybrid recognition technology 
 

This hybrid approach to speech recognition is based on 
the idea that some foreign language (non-Lithuanian) 
HMM-based speech recognizer (referred to as basic 
recognizer) can be adapted to recognize a large set of 
Lithuanian voice commands. This approach also states 
that this basic recognizer can be combined and extended 
with supplementary alternative speech recognition 
techniques that are invoked to process voice commands 
for which the recognition performance of the basic 
engine is less than satisfactory.  
The idea of hybrid approach to speech recognition is not 
new: multiple engines are used in MASTOR system [2].  
During speech recognition in this system, the input 
speech is sent to the multiple engines simultaneously. 
The speech utterance is then recognized by these ASR 
engines in parallel. Each engine then returns its own 
best recognition hypothesis. The ASR hypothesis from 
these multiple engines are further unified, sorted and 
displayed as N-best ASR hypothesis to the users. A 
special algorithm is designed and implemented to 
generate the best ASR result based on these N-best ASR 
hypothesis. 
The hybrid approach of recognizer could be 
implemented using some modifications of the same 
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recognizer, for example, a system might recognize 
speech based on both Mel cepstral coefficients and 
perceptual linear prediction cepstrum, and combine the 
result. Very popular decision of the hybrid recognizer – 
the combination of HMM and neural network based 
recognizers: using MLP (Multi Layer Perceptron) as a 
post processor for HMM, it is possible to improve the 
recognizer performance. The increase in computational 
cost during recognition procedure is negligible, but it 
requires a more sofisticated and longer training 
procedure [3]. Similar hybrid recognition system uses a 
multilayer perceptron to estimate the observation 
likelihoods associated with the states of a HMM [4]. 
The combination of multiple speech recognizers based 
on different signal representations is increasingly 
attracting interest in the speech community – the 
example of such hybrid approach is hybrid speech 
recognition system based on the combination of 
acoustic and articulatory information [5]. It achieved 
significant word error rate reductions under highly 
noisy conditions on a small-vocabulary numbers 
recognition task. 
In other words all state-of-the-art speech recognition 
systems are using hybrid recognition approach: 
implementing several recognizers operating in parallel 
and combining the results of several recognizers to get 
the final integral decision. So it is hard to expect 
achieve the appropriate recognition results using single 
recognizer as experience of various researchers in the 
field suggests. 
The main point of a hybrid recognizer is a parallel usage 
of two different recognizers expecting that at least one 
of the recognizers will give the right result. 
Another important factor – quite good voice commands 
endpointing using Windows‘7 OS recognizer. A usage 
only of a Lithuanian recognizer would lead to additional 
solving of this problem. 
Additional factor – the HTK-based realization of 
Lithuanian recognizer requires a high performance 
computer (in the project it is foreseen a recognition of 
1000 commands). Therefore the structure “client-
server” of hybrid recognizer was chosen (Fig.1): signal 
is applied to the basic recognizer (it should be 
Windows'7 OS Spanish language recognizer). If the 
confidence measure of  recognized command  is less 
than fixed threshold or there are some similar  
hypotheses of voice command, then the input signal is 
transmitted to the web server running the Lithuanian 
recognizer (or speech server MSS'2007). It returns 
recognition result to the client computer decision-
making unit, forming the final recognition result. 
 

3. Speech corpora 
 
The first step in the development of the above 
mentioned informative service is the collection of the 
drug and medicines speech corpora. These corpora will 
be used to adapt foreign language speech recognizer 
and to train proprietary recognizer. This is costly and 
time consuming process and it should be ended in 2013. 
Trying to evaluate the possibilities and the efficiency of 
some recognizers we carried on several experiments 

using earlier prepared corpora of Lithuanian digit 
names.  
 

 

Fig. 1. Bloc-diagram of hybrid recognizer 
 

For our experiments with Lithuanian digit names, 
speech corpus HKL7 was collected, which contain 
utterances from 20 different speakers (5 speaker-men, 
15 speaker-women). Each speaker pronounced 10 digit 
names 20 times at sampling rate 16 kHz.  This corpus 
was used for selecting the transcriptions of Lithuanian 
digit names, suitable for the Microsoft Speech 
Server’2007 (MSS’2007). 
The additional speech corpus HKL8 was prepared from 
10 new speakers (2 speaker-men, 8 speaker-women) for 
the testing procedure of MSS’2007. 
Speech server needs telephony format of speech input, 
so speech corpora were adopted by down-sampling the 
speech corpora from the original 16 kHz to 8 kHz 
sampling rate. 
HTK-based recognizer [6] requires separate speech files 
of WAV format, so speech corpora HKL7 and HKL8 
should be segmented before investigations. We used 
earlier collected speech corpus SKAIC (50 speaker-
men, 50 speaker-women). Each speaker pronounced 10 
digit names 20 times at sampling rate 16 kHz. The 
shortcoming of this speech corpus is that some 
recordings are damaged, so the manual verification of 
speech corpus is needful. 
 

4. Investigation of MSS’2007 speech recognizer 
 

Microsoft Office Communications Server Speech Server 
(MSS’2007) [7] was chosen as the pretender to be used 
in the hybrid recognizer. It performs speech recognition, 
speech synthesis and telephony control operations. 
MSS’2007 has some language recognizers to choose 
from, but our earlier experiments showed, that  
Microsoft Speech Recognizer 9.0 for MSS (Spanish-US) 
provides significantly better results of Lithuanian digit 
names recognition comparing with English, German or 
French speech recognizers [8]. 
First of all Lithuanian digit names were rewritten to 
Spanish language transcriptions using “synthesis”, i.e., 
each Lithuanian digit name was synthesized with 
Spanish language synthesizer and the most similar to 
Lithuanian pronunciation Spanish transcriptions of digit 
names were selected. The number of found 
transcriptions for each digit was unequal: for a short 
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number, as “du”, 7 transcriptions were enough, but for 
longer digits (“septyni”, “aštuoni”) - 10 transcriptions 
were selected. 
At the initial transcription selection stage, a separate 
grammar and test were prepared for each digit. Two 
speakers (man and woman) took part in the 
experiments. Each digit was spoken 100 times through 
the microphone: the recognized transcriptions were 
selected as the winners. If the same digit had more than 
one recognized transcription, all those transcriptions 
were used for further research and testing. 
The averaged recognition accuracy of ten Lithuanian 
digit names using Spanish MSS’2007 engine and HKL7 
speech corpus was equal to 97.0%.  
After that new transcriptions were added for the worst 
recognized digit names and the testing experiments with 
HKL7 and HKL8 speech corpora were done.  
The averaged recognition accuracy of ten Lithuanian 
digit names is shown in the table 1. 
 
Table 1. Accuracy of digit names recognition by MSS’2007 
Spanish recognizer 

Digit name Accuracy, % 
Nulis 99.67 

Vienas 100 
Du 98.8 

Trys 99.5 
Keturi 95.5 
Penki 100 
Šeši 99 

Septyni 99.8 
Aštuoni 100 
Devyni 100 

Average 99.23 

 
The average accuracy of digit names recognition by 
MSS’2007 Spanish recognizer is 99.33%. The worst 
recognized digit is “keturi”. The average recognition 
accuracies of females (23 speakers) and males (7 
speakers) are 99.3% and 98.6%. 
 

5. Investigation of the adapted foreign language 
recognizer 

 
Our earlier experiments showed, that  Microsoft Speech 
Recognizer 8.0 (Spanish-US) provides significantly 
better results of Lithuanian digit names recognition 
comparing with English and other recognizers, 
implemented in Windows’7 operation system [9]. So 
the above mentioned recognizer was selected as the 
basic recognizer.  
The testing experiments with HKL7 and HKL8 speech 
corpora were done using Spanish recognizer 8.0 and the 
same Lithuanian digit names transcriptions as in the 
MSS’2007 speech server case. The averaged 
recognition accuracy of ten Lithuanian digit names is 
shown in the table 2. 
The average accuracy of digit names recognition by 
Spanish recognizer 8.0 is 96.08%. The worst recognized 
digit is “du”. The average recognition accuracies of 

females (23 speakers) and males (7 speakers) are 97% 
and 93%. 
 
Table 2. Accuracy of digit names recognition by Spanish 
recognizer 8.0 

Digit name Accuracy, %  
Nulis 95 

Vienas 94.5 
Du 84.5 

Trys 99.33 
Keturi 92.17 
Penki 98.5 
Šeši 99.67 

Septyni 99.17 
Aštuoni 99.67 
Devyni 98.33 

Average 96.08 
 

6. Investigation of Lithuanian speech recognizer 
 
For the development of Lithuanian speech recognizer 
well known continuous density hidden Markov models 
(CD-HMM) approach has been used. The core of the 
Lithuanian recognizer is HMM models of Lithuanian 
phonetic units which are trained in offline mode. 
Experiment described in this section is based on the 
acoustic models that were obtained/trained on a 
previously collected general purpose corpus of read 
speech (about 50 hour recordings) [10].  
Speech recordings were transformed to the feature 
vectors. The recordings were sampled at 16 kHz, split 
into 20 ms duration frames using 10 ms displacement. 
Then 12 mel-frequency cepstrum coefficients (MFCC) 
were obtained out of 26 outputs of triangular filters 
linearly spaced in the nonlinear mel-frequency scale 
using discrete cosine transform. In addition to 12 
cepstral coefficients 12 first and second order cepstrum 
change rate coefficients (derivatives) were calculated. 
These coefficients together with energy, first and 
second order energy derivatives were packed to make a 
single vector of 39 coefficients for each 20 ms signal 
frame. For the description of acoustic units the set of 
141 monophones were used [11]. Lithuanian HMM 
speech recognizer was trained following the sequence 
of processing steps described in [6] and [10].  
The averaged recognition accuracy of ten Lithuanian 
digit names is shown in the table 3. 
The average accuracy of digit names recognition by 
HTK-based Lithuanian recognizer is 98.76%. The worst 
recognized digit is “trys”. 
 

7. Comparison of three recognizers 
 
The accuracy of digit names recognition by three 
recognizers is presented in Fig. 2. It could be seen that 
the accuracy achieved with Microsoft Speech server 
Spanish recognizer 9.0 wasn’t achieved with the 
computers using Microsoft Windows with Spanish 
speech recognizer 8.0, but the hybrid approach of these 
recognizers should be useful for the recognition of digit 
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“du”. Both recognizers have problems with the 
recognition of digit “keturi”.  
 
Table 3. Accuracy of digit names recognition by Lithuanian 
HTK-based recognizer 

Digit name Accuracy, %  
Nulis 99.78 

Vienas 99.84 
Du 98.13 

Trys 94.65 
Keturi 99.18 
Penki 99.23 
Šeši 99.85 

Septyni 99.24 
Aštuoni 98.8 
Devyni 98.94 

Average 98.76 
 
Lithuanian HTK-based recognizer outperforms Spanish 
speech recognizer 8.0, but lightly loses to MSS’2007 
speech recognizer. The hybrid approach of Lithuanian 
and Spanish recognizers should be useful for the 
recognition of digits  “du”, “trys” and “keturi”.  
 

 

Fig. 2. Accuracy of digit names recognition by three 
recognizers 
 

8. Conclusions 
 

The experiments showed that Lithuanian recognizer 
outperformed an adapted Spanish language recognizer 
implemented in Windows’7 operation system and 
operated similarly well as MSS’2007 speech server 
Spanish recognizer, even if it was trained on a general 
purpose speech corpus.  
The error analysis showed that errors made by different 
recognizers aren’t exactly correlated and the 
performance of one recognizer may be used for the 
improvement of performance of the other recognizer. 
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Abstract: One of the modern approaches, which are 
used in the last years, is the development of control 
systems for automation manufacturing systems based on 
IEC 61499 function blocks. Function blocks (FBs) are 
defined as IEC 61499 standard for distributed industrial 
processes, measurement and control systems for PLC 
control. This paper present an approach for developing a 
control system for sorting station based on IEC 61499 
function blocks. Function Block Development Kit 
(FBDK) is the software tool used for the development 
of the FBs. The developed control system is simulated 
with FBDK and implemented in sorting station FESTO. 
 
Keywords: IEC 61499, PLC, automation control. 
 

1. Introduction 
 

The development in the field of mechanical processing 
is strongly associated with the development and 
application of distributed control systems to achieve 
high-quality products according to the fast changing 
demands of users. In order to achieve an automated 
manufacturing the modern production systems need to 
have decentralized architecture which includes module 
based hardware and software enabling distributed 
control, monitoring and diagnostic of processes in real 
time and dynamic planning of processes and resources 
in the system. One of the ways to implement the 
automated control is the implementation of the 
international standard IEC 61499, which is based on 
function blocks for control of programmable logic 
controllers (PLC). Most of the researches in the field 
from the last years are presenting many different 
approaches to solve the problems of this area – some of 
them are utilizing function blocks, including a multi-
agent control using UML [1,2], reconfiguration of real-
time distributed systems [3], function block-oriented 
engineering support systems [4], motion control design 
in reconfigurable machine tools [5], and implementation 
of a real-time distributed control model using a Java-
based platform [6,7].This paper is focused on the 
development of automated control for sorting station 
FESTO based on the IEC 61499 standard as a first step 

of conception for the development of planning structure 
with reusable IEC 61499 function blocks. 
  

2. Overview of the IEC 61499 standard 
 
The standard defines several basic functional and 
structural entities. They can be used for specification, 
modelling and implementation of distributed control 
applications. Some of them stand for pure software 
components. Others represent logical abstractions of a 
mixed software/hardware nature. The main functional 
entities are function block types, resource types, device 
types, and applications that are built of function block 
instances [8]. 
The standard defines several types of blocks: basic 
function blocks, service interface function blocks, and 
composite function blocks. Although the term function 
block is known from IEC 61131, a function block of 
IEC 61499 is different from IEC61131 function blocks. 
Fig. 1 shows a function block interface. The upper part 
is often referred to as the “head” and the lower as the  
 

 
 

Fig. 1. Function block interface according the IEC 61499 
standard [8] 
 
“body” of the function block. A block may have inputs 
and outputs. There is a clear distinction between data 
and event input/output signals. Events serve for 
synchronization and interactions among the execution 
control mechanisms. In the graphical representation in 
Fig. 1, the event inputs and outputs are associated with 
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the head of the function block, and the data inputs and 
outputs are associated with the body [8]. 
 
2.1. Basic Function Blocks 
 
Basic function blocks (BFB) are software structures 
intended to implement basic functions of distributed 
control applications. 
The standard says that in addition to inputs and outputs, 
the internal structure of a basic function block may 
include internal variables, one or more several 
algorithms and an Execution Control Chart (ECC). 
The algorithm represents a piece of software code 
operating on the common input, output and internal data 
of the function block. 
An ECC (Fig. 2) consists of states with associated 
actions (designated by ovals) and of state transitions 
(designated by arrows). The actions contain algorithms 
to invoke and output events to issue upon the 
completion of the algorithms’ execution [8]. 
Each state transition is labelled with a BOOLEAN 
condition that is a logic expression utilizing one or more 
event input variables, input variables, output variables, 
or internal variables of the function block.  
 
 

 
 

Fig. 2. Execution Control Chart of a basic function block [8] 
 
2.2. Composite Function Blocks 
 
In sharp contrast to the BFBs, the Composite function 
blocks (CFBs) are defined by a network of 
interconnected function blocks which are situated in the 
CFB (Fig. 3).  
 

 
 

Fig. 3. An example of Composite function block [8] 

More precisely, members of the network are instances 
of function block types which can be either BFBs, or 
other CFBs. Therefore, hierarchical applications can be 
built. 
It is important to note that CFBs have no internal 
variables, except for those storing the values of input 
and output events and data. Thus, the functionality of 
CFBs completely depends on the state and behaviour of 
the constituent function blocks and their 
interconnections by events and data. Along with BFBs, 
the CFBs are intended to be main instruments of an 
application developer [9]. 
 
2.3. Service Interface Function Blocks 
 
In contrast to BFBs and CFBs, Service Interface 
Function Blocks (SIFB) are not intended to be 
developed by an application developer. These have to 
be provided by vendors of the corresponding equipment, 
e.g. controllers, field buses, remote input/output 
modules, intelligent sensors and so on.  
To hide the implementation-specific details of the 
system from the application, the IEC 61499 defines the 
concept of services the system provides to an 
application. A service is a functional capability of a 
resource that is made available to an application. A 
service is specified by a sequence of service primitives 
which define properties of the interaction between an 
application and a resource during the service. The 
service primitives are specified in a graphical form of 
the time-sequence diagrams [9].  
 
3. Sorting Station - overview of the station, actuators 

and sensors 
 

The sorting station FESTO is used for distributing 
cylindrical objects based on detection by optical and 
inductive sensors. The received parts are distributed 
through classification of material (metal) and colour 
(red and black). The control is performed by a 
programmable logic controller (PLC) Netmaster which 
is not a component of the station but has a Java Virtual 
Machine (JVM) installed on it. The availability of JVM 
enables the integration of pre-designed function blocks 
according to the IEC 61499 standard. The station 
consists of the following modules: sorting conveyor 
module, slide module, profile plate. Fig. 4 shows the 
sorting station. 
 

 
 

Fig. 4. Sorting station FESTO  
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On the sorting conveyor module are situated most of the 
sensors and all of the actuators. Fig. 5 shows these 
sensors. 
The optic sensor (PART_AV) detects if there is a work 
piece at the beginning of the sorting conveyor module. 
If there is one the program for distribution of the parts is 
started and executed in the following sequence: the 
conveyor DC gear motor is started and the pneumatic 
stopper is off. Then another optic sensor (B3) identifies 
the colour of the work piece (red or black). In close 
proximity there is another inductive sensor (B2) which 
detects if the passing part is metallic or not.  
 

 
 

Fig. 5. Sorting conveyor module [10] 
 
Depending from the information that comes from three 
the sensors the two branches are turned on or off so that 
the parts are distributed on the right place.  
The two branches are switched by the short-stroke 
cylinders which are attached to them (1B2 is to switch 
on the first branch and 2B2 is for the second one). 
The executed program is stopped when a work piece 
pass through the retro-reflective sensor (B4) which is 
not shown on Fig. 5. 
 

4. Development of IEC 61499 function blocks for 
control of the Sorting station 

 
Distributed control architecture based on the IEC 61499 
standard is built on the following key components - 
application, resource, device and system. 
The application is composed by a network of function 
blocks whose data outputs and inputs and event inputs 
and outputs are interconnected. 
The resource is considered to be a functional unit, 
contained in a device that has independent control of its 
operation. It may be created, configured, parameterized, 
and started up, deleted without affecting other resources 
within a device. The functions of a resource are to 
accept data and/or events from the process and/or 
communication interfaces, process the data and/or 
events, and to return data and/or events to the process 
and/or communication interfaces, as specified by the 

applications utilizing the resource [8]. Fig. 6 shows a 
model of a resource. 
The device in the IEC 61499 standard is the basic 
element of a system configuration. The standard 
provides architectural frames for creating models of 
devices, including their subdivision in computationally 
independent resources. A device type is specified by its 
process interface and communication interfaces. A 
device can contain zero or more resources and function 
blocks networks (this option is reserved for the devices 
having no resources) [8]. Fig. 7 presents a model of a 
device. 
 

 
 

Fig. 6. A model of resource [9] 
 
The system is built by one or more devices. The devices 
communicate with each other over communication 
networks. The devices are linked with the controlled 
process via sensor and actor signals. 
When the applications are mapped to the device 
function blocks are assigned to the resources of the 
corresponding devices. In this way a system, 
configuration is formed. A system configuration is 
viable if each device in it supports the function block 
types that are mapped on it. Otherwise the system will 
not run.  
An important stage in the development of applications is 
the configuration of the function blocks. The 
information flows that pass through the function blocks 
are divided in into two main types - flows describing the 
events that occur during the implementation of a 
production process and flows of information containing 
data (different technological parameters) needed to 
implement production processes. 
The control of the sorting station in the presented paper 
is realized by a system configuration which includes a 
device with two resources and an application which is 
designed in the free software Function Block 
Development Kit (FBDK) [11] for the main resource 
with seven BFBs and two SIFBs. 
 

 
 

Fig. 7. A model of device [8] 
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For the same resource was developed another 
application with Composite function blocks. The 
application is arranged hierarchically in three levels. 
To position the work pieces in different order in the 
three channels were designed another five similar in 
structure control systems. 
 
4.1. Development of Basic function blocks control 
system 
 
The sorting station is distributing the work pieces in the 
following order (Fig. 8): on the first position is sorted 
the metallic part, on the second position is sorted the red 
part and on the third position is sorted the black part. 
Once the system is started it generates an event to the 
SIFB "Input" from the function block (FB) 
"E_RESTART" (this block is generated automatically 
when a new resource is created). After receiving this 
event the function block "Input" sends it as initiating 
event (INITO) to the FB "Splitter" and this FB separates 
the event and generates initiating events (INITO_M, 
INITO_B1, INITO_B2, INITO_S) to the following 
blocks: "Motor", "Branch_1", "Branch_2" and 
"Stopper", for whose this is an input event (INIT). 
Finally the FBs generate initiating event (INITO) to the 
FB "Merger", which combines the events 
(INITO_Motor, INITO_Branch_1, INITO_Branch_2, 
INITO_Stopper) and generate initiating event 
(INITO_Output) to the SIFB "Output". Thus, all 
function blocks are activated. 
Receiving a signal from the sensor Part_AV, the service 
interface function block "Input" generate initiating event 
(I0_Part_AV) to the block "Splitter", which divides the 
event and generates output events (Part_AVM and 
Part_AVS) to the function blocks "Motor" and 
"Stopper". The function blocks generate output events 
(Motor_on and Stopper_off) to the service interface 
function block "Output" to start the DC gear motor and 
  

 
 

Fig. 8. Positions for distribution of the work pieces 
 
turn off the stopper. The function block Motor is shown 
on Fig. 9 along with its execution control chart. The 
interfaces and execution control charts of the other 
function blocks from which the IEC 61499 control 
application is consisted are similar and shown in Fig. 10 
- 15. The service interface function blocks “Input” and 
“Output” are presented in Fig. 17 – 18. 

 

 
 

Fig. 9. Interface of the FB Motor and its ECC 
 

 

Fig. 10. Interface of the FB Stopper and its ECC 
 

 

Fig. 11. Interface of the FB Branch 1 and its ECC 
 

 

Fig. 12. Interface of the FB Branch 2 and its ECC 
 
Receiving a signal from the sensor B2, the SIFB "Input" 
generate initiating event (I1_B2_Silver) to the FB 
"Branch_1", which generates output events 
(Air_1B2_on and Air_2B1_off) to the SIFB "Output" 
and the FB "Merge_Air_2B1_off" to turn on branch 1 
and turn off branch 2. 
 

 

Fig. 13. Interface of the FB Splitter and its ECC 
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Fig. 14. Interface of the FB Merger and its ECC 
 

 

Fig. 15. Interface of the FB Merger Air 2B1 off and its ECC
 
Receiving a signal from the sensor B3, SIFB "Input" 
generate initiating event (I2_B3_Red) to the block 
"Branch_2", which generates initiating event 
(Air_2B2_on) to the SIFB "Output" to turn on branch 2. 
Receiving the signal from the sensor B4, SIFB "Input" 
generate initiating event (I3_B4) to the block "Splitter", 
which divides the event and generates output events 
(B4_M, B4_B1, B4_B2 and B4_S) to the FBs "Motor", 
"Branch_1", " Branch_2 "and" Stopper ". The FBs 
generated output events (Motor_off, Air_1B1_off, 
Air_2B1_off and Stopper_on) to the SIFB "Output" to 
turn off the DC gear motor, to turn on the stopper and to 
return to the initial state branch 1 and branch 2 (if some 
of these were turned on).  
 

 

Fig. 16. Interface of the SIFB Input and its ECC 
 

 
 

Fig. 17. Interface of the SIFB Output and its ECC 
 

The application of the system is shown on Fig. 18. 

 
 

Fig. 18. Application of the IEC 61499 control system 
 
The software environment for the development of 
function blocks FBDK allows the simulation of the 
basic functional blocks functions. Each function block 
of the presented control application is simulated before 
the implementation on the PLC of the sorting station. 
The simulation of the basic FB Splitter is shown on Fig. 
19. For the other BFBs the simulation framework is 
similar.  

 
 

Fig. 19. Simulation frame for FB Splitter 
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4.2. Implementation of developed IEC 61499 models 
in control system of sorting station 
  
To bring the sorting station FESTO in operation it is 
necessary to build a communication network between 
the different hardware components that are involved in 
the control system. In order to achieve implementation 
of the communication network which is of local 
character the required components are as follow – 
personal computer (PC), switch, PLC “Netmaster” and 
sorting station. 
The PLC is connected to the PC on which the necessary 
software for the control of the sorting station is loaded. 
The availability of JVM in the PLC “Netmaster” 
enables the integration of pre-designed FB according to 
the IEC 61499 standard, realized with the help of the 
development software FBDK. 
If there is more than one controlled device and that 
device is connected to another PLC, for the 
communication network is required a signal distribution 
device (Switch), through which it is possible to achieve 
distributed control. In this case (for the control of only 
one workstation) it is not necessary to have a switch but, 
thus increasing the possibilities for operation with more 
than one workstation with only one PC. 
The general appearance of the communication control 
network for the sorting station FESTO is shown in Fig. 
20. 
 

 
 

Fig. 20. Communication control network for the sorting 
station FESTO 
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6. Conclusions 
 
The paper presents an approach for the development of 
automation control for FESTO sorting station based on 
IEC 61499 function blocks. The main benefits of the 
proposed approach may be summarized as follows: 

 There are realized six fully developed systems 
for automation control for the sorting station 
based on the IEC 61499 function blocks 
standard. The developed control systems are 
covering all possible scenarios for the 
distribution of the three work pieces (red, silver 
and black); 

 The developed control system is simulated on 
low (application) and high (system) level; 

 The developed models of the basic function 
blocks (thirty-six) are structured in library and 
can be used for the realization of each sorting 
scenario for the FESTO station; 

 For the implementation of the developed IEC 
61499 models a Java based PLC Netmaster is 
used; 

 The developed control system for sorting 
station can be used like a part of every 
distribution control system, based on the IEC 
61499 standard. 
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Abstract: Production methods and systems currently 
used can’t satisfy the new market demands, which is 
leading to the development of new concepts such as 
agile production, reconfigurable manufacturing systems 
etc. The reconfiguration provides the ability to add, 
remove and modify specific work processes as control 
units, software and machine structures. One of the most 
important tasks in the design of reconfigurable 
manufacturing systems (RMSs) is the achievement of 
reconfigurable control systems integrated in different 
functions as control, diagnostic and planning. This 
paper presents an approach for development of 
reconfigurable control system for milling machines 
based on IEC 61499 standard. 

 
Keywords: Reconfigurable Manufacturing Systems 
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1. Introduction 

 
The advances in the field of mechanical processing are 
highly connected with the development and application 
of reconfigurable distributed motion control systems 
supporting the achievement of high product quality and 
rapidly response to the customer needs. The main 
features of mechanical processing systems may be 
summarized as follows: they are composed of a large 
number of tools, their working positions and velocities 
are digitally controlled; for separated technological 
operations only part of the available tools is used; the 
reconfiguration processes concern not only the software, 
but the hardware parts too (changes of tools, fixing of 
mechanical parts etc.); the reconfiguration itself is 
performed during time periods of varying length (from 
hours to days and weeks) etc. The RMSs have an open 
structure that makes possible the integration of new 
technologies and the modification of the systems for a 
new type of manufacture on the basis of adding, 
removing or updating of elements and units in their 
structure. The manufacturing processes involved in an 
RMSs are very complicated, including a large variety of 
products with their geometry and features. The RMSs 
must be responsive to unpredictable (infernal and 

eternal) changes of production capacity and 
functionality with goal to realize both the flexibility and 
dynamism of shop floor operations. For realization of 
automation processes the RMS requires a decentralized 
system architecture, building of reconfigurable 
hardware (developing of module principles) and 
software, including distributed control with real-time 
monitoring and diagnostic, distributed process planning 
and dynamic resource scheduling. One of the way for 
realization of control architecture of RMS is used a 
concept of international standard IEC 61499, which 
developed distributed control structure on the base of 
function blocks. 
The main goal of this paper is to develop a framework 
for control of milling reconfigurable machines using 
IEC 61499 function blocks and its implementation on 
the distributed control system of RMS.. 

 
2. Requirements for reconfigurable machine tools 

 
During the design of the production parts, there are 
several phases that are carried in the following 
sequence: 

 Design of the parts; 
 Planning of the technological process; 
 Design of production system; 
 Process management. 

In the all these phases are using computers, which make 
the process quick and easy for designing. As a result, 
there are many software packages available service, 
which is perform processes such as computer aided 
design (CAD), process planning, automated 
manufacturing (CAM) and others. 
RMS required dynamic configuration, where each of the 
components that make up the system has its own 
characteristics, which determine the overall cost, quality 
and reliability of the system. 
The modular principle of construction and dynamic 
structure of the RMS consider the design of its 
components as a highly complex task. In conventional 
design of specific machines and machine tools, their 
features are optimized based on unique and strictly 
defined architecture. 
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The modular principle of machine tools was designed 
for processing subsystems (mechanical units), for 
components of the translation (use when moving the 
axes of the machine, for replacing the components of 
the transport system) and to support specific 
configuration. One of the main advantages of modular 
design [1] is the ability to reuse the modules. Single 
modules of the modular production system, that not 
used anymore, can be removed and integrated into other 
production systems, reducing investments for new 
equipment. 
One of the key factors involved in evaluating the quality 
of a product is the accuracy machining. To achieve a 
high accuracy of manufacturing operations, it is 
necessary to correlate the data for the process measured 
in real time by sensors, positioned in the work area with 
predefined characteristics of the production process that 
are stored in a database. Thereby aims to prevent 
production accidents that may lead to suspension of the 
machine and to the quality of manufactured parts. 
Sensor data measured in real time can be used to 
evaluate: 

 Errors dimensional (geometric accuracy); 
 Quality of the processed surface; 
 Thermal deformation during the process; 
 Geometric deformation of the machine and 

workpiece; 
 Vibrations; 
 Cutting forces etc. 

Regardless of the type of process in modern machine 
tools with intelligent control, there is a set of key 
components to be checked by the system and that is 
divided into data processing, consisting of 

 Sensor system for collecting data; 
 Program for processing signals received from 

the sensor system; 
 Program data analysis and classification of the 

results. 
An essential part of the reconfigurable machine tool 
(RMT) is software, whereby tasks is performed at 
different levels, such as: control, monitoring and 
communication of mechanical, electrical and electronic 
nodes (low-level), as well as tasks at a higher level such 
as planning and control of the technological processes, 
user interfaces, collection and generalization of data 
from the processes, etc. Therefore the structure and 
functionality of the communication and control software 
are exceptionally important and directly affect to the 
work quality of the whole processing system. 

 
3. Reconfigurable machine tools control with IEC 

61499 function blocks 
 

The core of cutting processes control in RMT are the 
motion control systems, which are highly incompatible 
in respect to their engineering, implementation and 
reusability. With the advent of machines program 
control and their further development (CNC machine 
tools) leads to a radical transformation of existing 
production. CNC machine tools allow for increasing the 
quality of products and reduce their cost. 
CNC machines are equipped with their own control 

systems so that users can not access the controller and 
further modification of the system is either impossible 
or too long [2, 3]. This type of management is not able 
to guarantee the basic characteristics of RMS. To 
achieve this, the system controls to be an open 
architecture, ie to allow continuous modification. The 
current commercially available controllers offer very 
limited users access options for modification and 
reprogramming (e.g. controllers for motion control of 
axes) as a fixed control structure (e.g. traditional PID-
controllers). 
The standardization process initiated from the world-
wide association PLCopen aims to reduce these 
negative factors through supporting the development of 
reusable, scalable and hardware independent motion 
control applications based on IEC61131-3 standard [4] 
and defining function block library for motion control 
[5]. The main drawback in using the proposed library 
but is that it can not be used for design of reconfigurable 
and distributed motion control application. 
The analysis of the function block library developed by 
the organization shows that it is a powerful tool in the 
development of control system for the variety of cutting 
operations (drilling, reaming, core drilling etc.). The 
main problem is but their usage for designing of 
distributed control systems, which more fully reply to 
the requirements for dynamical reconfigurablity of the 
control system. The architecture of such control projects 
is underlined in the IEC61499 that is the new standard 
supporting the development of distributed process 
measurements and control systems through proposed set 
of reference models and reference architecture based on 
the Function Block (FB) concept and that can be seen as 
a logical continuation of the IEC61131 standard [6].  
IEC 61499 standard defines the basic concepts, models 
and reference architecture for design of modular, re-
usable, open and vendor independent distributed control 
applications, characterized through the three main 
features: interoperability, portability and configurability. 
This standard uses the function block concept as a main 
building block of a control system, represented at the 
different level of integration – device, resource and 
application. One of the most widely used tool for 
development of IEC61499 based FB and applications is 
the Function Block Development Kit (FBDK) of 
Rockwell Automation, consisting of two basic parts: FB 
Editor as a development environment and FBRT as a 
run time platform [7]. 
In each machine tool the cutting process is realized in 
one or more transitions characterized by two different 
motions: 

 Primary motion – it is characterized with two 
components – velocity and direction (primary 
and reverse turning motion); 

 Feed motion – characterized again with two 
components – velocity, fast and cutting feed 
motion, and direction (primary and reverse 
straightforward motion). The feed motion can 
be realized for one or more axis – it’s depends 
on the type of technological operation. 

IEC 61499 Standard defines the basic concepts, models 
and reference architecture for design of modular, re-
usable, open and vendor independent distributed control 
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applications, characterized through the three main 
features: interoperability, portability and configurability. 
This standard uses the function block concept as a main 
building block of a control system, represented at the 
different level of integration – device, resource and 
application.  
The basic elements for realization of functional block 
concept are Basic Function Block (BFB), Composite 
Function Block (CFB) and Service Interface Function 
Block (SIFB). An application model is a network of FBs 
and may be executed by one or more devices, including 
one or more resources. On the base of these building 
components are developing different applications, 
resources and devices, which consists in the control 
system of the manufacturing station. The basic function 
block is presented by an input and an output interface 
composed of input and output events and data. The 
internal view of a basic function block includes an 
Execution Control Chart (ECC), internal data and 
internal algorithms. The ECC is a state machine used to 
control the execution of algorithms associated to the 
function block. A function block is characterized by its 
type name and instance name, which are used to identify 
a function block, the event and data inputs and outputs 
are required for the interconnection of different function 
blocks to function block systems, while the ECC, 
internal data and internal algorithm describe the internal 
behaviour of the function block.  
The kernel of the function block is its Execution Control 
Chart. An ECC consist of states, transitions and actions, 
which invokes the execution of the algorithms, which 
are associated to the ECC states, in response to event 
inputs. One of the states is initial state and other 
execution control states may have one or more 
execution control actions associated. Each execution 
control actions may have one algorithm or one output 
event associated. The evaluation of the ECC state 
machine from an execution control state to other is 
realized by the execution control transitions. In general 
the ECC is the relationships between events and 
algorithm executions, which are specified by the special 
kind of even-driven state machines. 
The main cutting processes for reconfigurable milling 
station are milling operations (slab milling, face milling, 
end milling, form milling, slot milling, slitting and 
contour milling) and drilling operations (drilling, core 
drilling, reaming, thread cutting and boring with boring 
bar). The implementation of one or another process or 
all of them in some sequence depends on the 
requirements of accuracy and surface roughness of 
processed surfaces. The cutting operations are executed 
on milling, drilling and drilling-boring tools, but lathes 
and aggregate machining tools also may be used. 
The considered milling reconfigurable workstation 
consists of the following basic axes – one for primary 
motion (in this case vertical milling cutting head by Z 
axe) and three for feed motions – by X, Y and Z axes. 
The motion by each of these axes is realized from 
separate motor (Fig.1) 

 

 
 

Fig. 1. Reconfigurable milling workstation (RMW) with three 
axes (X, Y, Z) and vertical cutting head 

 
The combination of different cutting processes (milling, 
drilling and etc.) puts special requirements towards the 
processing parts, the additions and properties of billets, 
the methods for grounding, fixing and tightening of 
cutting processes parts and special attention towards the 
differentiation of technological operations and the 
sequence of their execution. The workstation allows the 
performance of different cutting operations which are 
built concerning the specific requirements and 
technological specifications. The technology of cutting 
processes requires different precedence and obligatory 
constraints. 
For designing of control system with IEC 61499 
function blocks the first step is to develop in software 
package FBDK system model (Fig. 2) 

 

 
 

Fig. 2. IEC 61499 system model of RMW with three axes 
 
The next step is to build the models of devices, which 
consists in the control system – in this case that will be 
one device for primary motion and three devices for 
feed motions (by one device for each of the translation 
axes – X, Y and Z). The device level is shown in Fig. 3. 
Every device from the control system consist one 
resource with one application with several functional 
blocks. 
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Fig. 3. IEC 61499 device model of RMW with three axes 
 
Conditionally applications can be divided into two main 
types – the primary and the feed motions. The internal 
network of the primary motion consists of instances of 
the following basic function blocks: 
“Primary_Motion_Z_Vertical” (Fig. 4) and “E_Ton” 
(Fig. 5). The basic FB “Primary_Motion_Z_Vertical” 
performs the primary spindle motion by technologically 
determined revolution. FB “E_Ton” is use in the case 
when is need reverse of the direction of the motion. 
When “Е_Ton” is started the primary motor is stopped. 
After 500 ms, the primary motor is reversed by direction 
and is turned on. 

 

 
 

Fig. 4. Basic FB for primary motion with ECC 
 

 
 

Fig. 5. Basic FB for primary and feed motions 
 
The application in resource level for primary motion is 
shown in the Fig. 6. 

 

 
 

Fig. 6. The IEC 61499 application for primary motion 

 
The IEC 61499 application for primary motion include basic 
FB “Start” (generating on application in FBDK), FB 
“Primary_Motion_Axis_Z_Vertical” and two Service 
Interface Function Blocks – “Input_Primary_Z” and 
“Output_Primary_Z” (Fig. 7). 

 

 
 

Fig. 7. SIFB for primary motion – “Input_Primary_Z” and 
“Output_Primary_Z” 
 
When is need reverse of the primary motion (for example 
when is realize technological operation thread cutting) is 
necessary to add FB “E_Ton” and second FB 
“Primary_Motion_Axis_Z_Vertical” (Fig. 8) 

 

 
 

Fig. 8. The IEC 61499 application for primary motion with 
reverse 
 
The internal network of the feed motion is separate for 
each axis and consists of instances of the following 
basic function blocks: 

 “Feed_Motion_X_Absolute” (Fig. 9), 
“Feed_Motion_X_Relative” (Fig. 10)   and 
“E_Ton” (Fig. 5); 

 “Feed_Motion_Y_Absolute”, 
“Feed_Motion_Y_Relative” and “E_Ton”; 

 “Feed_Motion_Z_Absolute”, 
“Feed_Motion_Z_Relative” and “E_Ton”. 

The FB “Feed_Motion_X_Absolute” is using when the 
cutting instrument going from start point of the 
workstation to point, when will be start cutting 
operation. 

 

 
 

Fig. 9. Basic FB for feed motion in axis Z (fast motion) 
 
The FB “Feed_Motion_X_Relative” (Fig. 10) is using 
when the cutting tool starting the cutting operation 
(from point to point). 
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Fig. 10. Basic FB for feed motion in axis Z (cutting motion) 
 
To reverse the direction of feed motion again is using 
the FB “E_Ton”. For example, when is realizing 
reaming operation (for this workstation will be used 
primary motion by axis Z and feed motion by axis Z), 
the IEC 61499 application for feed motion will be build 
like a sequence of the next FBs - “Feed Motion Z 
Absolute”, “Feed Motion Z Relative”, “E Ton”, “Feed 
Motion Z Relative” and “Feed Motion Z Absolute”. In 
the Fig. 11 is shown the technological scheme of 
reaming operation, as long as in Fig. 12 is present the 
application for feed motion of this operation. 

 

 
 

Fig. 11. Technological scheme of reaming 
 

 
 

Fig. 12. The IEC 61499 application for feed motion of 
reaming 
 
For other axes (X and Y) the function blocks such as 
similar instances, when the difference is in the use of 
various technological data processed by control 
algorithms in the body of the function block. 
For the processing of complex shapes by milling is 
necessary to realized coordination of feed motions in the 
three axes. The trajectory of the tool is performed by 
setting points in the coordinate system (X, Y, Z), and 

for this purpose the application of FBs are designed in 
the required sequence. 
 
4. Reconfiguration of the control system for milling 

and drilling technological operations 
 

The cutting sequence is determined through solving of 
optimal scheduling task by previously defined 
precedence and technological constraints. The 
workstation with vertical milling head, shown in Fig.1, 
performs four motions – one primary motion and three 
feed motion (by X, Y and Z axes). In the case of 
changes due to internal or external disturbances, the 
presented workstation must adapt to the new 
requirements through reconfiguration on hardware 
and/or software levels.  
The hardware reconfiguration is realized through 
adding, modifying or removing of axis in the 
workstation configuration. The workstation components 
are designed on modular principle, which allows the 
accomplishment of modifications at machine level. 
Hardware reconfiguration through adding axes (A and 
C) is presented on Fig. 13. The new configuration has 
additional axes whose control should be added to the 
control system of workstation.  

 
 

Fig. 13. Reconfigurable milling workstation with five axes (X, 
Y, Z, A, C) and vertical cutting head 
 
This configuration (Fig. 13) of the workstation provides 
one primary and five feed motion (three translation and 
two rotary motions). The control of “new” axes should 
be “added” to IEC-61499 based control model of the 
workstation. It can be realized at the application level, 
when a new resources, for the additional feed motions 
are inserted to the control model. From the structural 
point of view, the added feed motion models consists of 
similar basic function blocks as the existing one Feed 
Motion Absolute”, “Feed Motion Relative”, and “Е 
Ton”), but with different technological parameters for 
the required cutting operation. Inserted FBs at the 
application level changes the IEC-61499 based control 
model at the device level of considered workstation too 
– added new two devices (“DEV Feed Motion A” and 
“DEV Feed Motion C”). The hardware reconfiguration 
will be change the vertical spindle with horizontal, but 
for control system this change would not lead to 
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significant changes. In the same way the motion on one 
or more axis may be removed and the reconfiguration of 
control system will be expressed in removing the 
corresponding IEC-61499 based FBs for the removed 
feed motion. And again alterations of control structure 
on the application and device level are needed. So, the 
distributed control structure facilitates the 
reconfigurability of the system through inserting, 
deleting and replacing IEC-61499 based functional 
components. Another case of control system 
reconfiguration is when only changing the type of 
processing part, without changes in the axes. In this 
situation reconfiguration will be realize through adding, 
and deleting of FBs, or change the sequence of 
execution of control algorithms. Generally,   the 
developed FBs can to structured in library and reusing 
for different technological operations. For designing of 
control system for each configuration of machine tool 
can to use the next FBs (Table 1). 

 
Table 1. Library of reusable basic function blocks 

 

IEC 61499 control motion basic FBs 

Cutting 
operation 

Primary Motion Feed Motion 

Milling Operations 

Slab Milling, 
Face Milling, 
End Milling, 
Form Milling, 
Slotting, 
Slitting, 
Contour Milling 

Primary Motion 
Axis Z 

Feed Motion X 
Absolute, 
Feed Motion X 
Relative, 
Feed Motion Y 
Absolute, 
Feed Motion Y 
Relative, 
Feed Motion Z 
Absolute, 
Feed Motion Z 
Relative, 
Feed Motion A 
Absolute, 
Feed Motion A 
Relative, 
Feed Motion C 
Absolute, 
Feed Motion C 
Relative, 
E Ton 

Drilling Operations 

Drilling, 
Core Drilling. 
Reaming, 
Boring, 
Thread Cutting 

Primary Motion 
Axis Z, 
E Ton 

Feed Motion Z 
Absolute, 
Feed Motion Z 
Relative, 
E Ton 

 
In the presented reconfigurable milling machine tool 
can to adding not only feed motion axes but and second 
spindle. In this case to the library of IEC control basic 
motion FBs will be added new instance of basic FB – 
Primary Motion Axis (X or Y) and to the system level – 

new device, which will be analogical like structure of 
the device of primary motion by axis Z.  
 

5. Conclusions 
 

The paper briefly introduces the concept for 
reconfiguration of the milling machine tools with 
reusable function blocks on the base of IEC-61499 
standard. The reconfiguration is presented like a 
function of the consumer requirements change and can 
to realize in the hardware level – adding and removing 
of the axes of motion and in the software level – 
changing or modifying the control functions and 
algorithms. The main benefits of the proposed approach 
may be summarized as follows: 

 The proposed approach supports the reusability 
of developed  motion control models for 
milling and drilling cutting operations in the 
reconfigurable milling machine tool through 
the applied IEC61499 based reusable models; 

 The presented distributed control system is 
designed from devices for each motion axis, 
resources and applications; 

 For realizing the control functions of the 
milling and drilling operations are developed 
library of basic function blocks for primary and 
feed motions. 

 
6. References 

 
1. Toenshoff, H. K., Schnuelle A. - High Productive 

And Reconfigurable Manufacturing Systems 
(HIRARMS), Institute for Production Engineering 
and Machine Tools (IFW), University of Hanover, 
2001. 

2. Gopalakrishnan V., Fedewa D., Mehrabi M.G., Kota 
S., Orlandea N., “Parallel Structures and their 
applications in reconfigurable machining systems”, 
J. of Manufacturing Science and Engineering, May, 
Vol.124, pp.483., 2002. 

3. Park  E., D. M. Tilbury, P. P. Khargonekar, "A 
Modeling and Analysis Methodology for Modular 
Logic Controllers of Machining Systems with Auto, 
Hand and Manual Modes”, Proceedings of the 
American Control Conference, Chicago, 2000, pp. 
3158-3164. 

4. IEC65B/WG7/TF3, IEC61131-3, Programmable 
controllers – programming languages, 1998. 

5. PLCopen TC2, Function Blocks for Motion Control, 2005. 
http://www.plcopen.org/forms/motioncontrol.htm. 

6. IEC TC65/WG6, International Standard IEC61499, 
Function Blocks, Part 1 - Part 4, International 
Electrotechnical Commission (IEC), IEC Press, 
January, 2005. 

7. Holobloc Inc., Function Block Development Kit 
(FBDK), http://www.holobloc.org. 

 
 

24



 

The 8th International Conference on 
Electrical and Control Technologies 
May 2–3, 2013, Kaunas, Lithuania 

 

 HEXAPOD WALKING ROBOT ENERGY CONSUMPTION DEPENDENCE ON 
THE NUMBER OF LEGS SET ON THE SURFACE 

 
 

Mindaugas LUNECKAS, Tomas LUNECKAS, Dainius UDRIS 
Automation Department, Electronics Faculty, Vilnius Gediminas Technical University, Vilnius, Lithuania 

 
 
 
Abstract: Energy consumption is one of the biggest 
issues for walking robots. Due to the problem in 
selecting gaits for different tasks, the calculation of 
power consumption becomes important. Energy 
consumption dependence on the number of legs set on  
the surface of a hexapod walking robot is investigated  
in this paper. Cases with six, three and zero legs set on 
the surface are evaluated. Experiments were carried out 
only on even terrain. In addition, the force distribution 
between feet of a hexapod robot is taken into account. 
Results clearly show that the energy consumption of a 
walking robot increases as the number of legs set on the 
surface decreases. The paper also discusses possible 
energy consumption of different gaits, future plans and 
experiments. 
 
Keywords: hexapod robot, energy consumption, foot 
force distribution, legged locomotion. 
 

1. Introduction 
 
Autonomous walking robots are far more superior to 
those of wheeled machines due to the ability to 
overcome very rough terrain [1]. Hexapod type robots, 
as compared to those with fewer legs, have the 
advantage of walking, when one or two legs brake or 
stop functioning [2]. They are considered being one of 
the most stable and flexible. Also, hexapod robots offer 
a great number of different gaits and require the least 
complex control methods [3]. However, legged 
locomotion has a disadvantage of having to carry its 
own frame and driving parts which indicates poor 
energy efficiency [2]. Therefore, a great number of 
various hexapod robots have been created and a series 
of different experiments carried out to test legged 
locomotion and power consumption in various tasks. 
While having the problems like leg movement and 
planning [4], robot navigation [5] or surface analysis [6, 
7] solved with various methods, energy consumption of 
walking robots remain of much bigger complexity. The 
problems arise from attempts to simulate real biological 
organisms. As paper [8] suggests, animals tend to 

evolve the best possible structures and behaviours, 
which means that robotic machines should be 
programmed to act the same. In addition to simulation 
problems, there is also a great number of possible tests. 
Changing different parameters require a completely new 
observation of energy consumption. 
In paper [2], only a power consumption dependence on 
different gaits while robot is turning is observed. 
Mainly, because observing power consumption of 
straight motion is quite unnecessary. Experimental 
results showed that hexapod robot uses least power 
when moving by wave gait. Higher movement speeds 
and gaits with a smaller number of supporting legs 
require higher power consumption. 
Another method used to lower energy consumption of a 
hexapod is to observe torque changes of each joint 
while robot is moving. This method is discussed in 
paper [3]. The main goal of this method is to calculate 
torques for each leg correctly, so when moving, energy 
consumption is the lowest. Unfortunately, hexapod 
model used during experiment had no similarities to any 
of the real animals or insects, and comparing to some of 
quadruped or biped machines, energy consumption is 
still far away from any real numbers. 
 

2. Problem formulation 
 
As mentioned before, energy consumption remains of 
great importance for six-legged locomotion. Still a great 
number of experiments have to be carried out before 
hexapod robots can finally be used in various tasks, 
such as planetary exploration [9], underground mining 
and deactivation of bombs [3], moving through 
catastrophic and hazardous environments [10] or 
carrying cargo [11]. 
Despite the fact that some experiments mentioned in 
section 1 showed great results, none of them 
particularly tested energy consumption dependence on 
the number of legs set on the surface while hexapod 
machine is not moving. The problem is in difficulty to 
understand energy consumption dynamics without 
having the information about the static characteristics. 
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The static characteristics of hexapod robots energy 
consumption are investigated in this paper. First, the 
force distribution between feet is calculated to 
understand the possible outcome. It is widely discussed 
in section 3. In order to see whether energy 
consumption dependence on the number of legs set on 
the surface and different force distribution cases are 
proportional, experiments are made. 

 
3. Force distribution 

 
Calculating force distribution between all hexapod 
robots feet is very important. Knowing the forces in 
each leg in different robot states would help understand 
the possible results of experiment. 
Force distribution for three different cases is calculated. 
Each case differs from other by the number of legs set 
on the surface. In first case, force distribution for six 
legs set on the surface is calculated. In second case, 
force distribution for three legs set on the surface is 
calculated. In third case – force distribution for none 
legs set on the surface is calculated. 
The first and the third cases are similar because force 
between feet is distributed equally. The second case is a 
bit more complex than the other two due to the different 
force distribution on the left and the right sides. 
 

 
 

Fig. 1. Hexapod robot model with no legs set on the 
surface 

 
Having no legs set on the surface, makes it easy to 
calculate force for each individual actuator, because 
each of them has to carry the weight of only the lower 
part of the leg. Having that said, we only need to 
calculate force for one leg, or more precisely, one servo 

actuator (Fig. 1). With that in mind, normal force 0F  

for one actuator, while no legs are set on the surface, 
can be calculated by: 

 

0 femur tibia servoF M M M   ;                (1) 

 
where 

femurM  and 
tibiaM  – weight of the femur and tibia 

parts of the leg as shown in Fig. 1. 
Hexapod robot model, while all six legs are positioned 
on the surface, is shown in Fig. 2. 

 

 
 

Fig. 2. Hexapod robot model with six legs set on the 
surface 

 
In this case, all six legs have to carry the weight of the 
robot, which includes the weight of the robots main 
body 

frameM , weight of all actuators servoM , weight of 

the battery 
batteryM , and the weight of all legs. Also, as 

mentioned before, force is equal for each foot, so, the 

normal force 1F  can now be found by: 

 

   1

18

6
( )

frame servo battery

coxa femur tibia

M M M
F

M M M

  
 

  
.        (2) 

 
Now, in the last case, comparing to the second, only 
three legs are supporting all the weight: two on the right 
side and one on the left. As it is known, weight between 
the two sides is not distributed equally, which states that 
force between all supporting legs is also not the same. 
However, force between two feet on the right side is 
said to be equal. With that in mind, force distribution 
between three feet can by found by: 
 

2 32 18

6 ( )

frame servo battery

coxa femur tibia

F F M M M

M M M

      

   
  (3) 

 
The value of the normal force 

3F  can be found by doing 

a torque balance about
2F : 

 

1

1 2

1 1 2

1 2

1 2

cos

2 ( cos cos )

( cos cos )

2 ( cos cos 2 )

2 ( cos 2 cos 2 )

LeftFoot servo tibia

servo tibia femur

tibia femur coxa

servo tibia femur coxa

servo tibia femur coxa

T M L

M L L

M L L L

M L L L

M L L L

     

        

       

          

          



3 1 22 (2 cos 2 cos 2 ),tibia femur coxaF L L L



          

(4) 

 
where , ,tibia femur coxaL L L  – lengths of the parts of the leg 

as shown in Fig. 3. 
 

26



 

 
 

Fig. 3. Hexapod robot model with three legs set on the 
surface 
 
By determining the angles from Fig. 3, it is possible to 
simplify equation (4). The angle values are  

1 90o   

and 
2 0o  , so the final expression is: 

 

           

2

1

3

2 cos

( )

2 ( 2 )

4 ( )

2 ( )

LeftFoot servo femur

femur coxa

servo femur coxa

servo femur coxa

femur coxa

T M L

M L L

M L L

M L L

F L L

      

   

     

    

   



          (5) 

 
where 
 

                
1 18

6 ( )

frame servo battery

coxa femur tibia

M M M M

M M M

   

   
               (6) 

 
Although long, the equation (5) uses only known 
variables, and since the combined torque about the left 

foot is zero, this equation allows solving it for 3F : 
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femur coxa

servo femur coxa
servo

femur coxa

M L M L L
F

L L

M L L
M

L L

    
 

 

  
 

 

       (7) 

 
This value is inserted into the equation (3), to solve 
for

2F : 

 
                            2 1 32 .F M F                              (8) 

 
4. Experimental results 

 
In this experiment a model of a hexapod walking robot 
with such parameters was used: 
 

 

0.06 kg; 0.092 kg; 0.055 kg;

0.01 kg; 0.012 kg; 0.012 kg;

0.105 m; 0.08 m; 0.068 m.

frame battery servo

tibia femur coxa

tibia femur coxa

M M M

M M M

L L L

     

     

     

 (9)  

 
Using (1), (2), (7) and (8), the normal forces for each 
leg were calculated: 

 

           0 1

2 3

0.077 kg; 0.224 kg;

0.452 kg; 0.447 kg.

F F

F F

   
   

             (10) 

 
Obviously, the normal force increases as the number of 
legs supporting the weight decreases. The same should 
apply for energy consumption because the normal force, 
needed to hold the weight, is somewhat proportional to 
energy consumption. 
Despite having calculated forces for each individual leg, 
forces that affect the whole robot for each of three cases 
should be taken into account. The calculated values are: 

 

          0 1

2 3

6 0.462 kg;6 1.344 kg;

2 1.346 kg

F F

F F

     

   
          (11) 

 
Even though 

1 2 36 2F F F    , while the weight is the 

same, the number of legs supporting that weight is not. 
This result states that the parameter which matters the 
most in this case is the number of legs set on the 
surface. 
Having the force distribution between feet, the graph 
below can be used to compare energy consumption for 
all different cases (Fig. 4). 
 

 
 

Fig. 4. Energy consumption for different cases 
 

The average energy consumption for each individual 
case can be calculated using data from Fig. 4: 

0(6) 649 mA;avgI   6 734 mA;avgI   0(3) 637 mA;avgI   
3 792 mAavgI  , where 0(6)

avgI  – energy consumption while 

no legs are set on the surface, 0(3)
avgI  –  energy 

consumption while no legs are positioned on the surface 
with three legs slightly raised, 6

avgI  and 3
avgI  – energy 

consumption while six and three legs are positioned on 
the surface. It is noticeable, that energy consumption 
while no legs are set on the surface is observed. The 
reason was to test whether or not each actuator, holding 
only the weight of the leg, consumes more energy rather 
than two or three actuators, holding the whole weight of 
the robot. 
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Results show that 0(6) 0(3)
avg avgI I . This is due to three legs 

being slightly raised. Energy needed to hold the leg in 
the air is at the highest peak at the angle of 90º. 
It is clearly seen from Fig. 4 that energy consumption 
increases while the number of legs positioned on the 
surface decreases. The same tendency also applies to 
force distribution. This is logical because the more legs 
are raised, the more weight remaining legs have to hold, 
thus the more energy actuators consume. 
Although, the difference between power consumption in 
each case is small (~12 – 58 mA), it is enough to see 
that energy consumption strongly depends on weight. In 
addition, observing how energy consumption depends 
on different parameters (different gates, step height, 
body raise, different roughness terrain, movement 
speed) might give a better understanding of robotic 
energetic. 
 

5. Conclusions and future work 
 
Energy dependence on the number of legs set on the 
surface for a hexapod walking robot was investigated in 
this paper. First, normal force distribution between the 
feet was calculated. Inspiration to do so came from the 
fact that energy consumption should be proportional to 
the normal force distribution. Calculations showed that 
the normal force increases as the number of legs 
supporting the weight decreases. Experiments, carried 
out only on even terrain for six, three and zero legs on 
the surface, showed that the same tendency also applies 
for energy consumption. The result is logical because 
actuators consume more energy when fewer legs have 
to carry the same weight. Experiments carried out in 
this paper clearly show that the robotic energetics 
strongly depends on the number of legs positioned on 
the surface. 
However, in this paper we observed only static energy 
consumption characteristics depending only on the 
number of legs set on the surface, which is one 
parameter. Future aim is to observe energy consumption 
of a six-legged locomotion and the dependence on 
different gaits. Furthermore, adding more parameters, 
such as movement speed, step height, body pose, 
additional weight, should help in future experiments, 
that would involve rough terrain and observation of 
energy consumption levels in real-time. Also, having 
the information above should give more assistance in 
selecting suitable gaits for different roughness terrain in 
order to lower energy consumption. The importance is 

clear, as it is the only way to improve the efficiency of a 
hexapod robot. 
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Abstract: In this paper, the main aim is to determine the 
number of the vehicles, depending on the remoteness to 
the base station. On the basis of this, the objective is 
resolved with the determination of the actual speed of 
data transmission from the moving objects. In this 
article, a goodput of standards IEEE802.11n and 
IEEE802.16e for open network systems was calculated. 
As a result, the proposed mathematical models for two 
layer wireless networks have been used for choosing 
goodput evaluation of Vehicular network. In this 
research, the usage possibility of the two level wireless 
networks for the vehicles on highways is demonstrated. 
 
Keywords: Two layer network, IEEE 802.11n, IEEE 
802.16e, goodput. 

 
1.  Distribution of the vehicles 

 
The main goal of the paper is the rate calculation of the 
date transmission, depending on the remoteness of the 
mobile object from the base station and its moving 
speed. For the calculation of the goodput we have 200 
meters long base station operational zone of is divided 
into 5 zones, as show Fig. 1:  

 

 
 

Fig. 1. Two layer network with three access points 

Out of the experimental data, it follows that vehicle 
speed is growing exponentially, as shown in Fig. 2. 
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Fig. 2. Speed of vehicle 0  

Distribution is exponential with the parameter i . 

According to this research, the speed of vehicle 
movement on a highway is characterized by density. 
The placement of vehicles per meter: 

 

 







ck

k
10 ,   (1) 

 

where,  ck  - is the maximum allowable flux density, 

0  - the speed of the free movement of the flow (the 

maximum allowable) Fig. 2, k  - the number of 
vehicles.      
 Let’s assume that the area of interaction between 
vehicles and base station can be divided into M 
intervals. Let’s provide a number of trespassing 
vehicles per second for each interval according to query 
intensity and processing. If the interval length 

equals iS , and vehicle movement speed equals i , then 

the intensity of vehicle service by road interval equals: 
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According to (2) the intensity of vehicle service will be 
depending as from initial vehicle flow rate into the road 
interval as from density of vehicle location on the road 
interval [1].  
The experiment results show that the possibility of 
using a wireless distribution system (WDS) to connect 
APs wirelessly extending the transmission range area of 
network architecture and the connectivity time of the 
data transmission [2], as shown in Fig. 3. It is important 
to note that speed measurement of the date transmission 
was carried out only for the single mobile object 
without the competition from the possible other moving 
vehicles. 

 

 
 

Fig. 3. The goodput over the distance for IEEE 802.11n 

The model (Fig. 4) was created in the graphical 
Simulink environment of MATLAB package. As the 
source of source blocks was used the blokset 
SimEvents. The scheme consists of 5 nodes (Node k, 
where k = 1…5), offered in which contain more 
convenient interface for the introduction of parameters 
as well as more pictorial.  Nodes consist of block of 
waiting line and server unit with a random-number 
generator. The last one generates the random-number 
sequence for the organization of service time in the 
server, as shown in Fig. 4. If at the entrance of the node 
there is a Poisson flow then the given node can be 
presented as the model of MMNK system as the service 
time is distributed in accordance with the exponential 
law. 

 

 
 

Fig. 4. The scheme of node 

On the basis of the previous calculation in the model for 
each Node k has chosen the following parameters:  

 Queue length K=∞; 

 The number of servers N=1; 

 The service rate for each node: 1 =0.277, 

2 =0.444, 3 =0.544, 4 =0.604 and 

5 =0.642. 

Here ix  is estimated by the system of equations: 
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Due to the periodic nature of this model 11 x  and the 

next step is calculated as follows:  
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Buzen’s algorithm is among the most effective methods 
for closed network analysis. Buzen’s matrix (Table 1), 
at the row i and column j can be calculated using the 
formula: x1 

 
 xjjigjigjig ),1()1,(),(     (5) 

 
Table 1. Buzen’s matrix 

 

Nr. x1=1 x2 x3 x4 x5 
0 1 1 1 1 1 

… … … … … … 
9 1 4,11 10,63 22,53 42,28 

10 1 4,19 11,03 23,83 45,56 

… … … … … … 
19 1 4,43 12,37 28,43 57,99 

20 1 4,44 12,41 28,56 58,37 

 
Probability that i – zone is occupied: 

 

  
),(

),1(
1

jig

jig
xnP ii


    (6) 

 
Then probability of query (vehicle) distribution among 
service devices (road intervals):  
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where G(N) – normalizing constant, resulted either 
from adding up and equating to one all probabilities 
either by Buzen’s method. Naturally, there are no 
limitations for the number of vehicles (queries) in the i-
th interval [3]. 
Average number of queries (vehicles) in i-th interval 
(Table 2):   
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Table 2.  Average number of vehicular 
 

Vehicle (N) Zone 1 Zone 
2 

Zone 3 Zone 4 Zone 5

10 6 1 1 1 1 

20 15 2 1 1 1 

  
2. Mathematical equations Two Layer Vehicular 

Network modeling 
 

Evaluating the performance of these schemes in various 
conditions can help researchers discover their 
performance. On the experimental data there was 
developed a mathematical model, connecting the 
number of transport and data transmission feature. In 
this paper there was developed the model to determine 
the actual speed of date transmission, depending on the 
number of mobile objects.  
The object of the research is wireless network with 
three Access Points and one base station for data 
transmission between mobile objects and the remote 
server. Further from the Access Points the data is 
transmitted to the remote base station on the protocol 
IEEE 802.16e [4]. This variant provides the data 
transmission at the distance up to the several kilometers. 
The two-level vehicular network model with one 
Access Points is present in Fig. 1.  
In our model, wireless clients (vehicles) will null node 
generate the data transmission from a movable object 

with the intensity of the data transmission 0 (Fig. 1). 

For our model we will consider that on 99 passed 
packages a 1 package and that on 999 passed packages 
a 1 package is used a client for confirmation of ACK. 
ACK is a signal passed between communicating 
processes to signify acknowledgement, or receipt of 
response, as part of a communications protocol [5[.  
The second node stimulates the Access Points wireless 
network providing the data reception and transmission 
from the mobile objects of the null node.  The intensity 

of the data processing is equal to 1 . 

 
 

i 1
   (9) 

 

where  i - goodput from Fig. 3. 

In its turn AP connects with the remote base station 
along the wireless network with the IEEE 802.16e 
standard. The intensity of the data transmission of the 

second node is to be taken to be equal to 2 .   

The route of the data transmission keeps the track from 
the null node to the first node and then to the second, if 
the file transfer is considered from the car to the BS.  
From the BS is transmitted the ACK confirmations on 
the packet’s transmission. In this case the average time 
for the transmission will be varying: more time is 
spending on the transmission of the data packets, which 
we denote as )( itE . The ACK transmission takes less 

time denotes it as )( 0tE . Then the average time of the 

data processing in the first node will be:  

 2/)()()( 01 tEtEtE i     (10) 

 
If on the top of each transmitted packet we receive the 
ACK confirmations. In this case the intensity of the 
processing in the first node will be:  
 
 )(/1 10 tE    (11) 

 
In fact, the model participates in the parameter N 
determining the number of data transmission initiators, 
which compete for the resource sharing of the 1 and 2 
nodes.  In our case this is the number of automobiles in 
the AP coverage area [3][6]. Then three-node and two-
level model of the goodput can be expressed by the (19) 
formula. In this formula the parameters   and x 
determine by the value from (12). The valuation 
problem of the goodput provided by the model consists 
of the determination of the value N – the number of cars 
in the AP coverage area. Moreover, in the wireless 
network standard IEEE 802.11n the speed of data 
transmission depends on the remoteness of the vehicles 
from AP.  The terminal count in each vehicular wireless 
network is usually high. Bandwidth equation for a two 
layer network: 
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Symbols in your equation should be defined before the 

equation appears The intensity for the 2 :  
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where fV - effective data transfer rate for the IEEE 

802.16e protocol.  For the data transmission between 
the Access Points and the base station is used IEEE 
802.16e protocol, this protocol will have the peak 

transfer rate nV =50Mbps. The packet length will be 

bytesl p 1500 , but the actual speed is determined in 

the following way: 

                                   2/nf VV                             (15) 

 

Starting point for the calculation is the normalizing 
function G(N), that is chosen from the principle of the 

sum of probabilities being one. ),,( 210 nnnp , where 

in  in vector  321 ,, nnnn   is the inquiry count in    

i-th node. The resulting equation for G(N) calculation 
looks like this: 
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where N - number of vehicles. Function for the studied 
two layer vehicular network looks like this: 
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Goodput   of the two layered network is defined as the 

count of processed inquiries in a unit of time. The 
finished task is put out trough the subsystem of 
input/output, and instantly trough it a new task is 
loaded. Probability of a lack of inquiries in i-th node: 
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The output flow is equal to input flow and from this rule 
of flow balance it is possible to write:  

 
  )01(110  inpP     (19) 

 
On the network performance influences the probability 
of transmission of the confirmation ACK, as increases 
ACK, increases the number of packages per unit time. 
If the probability will be P10=0.999 P12=0.001 then the 
goodput with N=10 and N=20 will be (Fig. 5):    

 

 
 

Fig. 5. Goodput for a Two layer Network model with 
P10=0.999 P12=0.001 for IEEE 802.11g and IEEE 802.16e 

Goodput with the probability P10=0.99 P12=0.01 for 
N=10 and N=20 will be (Fig. 6):    

 

 
 

Fig. 6. Goodput for a Two layer Network model with 
P10=0.99 P12=0.01 for IEEE 802.11g and IEEE 802.16e 

3. Conclusions 
 

In the paper were considered the modelling and the 
calculation of performance of two layer wireless 
networks for transport, using graphical Simulink 
environment of MATLAB package and experimentally 
obtained date of protocol IEEE 802.11n.   
     On the basis of the experimental data was developed 
a mathematical model, connecting the number of 
transport and data transmission feature. In this paper 
was developed the model to determine the actual speed 
of date transmission, depending on the number of 
mobile objects which are in the coverage area of the 
base station of the wireless network. On the basis of the 
given paper the actual speed of date transmission will 
be depend on the number of objects, interacting with the 
base station and their remoteness from it as well as from 
the transmission type of traffic.      
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Abstract: In new generation controllers, simplicity of 
PID controllers' tuning and effectiveness of MPC based 
control strategy is combined. The tuning parameters are 
normalized to lie between 0 and 1, they are simple to 
choose and adjust and directly influence the robustness, 
set-point tracking, disturbance rejection and overall 
aggressiveness of the system. 
In this work, a novel method of automatic control 
systems synthesis is presented. When using this method, 
it is possible to obtain control law of the system when 
mathematical model is complex, i. e. when explicit 
analytical solution of the problem of control law 
calculation is impossible. 
 
Keywords: Model predictive control, PID control, 
control action computation, optimizer, controller tuning, 
search optimization. 
 

1. Introduction 
 
There are known many methods for adjusting 
parameters of proportional, derivative and integral part 
of the controller. However it is well known that using 
classical PID controller it is impossible to directly 
regulate robustness, disturbance rejection, tracking and 
aggressiveness of the system. That is, it is impossible to 
tune PID controller to achieve best performance in all 
cases independently [1, 4]. 
When the process dynamics becomes more complicated 
PID controller often is not sufficient and more 
sophisticated controller structure with more control 
performance is necessary. The benefits of using more 
sophisticated controller are for example for systems of 
higher order than two, for systems with long dead times 
as well as systems with long time delays etc. [4]. 
In [1] an alternative control scheme is presented. Using 
this approach named RTD-A (short of Robustness, 
setpoint Tracking, Disturbance rejection and overall 
Aggressiveness) it is possible to combine the simplicity 
of the PID controller and the versatility of model 

predictive control (MPC). Also avoiding the tuning 
problems associated with both.  
The tuning parameters of this control scheme are 
directly related to the controller performance attributes; 
they are normalized to lie between 0 and 1; and they 
arise naturally from the formulation in a manner that 
makes it possible to tune the controller directly for each 
performance attribute independently, The result is a 
controller that can be designed and implemented much 
more directly and transparently, and one that 
outperforms the classical PID controller both in set-
point tracking and disturbance rejection while using 
precisely the same process reaction curve information 
required to tune PID controllers [1]. 
Parameters ,R ,T D  and A  directly influence 

robustness, setpoint tracking, disturbance rejection and 
overall aggressiveness of the system [1]. 
In this case, if tuning parameter is changed, the 
corresponding characteristic changes accordingly. For 
instance, response of the system becomes closer to 
defined setpoint if setpoint tracking parameter T  is 

decreased or controller becomes more prone to external 
disturbances if disturbance rejection parameter D  is 

decreased. 
Investigated RTD-A scheme is based on popular in 
modern industry model predictive control (MPC) 
strategy. Similar to MPC, this strategy has such 
common elements as prediction model, objective 
function, control law computation. A disturbance model 
can also be used in order to describe the behaviour of 
the system which is not reflected by the process model. 
In this work novel method [2] of automatic control 
systems synthesis is presented. When using this method 
it is possible to obtain control law of the system when 
mathematical model is complex and explicit analytical 
solution of the control law calculation is impossible. 
 

2. RTD-A control concept 
 

The main sequence of steps of MPC control strategy 
may be described as follows [3]: 

1. The future output values for a determined horizon N 
are predicted at each instant using the process model. 
These predicted outputs ( 1)y k m   for 1..m N  
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depend on the known values up to instant k  (past inputs 
and outputs) and on the future control signals 

( | )u k m k , 0.. -1k N  which are then to be sent to 

the system and to be calculated. 
2. The set of future control signals is calculated by 
optimizing a determined criterion in order to keep the 
process as close as possible to the reference trajectory 

* ( ),  1..y k j j    (which can be the setpoint itself or a 

close approximation of it). This criterion usually takes 
the form of a quadratic function of the errors between 
the predicted output signal and the predicted reference 
trajectory. The control effort is included into objective 
function in most cases. An explicit solution can be 
obtained if the criterion is quadratic, otherwise an 
iterative optimization method has to be used 
3. The control signal ( | )u k k  is sent to the plant, whilst 

the next control signals calculated are rejected, because 
at the next sampling instant ( 1)y k   is already known 

and step 1 is repeated with this new value and all the 
sequences are brought up to date. Thus the 

( 1 | 1)u k k   is calculated. Prediction horizon is 

displaced towards the future, which involves the 
application of the first control signal of the sequence 
calculated at each step. 
In RTD-A controller additionally are included 4 
parameters which affect the system in the following way 
[1]: 
 

* *( ) ( 1) (1 ) ( ).T T dy k y k y k      (1) 

 
Here * ( )y k  - the desired trajectory for response of the 

plant to follow, ( )dy k  - desired setpoint.  

Obviously when tuning parameter 0T  , desired 

trajectory becomes close to setpoint trajectory: 
* ( ) ( )dy k y k . Near the other extreme when 1T  , (1) 

becomes * *( ) ( 1)y k y k  . It means that system 

becomes almost uninfluenced by the setpoint function. 
Here T  directly influences the setpoint tracking of the 

system. 
Current disturbance effect estimation from ( )e k  as the 

current disturbance effect is done as follows: 
 

ˆ ˆ( ) ( 1) (1 ) ( )D R D Re k e k e k     . (2) 

 
Here R  is robustness tuning parameter. Since if 

0R  , (2) becomes ˆ ( ) ( )De k e k , so current 

disturbance effect equals to model error. When 1R  , 

ˆ ˆ( ) ( 1)D R De k e k  . It means increased indifference of 

the system to model-plant mismatch. 
Similar influence on future disturbance effect prediction 
has third tuning parameter D , which is also requires to 

lie between 0 and 1. In case when 1D  , future 

disturbance effect is predicted to be close to constant 
into the future at the current estimated value (2). 
Conversely when 0D  , future disturbance effect is 

predicted to evolve into the future as an indefinitely 
increasing ramp [1]. 
The fourth parameter A , characterizing overall 

aggressiveness of the controller directly influences the 
prediction horizon of the system i.e.: 
 

1 ln(1 )AN
t

   


 (3) 

 
here   is time constant, t  - sampling period. 
RTD-A control strategy may be represented by the 
control diagram (Fig.1) 

 

 
 

Fig. 1. The RTD-A control diagram 

 
here SP - desired setpoint; u(k) - calculated control 
signal; l(k) - load disturbance; n(k) - zero mean white 
noise; Rθ , Tθ , Dθ  and Aθ  - parameters which sets 

robustness, tracking, disturbance rejection and 

aggressiveness of the RTD-A controller respectively; 
y(k) - response of the plant; ˆ( )y k  - prediction of the 

plant output, calculated by the model of the process e(k) 
- error (difference between the model output and the 
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plant output). The control action u(k) may be computed 
solving minimization problem over the N step horizon 
beyond the delay period m. 
Minimization problem is given by [1]: 
 

 2*

( )
1

ˆmin ( ) ( )
N

u k
i

y k i y k m i


    . (4) 

 
3. Formulation and ways of synthesis of the system 

 
Optimal solution to the minimization problem (4) is 
easily obtained analytically in cases when mathematical 
model of the control object is simple. Otherwise more 
complex numerical optimization methods should be 
used. By using proposed technique it is possible to 
obtain close to optimal (quasi-optimal) solution to 
control system synthesis. 

It is required to determine the vector *,x  which ensures 
the minimum of the functional: 
 

( ) [ , ( , )],   0 ,fJ x J t t t  y u x  (5) 

 
while obeying the constraints: 

 
[ , ( , )] 0,   1,..., ,jg t j q y u x  (6) 

 
( ) ( ) ,s s

my y  (7) 

 
where ,J  jg  - are the control quality indicators 

(regulation time ,rt  maximum dynamic deflection ,  

error of control y  etc.). 

The determined constraints concerning one or the other 
vector y  coordinates form certain allowable areas 

inside which there has to be an optimal trajectory, e.g. 
during the process of control the object velocity y  is 

not allowed to exceed the indicated boundary, namely 
.my y  

The synthesis problem of open quasi-optimal control 
system with coordinate constraints is solved by using 
the software package Kvazio 1 which was created by 
author. Fig 2 presents the diagram of problem solution 
using the improved simplex search algorithm. 
 

 
 

Fig. 2. The optimization diagram of the control action calculation f open quasi-optimal control system with coordinate constraints 

Control effort u(t) is calculated according to vector x 
and then supplied to input of the control object. Vector 

,x  is formed by optimizer as a result of cost function 
which involves data from past control actions. 
This method may be used to solve quasi-optimal 
systems synthesis problems, which can't be solved by 
means of methods of classical optimal control and 
variation calculation. The main precondition for solving 
the problem is experimental determining of the 
functional (5), the functions of constraints (6) and 
finding the values of the limited coordinate (7) for the 
given components of vector x . 
Control action was calculated under following 
conditions. System with process model (8) 
 

( )
2 1

se
g s

s






 (8) 

 
was subjected to step disturbance of -1 at t=10. 
Sampling time dt is 0.1 and noise level is set to zero. In 
order to simulate model uncertainty 10 percent 

plant/model mismatch was applied. Tuning parameters 
are set to fixed values and are not changed during the 
simulation process. Obtained control law is shown in 
Fig 3. Corresponding response of the system is shown in 
Fig. 4. 
 

 
Fig. 3. Computed control action (Solid line) and original 
control action (dashed line) 
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Fig. 4. Resulting system response (solid line) and original 
response (dashed line) 
 
The resulting process is significantly better if compared 
with original response. The effect of step disturbance 
and overshoot created by setpoint change were 
eliminated. The main advantages of the proposed 
method is that there is no need for explicit analytical 
solution of the control law calculation, which is often 
impossible to obtain when model is not linear or defined 
by complex differential equations. 
 

4. Conclusions 
 
1. Novel control technology RTD-A was investigated, 
which combines simplicity of the PID controller with  
effectiveness of model predictive control (MPC) 
technology while avoiding the tuning problems 
associated with both. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. Using classical PID controller parameter tuning 
methods it is impossible to directly regulate robustness, 
disturbance rejection, tracking and aggressiveness of the 

system. As shown by the simulation, parameters ,R  
,T D  and A  directly influence robustness, setpoint 

tracking, disturbance rejection and overall 
aggressiveness of the system. 
3. In this work novel method of automatic control 
systems synthesis is presented. When using this method 
it is possible to obtain control law of the system when 
mathematical model is complex. Also there is no need 
for explicit analytical solution of the problem of control 
law calculation, which is often impossible to obtain 
when model is not linear or complex.  
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Abstract: The paper deals with the computer program 
control using voice commands. The problem of the 
voice command recognition is discussed and the results 
of investigation of the voice command recognition are 
presented. The use of voice commands is illustrated by 
an example. 
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1. Introduction 
 

Speech recognition is a process that converts spoken 
words and phrases to a computer-readable format.  
Speech recognition is mostly developed for the 
languages of big countries especially for English 
language. There exists a number of programs (Dragon 
Naturally Speaking, Speech Recognition in Windows 7, 
Dragon Dictate for iPhone/iPad, etc.) that are intended 
for the use with English language. The languages of 
small countries cannot boast of such a great attention, 
nevertheless the local researchers give much effort to 
developing recognizers of the local languages. 
Lithuanian speech engineering is a popular field of 
engineering in Lithuania. Lithuanian speech recognition 
is one of the Lithuanian speech processing problems 
taking considerable attention of Lithuanian researchers. 
One of the best known group works at Vilnius 
University Institute of Mathematics and Informatics. 
This group solves such problems as: quality estimation 
of speech recognition features [1], speaker recognition 
by voice [2], development of isolated word recognition 
systems [3], acoustic modelling of Lithuanian speech 
recognition [4], etc. Scientists from Vilnius University 
Faculty of Mathematics and Informatics and Forensic 
Science Centre of Lithuania investigate speaker 
recognition problems [5]. Researchers from Vilnius 
Gediminas Technical University deal with control of 
robots by voice [6], development of biometric systems 
for person recognition [7], development and 
implementation of means for word duration signal 
processing [8], [9]. A group of scientists from Kaunas 

University of Technology, Vytautas Magnus University 
and Vilnius University Kaunas Faculty of Humanities 
carries out investigation of foreign languages models for 
Lithuanian speech recognition [10], analyse control of 
electric devises by voice [11], deal with hierarchical 
phoneme classification approach [12], develop isolated-
word Lithuanian HMM speech recognition system [13], 
investigate HMM for large vocabulary continuous 
speech recognition [14]. 
Speech recognition allows one to give input to a 
computer program using voice. A program that is called 
the speech recognition engine carries out the speech 
recognition task.  
There exist two cases of the computer program control 
by voice:  

1) the speech recognizer depends on the speaker 
(speaker-dependent recognition), 

2) the speech recognizer does not depend on the 
speaker (speaker-independent recognition). 

Implementation of the second case is much harder 
although the result is more attractive to the user. The 
first case only is considered in this work. The results of 
automatic Lithuanian speech recognition performed by a 
system that was developed for a construction estimate 
program are presented in this paper. Section 2 deals 
with voice command recognition using cepstral 
approach. The requirements for the recognition system 
software and hardware are presented in Section 3. 
Section 4 contains a description of an example of 
practical application of computer program control by 
voice commands. 
 

2. Voice command recognition using cepstral 
approach 

 
The system consists of two parts: the training part and 
recognition part. The system performs in the following 
way: 

1) A list of commands is compiled; 
2) The commands are recorded to a .wav format 

file (11.025 kHz, 16-bit mono); 
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3) The extraction of features of each command is 
carried out; 

4) These features are stored in a database; 
5) The process of command recognition is 

performed. 
 

2.1. Voice commands 
 
The voice commands can be divided into a few 
categories:  

1) the commands specified by words (e. g., 
“atidaryti” (open),  “uždaryti“ (close), 
“spausdinti” (print)) ; 

2) the commands described by a numerical code – 
they are pronounced by uttering each digit 
separately (e. g., the code “999” is uttered as 
“nine, nine, nine” and means to open); 

3) the commands specified by words and a 
numerical code (e. g., “samata 45” (estimate 
four five), “laiškas 52” (letter five two)); in this 
case an object (estimate, letter) and the action 
to be taken with that object are specified. 

 
The number of commands can be large. In this case the 
command coding has a drawback – the user can 
encounter difficulty to memorize the command code. In 
order to avoid this difficulty, the system can return the 
command name after recognizing it. When the user 
confirms the command, the system runs it.  
If the number of commands is large, then it is useful to 
divide them into groups. The names of such groups can 
be as follows: editing, saving, printing, etc.  
The system should recognize the commands and their 
codes without mistakes.  
 
2.2. Feature extraction 
 
The cepstral method is used for speech recognition [15]. 
The features that specify the spectrum of the uttered 
word are selected. The main feature selection algorithm 
steps are shown in Fig. 1.  
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. The feature selection steps 
 

The result of this algorithm is a feature row-vector for 
each frame. We then make a matrix whose rows are the 
obtained vectors. This matrix is called a feature matrix. 
 
2.3. Speech command interpreting and running 

 
After the voice command is given, the program 
controlled by voice starts to compute the command 
cepstrum parameters if the microphone sound signal 
amplitude is higher than a certain level. The command 
utterance is considered to be finished if the pause 
following it is longer than a certain prespecified value, 
e. g. 0.2 s. 
A feature vector is obtained for each command that is 
compared with the feature vectors of the etalon 
commands. The program selects that etalon whose 
parameter correlation with the uttered word parameters 
is the highest.   
How to pass the result to the controlled program? The 
simplest way is to use a text file as an inbox that is 
regularly checked by the controlled program with the 
help of a small agent procedure. For example, if a 
command identificator is stored in this text file then this 
procedure cleans the inbox and runs the command. Such 
a connection is sufficiently flexible and universal.  
 
3. Requirements for the voice command software 

and hardware 
 

In order to control successfully a computer by voice, the 
computer software and hardware has to meet certain 
requirements. The main requirement for the software is 
the following: the processing of the uttered word has to 
be done in a sufficiently small time less than 0.5 s.  
A proper selection of the computer microphone and 
sound card is very important.  
All current sound cards support signal audio playback at 
44.1, 22.05, 11.025, and 8 kHz. The sampling frequency 
is selected to be equal to 11.025 kHz, the dynamic range 
is of 16 bit, and quality is MONO. This is a good 
compromise between the processing rate and quality. 
The sound card should not have an inner noise.  
It is important to have a good microphone for speech 
recognition. The microphone should be resistant to 
environment noise. The microphones used in speech 
recognition usually do not pass frequencies lower than 
100 Hz. 

4. The experiment results 
 

In this section, an example of application of the 
computer program control by voice is presented. In 
order to control the program by voice, it is necessary to 
run the recognition program at the same time. The 
window of the recognition program is given in Fig. 2. 
 

 
 

Fig. 2. The window of the recognition program 

Pre-emphasis stage 

Segmenting into frames  

Hamming windowing 

Application of DFT 

Mel filter bank processing 

Discrete cosine transform 
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The recognition program stores the uttered command in 
a text file. The program controlled by voice uses this 
text file as an inbox. 
Before running the recognition program it has to be 
trained, i. e. the etalon parameter database has to be 

created. In order to create the etalons and track the 
recognition process, a specialized user-program 
interface has been developed. This window is presented 
in Fig. 3. 
 

 

 
 

Fig. 3. The recognition process tracking window 
 
The program user records the program control voice 
commands into a database. He/she records these 
commands uttered in his/her own voice. These 
commands are called the etalons. Each command can be 
uttered several times therefore a single command can 
have many etalons. In the experiment, a list of 
commands described by integer numbers from one to 
nine has been made. Each command is pronounced two 
times and the obtained speech signals are stored into the 
etalon database. The feature matrix is determined for 
each etalon using the algorithm described in 
Section 2. 2. 
The user gives a voice command to the program. Then 
the features for this command are computed 
analogously as in the etalon case. An example of the 
feature matrix of the word “septyni” (seven) is shown in 
Fig. 4 (each row of the matrix is depicted by a single 
sequence).  

 
Fig. 4. The feature matrix of the word “septyni” (seven) 

 
These features are compared with the etalon features 
and the correlation between them is determined. The 
etalon is ascribed to the command whose correlation 
with that command is the largest. The largest ten values 
of the correlation coefficients between the feature 
matrix of the speech signal of the word “septyni” and 
the feature matrices of etalons are shown in Fig. 5. 
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Fig. 5. The values of the correlation coefficient between the 
feature matrix of the speech signal of the word “septyni” and 
the feature matrices of etalons 

 
As can be seen from Fig. 5, the highest correlation 
coefficient corresponds to the etalon 7_2 (the second 
speech signal of the word “septyni”). Therefore one can 
state that the system recognized the command “septyni”.  
In order to evaluate the recognition accuracy, each 
command was pronounced 20 times. The number of the 
cases with the correct recognition was then calculated. 
The result of investigation of the recognition accuracy is 
presented in Table 1. 
 
Table 1. The recognition accuracy 
 

Command Accuracy 
vienas (one) 100 % 

du (two) 95 % 

trys (three) 95 % 
keturi (four) 80 % 
penki (five) 90 % 

šeši (six) 85 % 
septyni (seven) 95 % 

aštuoni (eight) 90 % 

devyni (nine) 95 % 

 
5. Conclusions 

 
1. In this paper a speaker-dependent Lithuanian 

speech recognizer is used. 
2. The speech recognition process comprises of two 

parts: the training part and recognition part. 
3. The cepstral approach is used for speech parameter 

estimation. 
4. If several etalons are created for the same 

command then the recognition result is better.  
5. The experiment results show that the recognition 

process is sufficiently accurate what is important 
for successful control by voice.  

6. In order the recognition process is successful, the 
computer sound card and microphone have to be 
of good quality.  
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Abstract: Segmentation of the seabed views is 
particularly important for ecologists for several reasons 
e.g. creation of seabed maps, determination of water 
pollution or tracking changes in seabed. The scope of 
this work is to classify seabed images with fewest 
possible mistakes and compare precision of random 
forests (RF) and support vector machines (SVM) for 
seabed views segmentation to five specific classes (such 
as sand, stones and brown, green, red seaweeds),  and 
also to determine problems related with segmentation 
errors – class recognition mismatches. 

 
Keywords: Seabed image segmentation, support vector 
machines, random forests, machine learning. 
 

1. Introduction 
 
Images of terrestrial environment are being used for 
different purposes since the beginning of last century; 
however image based maps of seabed are still rare. 
Although the amount of photo and video seabed images 
is increasing progressively, their processing is 
extremely labour intensive, while automatic seabed 
views recognition systems yet are very rare [1], [2]. On 
another hand, rapid and accurate interpretation of such 
images is crucially important for understanding of 
seabed nature, taxation of biological resources, 
distribution of sediment types and life forms, 
environmental impact assessments, and other applied 
and theoretical tasks. Acoustic sea bed segmentation 
methods are useful for primer (mud, sand gravel, rock) 
classification [3], [4], [5]. SOMF neural network has 
been implemented as a classifier for distinguishing up to 
5 classes of the grey scale seabed images with accuracy 
ranging from 89 % to 93 % [6]. The additive colour 
model RGB based classification approach yet is rarely 
being used for automatic analysis of underwater images 
[7]. 
This article represents RGB seabed coating 
classification, implemented by using trainable 
segmentation idea with RF and SVM. Coating 

classification from RGB images is the main difference 
from recently mentioned works, where the scope is to 
classify a primer. 
 

2. Data 
 
Mosaics of seabed views which were composed from 
photos taken in Norwegian Sea are used for seabed 
image recognition. These mosaics are used to create two 
matrixes of seabed views for solving recognition 
problem. Every matrix consists of 15 (3x5) different 
views. Matrix width and height is 1025x826 pixels, in 
total one matrix consists of 846650 pixels. Colour depth 
of single RGB pixel in image is 24-bit. 
 

 
 

Fig. 1. Part of seabed image matrix with marked regions 
of prototype classes 
 
There are selected 5 types of coating (such as sand, 
stones and brown, green, red seaweeds) in seabed and 
in seabed views. Therefore purpose of this work is to 
classify all pixels in matrix to five classes. In every 
seabed view matrix 50 regions of interests (ROI) are 
marked, 10 for each class. In total 100 ROI (17048 
pixels) are marked for both matrixes. The area of 
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marked regions is different for every region in a general 
case. 
 

3. Features 
 

One of the most important criteria for pattern 
recognition is extraction of features. Every single pixel 
of original image is transformed by using various 
transformations [8] to create features vector. This vector 
is formed of 186 elements (number of features obtained 
by using every transformation presented in the 
brackets): Original image (1), Gaussian blur (5), Sobel 
filter (6), Hessian (48), Difference of Gaussians (10), 
Membrane projections (6), Maximum (5), Variance (5), 
Median (5), Mean (5), Minimum (5), Anisotropic 
diffusion (10), Bilateral (4), Lipschitz filter (5), 
Kuwahara filter (3), Structure filter (20), Neighbors 
(40), Hue (1), Saturation (1), Brightness (1). Small part 
of feature vector is presented in Fig. 2. 
 

 
 

Fig. 2. Small segment of features vector 
 

4. Classification 
 

A RF and SVM are used for classification. As 
mentioned before trainable segmentation idea is used to 
solve segmentation problem. As it is shown in Fig. 1 
classes of prototype are marked in seabed views matrix. 
Five different types of classes mean that classifier is 
trained to segment whole image to five classes using 
marked examples. An example of such classification 
result in training or testing phases is represented in Fig. 
4. Afterwards trained classifier is applied to get results 
of classification from second (unseen) seabed views 
matrix. 
 
4.1. Random forests 
 
One classification tree as a classifier is quite weak. But 
large group of such classifiers creates a powerful tool 
called random forest. Operating principles of random 
forest [9] are based on putting input vector to the top of 
each tree and all trees are voting- the most frequent vote 
assigns to corresponding class. Two thirds of training 
input data are used to construct trees, one third is left 
for testing [10]. In this way constructed classifier does 
not need to be cross validated, after training phase 
classifier returns training (out of bag) error. Two main 

parameters must be tuned in random forest: number of 
trees in the forest and number of features to be 
randomly selected from all available set of features (in 
this work 186). 
 
4.2. Support vectors machines 
 
The SVM is a successful modelling and prediction tool 
because of several reasons: ability to learn even with a 
small number of free parameters, robustness against 
model violations and outliers, computational efficiency 
[11]. The key idea of SVM is to construct a set of 
hyperplanes in higher dimension space which are used 
for classification in our work. Hyperplane must be 
organized to maximize margins between different input 
data sets (classes). SVM could be used with various 
(polynomial, multilayer perceptron, fourier series, 
splines) types of kernels [11]. One of the most popular 
and the only one used in this work is a radial basis 
function (RBF). The RBF kernel function is 

  2
exp),( jijiK xxxx    (1) 
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     (2) 

where, σ is standard deviation. 
 
The SVM and a RBF kernel function tuning of 
parameters consists of two tuning of parameters called 
hyperparameters C and γ. Parameter C shows how 
algorithm is strict to errors/margin errors. Gamma (γ) 
controls the degree of nonlinearity of the hyperplanes. 
The higher value of C- the stricter model, the higher 
value of γ- the nonlinear hyperplane separates different 
classes more. 
 

5. Getting results  
 
In testing phase classifier is applied for unseen image. 
After this phase classifier creates a probability map for 
each class as a result of classification. Example of 
probability map is represented in Fig. 3. Probability 
map consists of several probability parts (maps)-one 
map for each class. Every single pixel in each map 
obtains value which shows probability that the pixel 
belongs to corresponding class. Sum of one pixel values 
in all probability maps is equal to 1. The higher pixel 
value shows the bigger probability that corresponding 
pixel belongs to class. Pixels with the highest values 
compose segmented image. Example of segmented 
image is represented in Fig. 4. 
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Fig. 3. Probability map example 
 

 
 

Fig. 4. Part of segmented seabed image  
 
Every ROI pixel value in segmented image is checked 
and accuracy is calculated. Average recognition 
accuracy of two seabed views matrixes is calculated. 
Detailed RF and SVM classification accuracy 
dependences reviewed in next sections. 
 
5.1. Results using Random forests 
 
There are two parameters (features number and trees in 
forest number) tuned for better RF performance. 
Marked ROIs have different number of pixels for each 
class I general case; this means that some classes get 
better abilities to be learned. The same importance is 
given to all classes used homogeneous distribution of 
samples [8]. Three types of experiments are made to 
find out parameters impact on classification accuracy. 
Firstly the number of trees in RF is tuned when the 
number of features is randomly selected from the 
available set of features, where each node is equal to 13. 
Number of features is selected around (13) square root 
from all features (186) [10]. Best performance (82,38 
%) is reached when tree number is 300. Figure 6 
represents RF recognition accuracy dependent from 
randomly selected number of features per node with 
300 trees in RF. As it is shown in Fig. 6 (green bars) 
accuracy is decreasing if number of features is 

increasing (for samples without homogenization). If 
training samples are homogenized-accuracy increases if 
features number increasing. RF seabed views 
recognition accuracy is bigger if the same quantity 
training pixels assigned to all classes. 
 

 
 

Fig. 5. RF accuracy dependency from tree number 
in RF 
 

 
 

Fig. 6. RF accuracy dependency from features number 
 
The best performance of RF (brown seaweeds 85,06; 
stones 89,51 %; sand 95,08 %; red seaweed 85,20; 
green seaweed 58,73 %; in general 83,88 %) reached 
with following RF parameters: number of trees 300, 
number of homogeneous features for node 14. The best 
precisions get with RF by classifying sand, the worst by 
green seaweeds. 
 
5.2. Results using Support vector machines 
 
For better SVM performance homogeneous distribution 
of samples are used and two parameters are tuned: C 
and γ. Figure 7 represents SVM recognition accuracy 
dependent from error tolerance parameter C. Best 
performance is reached with C = 200, experiments are 
made when γ = 0,005. Figure 8 shows SVM recognition 
accuracy dependent from hyperplane nonlinearity 
parameter . Best performance is reached with  = 
0,003, experiments are made when C = 200. The best 
performance of SVM with RBF kernel (brown 
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seaweeds 96,98; stones 90,84 %; sand 60,93 %; red 
seaweed 91,72; green seaweed 9,69 %; in general 77,23 
%) is reached with following SVM parameters: C 200, γ 
0,003. The best precisions get with SVM by classifying 
brown seaweeds, the worst by green seaweeds. 
 

 
 

Fig. 7. SVM accuracy dependency from C 
 

 
 

Fig. 8. SVM accuracy dependency from  
 
Comparing best performances (RF 83,88 % and SVM 
77,23 %) RF reaches better results by 6,65 %. 
 

6. Conclusions 
 

RF and SVM are effective tools for seabed 
classification. Seabed classification based on trainable 
segmentation idea using RF and SVM has been tuned 
for the best exploration of parameters sets. Every set of 
parameters has been tested and performance has been 
assessed. According to achieved results, RF classifies 
seabed images with bigger accuracy than SVM with 
RBF kernel do. It is easiest to recognize brown 
seaweeds and stones for both classifiers. Green 
seaweeds is the most difficult class to recognize. RF 
classification accuracy is better talking about sands, red 
seaweeds and green seaweeds, and SVM is better 
talking about brown seaweeds and stones. Therefore 
combination of classifiers could be used for better 
recognition performance. Every single pixel in 
probability maps would be assignable for corresponding 

class with some weight according to classifier with 
better performance for that class. 
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Abstract: This paper gives an overview of gesture 
recognition concept and the usefulness of the human - 
computer interaction in today`s society. Most popular 
methods are observed and their practical applicability. 
The paper presents the algorithm for computer control 
based on hand gestures captured using standard web-
camera. The methods for hand gesture and analyzed and 
experimentally investigated in this work. This paper 
also takes into account the fact that gesture recognition 
and interpretation takes place in real time in a changing 
environment. The experiments show the advantages and 
disadvantages of tested gesture recognition method: the 
ability to adapt in changing environments, commands 
precision, accuracy and command recognition speed. 

 
Keywords: Real-time hand gesture recognition, hand 
segmentation, human-computer interaction. 

 
1. Introduction 

 
Computer human interaction is a very promising field of 
research. One of the most popular ways is the control of 
computer (machine) with hand gesture. With such rapid 
advances in technology, we can find dozens of this 
method advantages. Such as, for example: a) The 
computer input device such like mouse or keyboard 
would become redundant, and computer(machine) 
management can become much simpler;b)it is possible 
to use this method like a form of entertainment( for 
computer games); c)The household routine could 
become also much simpler: it is possible to apply this 
method with special combination of hand gesture for 
example: to lock or unlock the door, open the garage, or 
turn off the lights, and for many other everyday 
things.d) After development of this method, after reach 
the high reliability of this method, it is possibly to use 
this method as a way to contact between people with 
disabilities (for example deaf people) and many other 
advantages. 
 
 
 

Hand gesture recognition is one way of the explorations 
of the human-computer interaction. It isstudied in many 
directions. It is very difficult and there is not one 
method, for realizing this procedure. It is very difficult 
to overlook all attempts to study, or realize this method, 
because there are a lot of different ways, in different 
countries, in different time, in different ideas. It is 
possible; just overlook the main evolution steps, to take 
the idea from them, and to adapt the principal features 
in our gesture recognition algorithm. This work amount 
is limited, so we can mark just some of historical events, 
trying to analyze this method.  
As a good start, we can highlight an algorithm of skin 
color segmentation in the HSV color space and using a 
back propagation neural network to recognize gestures 
from the segmented images. This method was suggested 
by Kjeldsen and Kender1.We can also exclude a system, 
which was offered by Yoon2,and which was consisting 
of three different modules: hand localization; tracking 
and gesture spotting. Xiaoming and Xing suggested an 
RCE neural network- based color segmentation 
algorithm for hand segmentation, extract edge points of 
fingers as points of interest and match them based on 
the topological features of the hand, such as the center 
of the palm 3, and other ways for this method, which is 
really difficult to overlook. But we can signify the most 
important thing if we want to improve reliability of this 
method. We must find the most easy and comfortable 
way to realize the control of computer with hand 
gesture.    
The aim of this paper is to develop and experimentally 
investigate a method for computer control based on 
hand gesture recognition. We will need just standard 
equipment, for our test: laptop with integrated webcam. 
With that idea, that hand gesture could be a great 
computer input device; the experiment is combination in 
different time of the day, adjusting speed and accuracy 
of the control commands, using the standard lighting in 
the room. In this experiment used two methods 
Statistical Gaussian and transformation. 
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2. State of the art 

 
Most popular hand tracking and gesture recognition 
methods are overviewed in this chapter.We can exclude 
some big parts of analyze of this method: 3D model-
based (a) skeletal) volumetric); appearance-based (a) 
deformable 2D-templates b) image sequences) .Our 
method uses a 2D image information, so we will not go 
into the other above-mentioned methods for hand 
gesture detection. Anyway, to realize this method, we 
need to adapt one of mathematical algorithms. So the 
aim of this chapter is to overlook existing mathematical 
algorithms; 
Hidden Markov Model (HMM) – is one of the most 
popular and interesting technique for gesture 
recognition.This technique is a statistical Markov model 
in which the system being modeled is assumed to be a 
Markov process with unknown parameters. An HMM 
can be considered as the simplest dynamic Bayesian 
network. The mathematics behind the HMM was 
developed by L. E. Baum and others 45678. Purpose-to 
recognizes the hidden parameters from visible data. 
Recognize state of a HMM data can be applied to 
dynamic Bayesian network. In a hidden Markov model, 
the state is not directly visible, but output, dependent on 
the state, is visible. Each state has a probability 
distribution over the possible output tokens. Therefore 
the sequence of tokens generated by an HMM gives 
some information about the sequence of states. Note 
that the adjective 'hidden' refers to the state sequence 
through which the model passes, not to the parameters 
of the model; even if the model parameters are known 
exactly, the model is still 'hidden’. Also hidden Markov 
model can be adapt to difficult distribution processes, 
where the states emit the observations according to 
some probability distribution. One way is to use 
Gaussian distribution for this model. 
Eickeler, Kosmala and Riggol analyzed gesture 
recognition system using HMM, and they made several 
improvements of the system: the improvements include 
positionindepend recognition, rejection of known 
gestures, and continues online recognition of 
spontaneous gestures. This solution makes the system 
much comfortable to work online 9. Mahmoud 
Elmezain, Ayoub Al-Hamadi, J¨orgAppenrodt, 
BerndMichaelis suggested an automatic system that 
recognizes both isolated and continuous gesturesfor 
Arabic numbers (0-9) in real-time based on 
HiddenMarkov Model (HMM). To handle isolated 
gestures,HMM using Ergodic, Left-Right (LR) and 
Left-Right Banded (LRB) topologies with different 
number of states ranging from 3 to 10 is applied10. 
YonaFalinie Abdul Gaus and Farrah Wong suggested a 
hand gesturerecognition system to recognize isolated 
Malaysian SignLanguage (MSL). The system consists 
of four modules:collection of input images, feature 
extraction, Hidden Markov Model (HMM) training, and 
gesture recognition. HMM fitted to recognize the input 
gesture. The gesture to be recognized is separately 
scored against different states of HMMs. The model 

with the highest score indicates the corresponding 
gesture 11. 
Bayesian network (BN) – is probabilistic graphical 
model that represents a set of random variables and their 
conditional dependencies via a directsacycling graph 
(DAG). For example it is possible to force a signal with 
hand gesture in different ways. The model which can 
learn is called dynamic Bayesian network. Heung –II 
Suk, Bong-Kee Sin and Seong –Whan Lee 
analyzedmethod for recognizing hand gestures in a 
continuous video stream using a dynamic Bayesian 
network or DBN model.The method of DBN-based 
inference was preceded by steps of skin extraction and 
modeling, and motion tracking. Then we develop a 
gesture model for one- or two-hand gestures. They are 
used to define a cyclic gesture network for modeling 
continuous gesture streamalgorithm for hand gesture 
recognition 12. 
Artificial Neural network are composed of 
interconnecting artificial neurons (programming 
constructs that mimic the properties of biological 
neurons) for solving artificial intelligence problems 
without creating a model of a real system. Neural 
network algorithms abstract away the biological 
complexity by focusing on the most important 
information. This method is also studied in different 
directions, and is very comfortable for gesture 
recognition.John Weissmann,and Falf Salomon, 
analyzed this method for virtual realityapplications. For 
the application, specify hand gestures, such as “fit’’, 
“index finger”, and “victory sign ”, havebeen defined. 
Theirmethod compares theperformance of deferent 
neural network models, such asback-propagation and 
radial-basis functions, which areused by the recognition 
system to recognize the actualgesture 13. BaranÇürüklü, 
Johan Hägg, Batu Akan and Lars Asplund proposed a 
system which can learn a first time user’s hand gestures 
rapidly. Artificialneural networks trained with the 
evolution strategy technique. Thegesture recognition 
system is an integrated part of a larger project for 
addressing intelligent human-robotinteraction using a 
novel multi-modal paradigm 14. Chun Zhu and Weihua 
Sheng proposed an online hand gesture recognition 
algorithm for a robot assisted living system. Neural 
network-based gesture spotting method is combined 
with the hierarchical hidden Markov model (HHMM) to 
recognize hand gestures. In the segmentation module, 
the neural network is used to determine whether the 
HHMM-based recognition module should be applied. In 
the recognition module, Bayesian filtering is applied to 
update the results considering the context constraints 15. 
Chang Tan and Nanfeng Xiao suggested a new method; 
they conduct an adjustmentalgorithm for the traditional 
RCE neural network. The new RCE neural network runs 
faster and performs better in anti-noise than the 
traditional one. Firstly, they applied the improved RCE 
neural network to hand image segmentation. Secondly, 
they used Freeman chain code to extract the distance 
from hand edge to thepalm-center as feature vectors. 
Finally, they use those feature vectors as the input of 
RBF neural network and train the RBF neural network 
16. Hui Zhang, Yongqi Wang, Chen Deng studied an 
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algorithm of gesture recognitionbased on simulated 
annealing BP neural network. This algorithm extracts 
the edge outline by skincolor division and recognition 
feature of the distance between center and edge of 
binary gesture image. And it combines simulated 
annealing with BP neural network, which has both the 
learning ability and robustness of the neural network 
and the global optimization of simulated annealing, 
avoids the slowconvergence and prevents it from falling 
into local minimum 17. 
This is just some method of hand gesture detection. All 
mention method has their personal advantages and 
disadvantages. It should be very difficult to cut out one 
method, because all of the mention method was tested in 
many ways. 

 
3.Algorithm forhandgesturerecognition 

 
a) Hand contour extraction 

 
For hand gesture detection, we use a background 
subtraction method. This is the difference between the 
real-time image and the background. Our model uses 
Gaussian method. Background is a static image which 
we get with a webcam. Therefore, the hand contour is 
identified by the program as some changes in the 
background. An image is divided into N regions by 
color, which is described by a Gaussian distribution 
function. Therefore, program code, detecting a contour 
of the hand (this is a learned gesture) can carry out the 
assigned command. We want to signify some important 
features of this method, the hand and the background 
color must be significantly different, because in 
different way it is difficult for program to recognize the 
gesture. Also very important is the lighting, which also 
has a significant impact, for the program. 

\

 

Fig. 1. Background subtraction main visual steps 

 
The Gausian background model describe the color 
distribution of the image region.Calculate the 
distribution of the parameters, we need to calculate  

of the color channelithand the matrix between color 
channel of ith region of the image. 
 

, ∑ , , ,                          (1) 

 
 

, ,       (2) 

 
For each region we are using Gaussian distribution 
function: 

 
Ψ exp ,               (3) 

 

· Ψ                              (4) 

 
-covariance value between two color channels. 

C(c)-[RGB]-matrix of the pixels values. 
R(r), G (g), B (b)-pixels values, 
l=3 –number of the channels. 
Each new image is recognized as the background image 
if it satisfies a condition: 
 

0  ∑
1

                            (5) 

 
, - mapping matrix. 

Mapping image(in Fig. 1 called “result”) is filtered from 
the noise and extracting only the hands contour if it is 
identified, we actuating the command, which is attached 
to that gesture. 
 
b) Control algorithm 

 
For this experiment, we are using a laptop with an 
integrated webcam, but in any case, this model can be 
adapted for a lot of kinds of machines, with equipped 
web camera. Prerequisites - the camera view must be 
complete outline of the hand. In this case, the 
background is a t-shirt, worn by the user. The problem 
with this approach, t-shirt color bitmaps do not coincide 
with the hand. 
Our experiment is mouse control with hand gesture. 
Commands used in this experiment are as follows: 
forward, backward, left, right, left mouse click, and 
right. (Fig. 2) 
Each control command, use the appropriate hand 
gesture. For Gesture recognition is using Discrete 
Fourier Transformation(DFT).This method is designed 
to normalize the x and y coordinates.  
Hand gesture similarity we obtain  using the formula of  
Euclidean distance . 
 

∑                             (6) 

 
-template coefficients,  - new real time 

coefficients,k-index of element in F vector. 
 
Gesture is recognized when the minimum value found 
among all measurements ( . Gesture is identified by a 
class Y that satisfy the condition: 
 

min
0

                            (7) 

 
- Threshold value of the similarity measure.   
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Fig. 2. Possible variations of hand gestures used in this work 

 
4. Results 

 
Experiment can be divided into several major stages: 
First stage: a training phase in which the countour of the 
hand is formulated, and saved the coefficient of the 
hand gesture for the further stage. 
Second stage: System testing,in which users gives 
certain commands with hand gestures to computer. In 
this stage it is possible to see reliability of the method, 
and control commands accuracy. 
Aim of this paper is hand gesture recognition accuracy, 
and commands rating.  15 persons were participating in 
this experiment . The first stage of the experiment 
training, was executed by a single person,but the second 
stage (control with hand gesture) were tested of 15 
persons. During the experiment has been observed that 
the team accuracy increases when the threshold is 
higher than 150. Hand gesture contour was saved in  
training phase by one person, so it is not surprising that 
some control comands have not always been 
recognized, because of hand contour difference. But the 
experimental results are good enough, as exceeds 90 
percent. All control commands was repeated 20 time, by 
each persons, and we can make conclusion that 
recognition rating, depends, of accuracy of repeating 
more similar gesture like in training stage.  
The first table (Fig. 3) were tested all learned control 
commands. Each person, tested all command 20 time. 
So in this table we see a percentage of commands 
accuracy. 

 

 
 
 
 
 

 

Fig. 3. Commands accuracy 

 
In that idea that we are planing to adapt this method, for 
everyday routine,this experiment was also repeated on a 
regular basis at different illumination without affecting 
the experimentation results with any additional light 
sources. The results is not very good, that means that 
there are a lot of prospective works for the future. 
This test was performed on the same principle as the 
first, but the task was repeated at different times: 
starting in the morning and ending in the evening, to get 
a curve (Fig. 4) which reflected the impact of 
illumination for hand gesture recognition. 

 

 

Fig. 4. Lighting influence for gesture recognition 

 
5. Conclusions 

 
In this paper, one method of human – computer 
interaction was presented. For our method are very 
important few things: hand contour form, recognition 
accuracy, lighting, and speed of the recognition and 
execution of the command. Our control algorithm is 
able to process about 10 frames per second. It is quite 
good result. 
Hand gesture algorithm using Gaussian method with 
sufficient accuracy can realize commands that were 
assigned during training time. However, the necessary 
conditions - ideal day lighting, and different shades of 
colors between the background and the contour of the 
hand. Therefore, to apply this method at home, or 
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industry, we have to solve these problems (For example 
to adapt mathematical algorithm, which can adapt in 
changing lighting). If the terms of the ideal conditions, 
then perform commands accuracy is high enough, the 
command execution speed is also very good. 
In order to improve the accuracy of the command 
carried out, it should be a few important things: to 
improve and optimize the hand gesture detection 
algorithm that would recognize the circuit with different 
hand angles, and use a new type of sensor Canon 
camera that can record video at 0.03 lux.18 This device 
allows you to remove noise contained from the video in 
the bad illumination. 
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Abstract: This paper explores use of Hough transform 
to detect and track angular changes between a series of 
images acquired by vision sensors attached to 
unmanned aerial vehicles (UAV) and are used in traffic 
surveillance. The small size and atmospheric conditions 
can lead to unstable flying and this can induce vibration 
to the pictures. In this research it is proposed that the 
vibration in the acquired images can be reduced by 
using the angular variation as feedback to stabilize the 
motion of the UAV as it captures subsequent frames. 
 
Keywords: Vibration reduction, image/vision sensor, 
UAV stabilization, traffic surveillance. 
 

1. Introduction 
 
Two main types of digital image sensors are charge-
coupled device (CCD) and complementary metal-oxide 
semiconductor (CMOS). These devices work by 
converting the amount of light energy sensed on each 
pixel’s photodiode into voltages which is converted into 
digital information. These technologies produce quality 
images with good signal-noise-ratio but they are still 
susceptible to vertical smear and rolling shutter effect.  
 
The negative effects are caused by the image acquisition 
scheme in which the sensor sequentially scans each line 
of the image’s frame vertically or horizontally. The 
effect is significant if the read-out time is slow, the 
image contains fast moving objects, or the UAV 
(unmanned aerial vehicle) flight is unstable with high 
frequency vibration.  
 

In this paper, Hough transform is applied for line 
detection that is used to improve flight stability in real-
time by providing feedback about the amount of 
distortion in the acquired images. 
 
In the particular use-case of vehicle traffic surveillance 
[1] the image is usually comprised of straight lines from 
road marking, road signs, and other stationary objects in 
which line features can be extracted and measured for 
angular variation. The data from this process is then 
transmitted to the actuator of the UAV. In our test 
CMOS cameras are used because they are smaller, 
consume less power, and have a faster read-out speed. 

 
2. Proposed methods 

 
In computer vision and image processing, there are 
various methods for line/circle/feature detection. Hough 
transform (HT) has been applied in motion analysis, 
shape extraction and image registration [2] [3]. HT 
identifies lines within an image by superimposition with 
the Hough space defined by the following formula: 
 

 sincos) 00  yxr(   (1) 
 

Data points are determined to be a line if they contain 
distance, r, and angle, θ, that correlate (see Fig. 1). 
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Fig. 1. Polar coordinate of Hough transforms 

Fig. 2 shows the Hough transform of a simplified street 
image showing three distinct correlating points which 
are the two edges of the road and the road surface 
marking. The process involves running an edge 
detection technique (such as Canny edge detection) on 
an image to produce data points along the boundary of 
different blobs in the image. The data points are then 
accumulated in the Hough transform matrix and if the 
value of an element of the matrix is greater than desired 
threshold, it is then identified as a line in the image. The 
distance, r, and angle, θ, for each line is now obtainable.  
 

 
Fig. 2. Hough transform (right) of street picture (left) showing 
detected lines 
 
After selecting the prominent lines from the first image, 
in subsequent images these lines are then continuously 
monitored for angular changes. Image registration is the 
process of overlaying a series of images taken from 
different viewpoints by the image sensor in order to 
match them to a reference (base image). The images 
acquired from the UAV’s camera will be geometrically 
distorted (i.e. rotated, translated, skewed, scaled) due to 
the vibration. Therefore the measured angle, θ, needed 
for proper image registration is used as a parameter to 
calculate and adjust the speed of the servomotors of the 
UAV, consequently fine tuning its roll, pitch, and yaw 
(see Figure 3). 
 

 
 

Fig. 3. A quadcopter UAV 
 

3. Implementation and evaluation 
 
The proposed method for vibration reduction was 
implemented in MATLAB as follows: 
 
Step 1: Convert image to grayscale 
Step 2: Apply edge detection technique to highlight 
image intensity boundaries. 
Step 3: Compute HT over a range of θ (in order to 
exclude horizontal line for instance) 
Step 4:  Select n numbers of prominent line 
(houghpeaks) 
Step 5: Choose the longest line which will be 
continuously tracked while it remains in the scene. 
Step 6: Extract only the segment of the image 
containing the line (to eliminate time wasted on 
computing the other pixels in the image) 
Step 7: Continuously track the rotation in the selected 
segment on subsequent image 
Step 8: Return the output of angular displacement 
Step 9: Use the detected angular displacement as a 
feedback to the motors of the UAV. 
 
At first, in order to track the rotation MATLAB’s 
vision.GeometricTransformEstimator function 
was applied; it uses RANdom SAmpling Consensus 
(RANSAC) algorithm to compute similarity 
transformations. From Fig. 4 it can be seen that the 
algorithm detected matching points, and was able to 
recover the scale and rotation of 1.058 and 7.153 from 
the original deformation input of 1.1 and 6, 
respectively. 
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Fig. 4. Application of MATLAB image registration function 
 

Whilst this method provided a relatively close result, it 
could not be applied on a smaller segment of the image 
as a result of limited information for matching the two 
images. Therefore a simpler but more efficient method 
for detecting the image transformations within a small 
segment will be necessary as it speeds up the time 
needed to recover the distortion angles during the UAV 
flight for adequate feedback. 
 

4. Analysis of results 
 
After hundreds of trials the average θ (theta) error was 
significantly low when the angle of distortion was less 
than 10 degrees. The scale and theta values were 
generated randomly and it was noted that some angles 
and scales were unsolvable. Therefore the above 
algorithm can be improved by recomputing HT to find 
another prominent line in the scene if the original line is 
lost due to scale or rotation as the UAV moves. In 
addition, the above method uses random sampling to 
detect matching points, thus it can be improved by 
searching neighboring angles incrementally for the 
displaced line because the vibrations distortion affects 
image pixels in close proximity. 

 
5. Conclusion and future work 

 
In this paper, the use of Hough transform to reduce the 
image vibration in unmanned aerial vehicles to support 
the monitoring of road traffic by selecting the most 
prominent line in the scene for stability feedback during 
flight was proposed. 
 
An implementation of a working prototypical system 
based on the proposed solution is planned. After 
accomplishing the set objective further research can be 
carried out on predicting the vibration effects in 

subsequent frames using the information from the 
current time window, and also computational 
parallelizing of HT [4], and finally to develop hardware 
that are optimized to process HT in real time [5]. 
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Abstract: The parameters of the stable distribution 
collectively and skew t-distribution, calculated on the 
basis of stock data (Close and Volume), have been used 
as Random Forests inputs and applied to predict the 
direction of the change in future AGR rating (AGR 
rating will rise, drop or remain unchanged). Three 
models have been developed: 1) Model 1 uses the 
present-day AGR rating, Close and Volume parameters 
as well as the stable distribution parameters defining the 
past changes in stock; 2) Model 2 uses the present-day 
AGR rating, Close and Volume parameters as well as 
the skew t-distribution parameters defining the past 
changes in stock; 3) Model 3 uses the present-day AGR 
rating, Close and Volume parameters as well as the 
stable distribution and skew t-distribution parameters 
defining the past changes in stock.  
 
Keywords: Random Forests, stable distribution, skew t-
distribution, prediction, AGR rating. 
 

1. Introduction 
 
It emerged that when one attempts to apply the 
Gaussian distribution in a stock market with great price 
leaps, the curve continuity disappears. Thus, the 
Gaussian distribution is, generally, inapplicable in an 
analysis of economic indicators. Moreover, that law 
takes no account of asymmetry between the investors’ 
expectations and financial results. An investor seeks to 
know as much as possible about investment alternatives, 
however, this is not always possible. 
The investors’ opinion about the change in the 
enterprise’s results is described by the parameters of 
two distributions (stable and skew t-distribution) that 
are calculated on the basis of stock price data (Close 
and Volume). These distributions have been chosen 
because of the fact that stock price distributions are 
characterised by asymmetry and a heavy tail. 
Mean of distributions points to the prevailing investor 
expectations from the point of view of the enterprise, 

i.e. whether the majority of investors assess the activity 
of the enterprise and its prospects positively or 
negatively. Tails of distributions indicate the instability 
of the investors’ opinions about the enterprise’s results 
and its prospects. This may be related to an incorrect 
provision of the enterprise’s results, which is reflected 
by the AGR rating.  
The proprietary Accounting & Governance Risk (AGR) 
rating is a measure of corporate integrity based on 
forensic accounting and corporate governance metrics 
as well as an indicator of aggressive corporate 
behaviour, which can put stakeholders at risk. The AGR 
score is based on a quantitative model that weights 
specific accounting and governance metrics derived 
from corporate reporting. The score ranges from 0 to 
100, with lower scores indicating higher risk [5, 10, 11].  
Thus, the history of AGR rating reflects the practice of 
presenting enterprise’s financial data (financial 
statements). If in the past an enterprise was presenting 
its data incorrectly, then one may expect that it will 
continue doing so in the future. The parameters of 
distributions calculated from stock data reflect the 
change in investors’ opinions. 
 

2. Random Forests 
 
Random Forests consist of an ensemble of separate 
decision trees. Each decision tree is trained by 
separating at random from the training sample a certain 
part (two thirds) of the data, while the rest of the data 
(Out of Bag (OOB) data) is used for testing. An error of 
the tested part of the data decreases while increasing the 
number of decision trees [3].  
Importances of the features are measured by using the 
OOB data. The selected features depend on the amount 
of the data falling into OOB. Therefore, while selecting 
the most important features, 7 different amounts of the 
data falling into OOB were taken. If the number of 
features is marked as N, then the number of the features 
falling into OOB was selected as 
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follows: 2, 1, , 1, 2N N N N N    . The mean 

of importances of the features was calculated for the 
OOB data. By employing the backward elimination of 
features, each 5% of the least important features were 
removed until there would remain only 1 feature. It was 
sought to find out under which set of features the Out of 
Bag error was lowest. Such features and were 
considered to be the most important ones [6, 7]. 
 

3. Stable distribution 
 
The authors start from the Close and Volume empirical 
data analysis, by estimating the mean, variance, 
skewness and asymmetry. Then, they fit data series to 
the normal and α-stable distributions. 
Following the well-known definition, see [2, 3], a 
random vector X has stable distribution and 

denotes ),,( SX
d

  , here Sα is the probability 

density function, if X has a characteristic function (2) of 
the form: 
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Each stable distribution is described by 4 parameters: 
the first one and most important is the stability index 
α(0;2], which is essential when characterizing 
financial data. The others, respectively are: skewness 
β[-1,1], a position μR, the parameter of scale σ>0.  
The probability density function of α-stable distribution 
is: 
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In the general case, this function (2) cannot be 
expressed in closed form. The infinite polynomial 
expressions of the density function are well known, but 
it is not very useful for Maximal Likelihood Estimation 
(MLE) because of the error estimation in the tails, the 
difficulties with truncating the infinite series, and so on. 
The authors use an integral expression of the PDF in 
standard parameterization and Zolotarev-type formula 
[8, section 2.1]. The pth  moment of any random 

variable X exists 



0

)( dyyXPXE
pp  and is 

finite only if 0<p<α. Otherwise, it does not exist. So, if 
α parameter of some series is less than 2 it is understood 
that the variance does not exist, and if it is less than 1, 
the mean cannot be used as a positional characteristic of 
such variable. 
 

4. Skew t-distribution 
 
In general, skew t-distribution is represented by a 
multivariate skew-normal distribution with the 

covariance matrix, depending on the parameter 
distributed according to the inverse-gamma distribution. 
According to this representation, the density of skew t-
distribution as well as the likelihood function is 
expressed through multivariate integrals that are 
convenient to be estimated by the maximum likelihood 
method [4].  
There are examples where skew t-distribution is applied 
in biological research, localization of infectious agents 
or the prediction of the actual statistical properties of 
financial markets in statistical literature and so on [1, 2, 
4, 8, 9]. It will be demonstrated that skew t-distribution 
reflects the difference between the investors’ 
expectations and results, since in this distribution data is 
described by the Gaussian distribution with a random 
vector of mean and random variance.  
The skew t-variable is denoted by ),,,,(  bST  . A 

multivariate skew t-distribution defines a random vector 
X  that is distributed as a multivariate Gaussian vector: 
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where the vector of mean a , in its turn, is distributed as 
a multivariate Gaussian 0),2/,(  tN   in the cone 

dRa   ,0)( , where d  is the dimension, and 

the random variable t  follows from the Gamma 
distribution: 
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By definition, d -dimensional skew t-distributed 
variable X  has the density as follows: 
 

,
111

2

2

),(),,,(),,,(2),,,,,(

0 0)(

1
2

2

1

2

1

0 0)(

1

dadt
aTaaxTaxt

e

t
b

dadtbtftaftaxfbxp

a

d
b

d

a

































































 

 










 

(5) 
 

where 0,0   are the full rank dd   matrices. 

In the equation dRa   ,0)(  defines an area 

of investors’ expectations, which may be represented 
graphically. 
The estimation of parameters  ,,,, b  will be 

examined by following the maximum likelihood 
approach. The log-likelihood function can be expressed 
as 
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The optimality conditions in this problem are derived by 
taking and setting the first derivatives with respect to 
parameters to be estimated as equal to zero.  
But, first, the transformation of the data is carried out: 
the mean of the sample is subtracted from the data and 
divided by variance. The present case requires centring 
and scaling in order to ease the running of the 
minimisation program (otherwise the program would 
have to optimise according to the parameters of a very 
different scale). After having centred and scaled the 
data and having solved the minimisation task, the initial 
scales are resumed, i.e., the data is decentred and 
descaled backwards. 
 

5. The data 
 
The financial data of the enterprises under examination 
comprises the period from 2007 to 2009. That is the 
period of the economic recession, starting by the end of 
2007. The year of 2008 was characterised by 
particularly pronounced problems of liquidity, while 
towards the end of 2009 the economic hardship 
assumed a different character.  
The enterprises whose stock data have been used for the 
experiments belong to the following sectors: Diagnostic 
Substances; Drug Manufactures, Major; Drug 
Manufactures, Other; Health Care Plans; Hospitals; 
Medical Instruments and Supplies; Medical 
Laboratories and Research; Medical Appliances and 
Equipment; Specialized Health Services; Biotechnology 
in the US healthcare industry. 
 

6. Methodology 
 
1) Stable distribution is defined by the following 
parameters: alpha (characteristic exponent), beta 
(skewness), gamma (scale) and delta (location). Stable 
distribution parameters are calculated from stock price 
data—Close (4 parameters) and Volume (4 

parameters): , 1,...8stbl
jx j  ; 

2) skew t-distribution is defined by the following 
parameters:  
 - vector of mean, 

, - covariance matrices,  

b - the extinction degree,  
 - scalar, enabling to establish the area of preferences 

(priorities). 
Skew t-distribution parameters are calculated from 
stock price data—Close (5 parameters) and Volume (5 

parameters): , 1,...10skw
jx j  ; 

3) additional parameters describing the present-day 
situation: AGR rating and stock-defining parameters—

Close and Volume: , 1,...3o
jx j  ;   

4) three Random Forests classification models are 
created, which permit to predict the direction of the 

future change in AGR AGR
jy  (AGR rating will rise, 

drop or remain unchanged). The models differ among 
themselves by their input parameters: 

- 1 { , }M stbl o
j j jx x x  (Model_1), 

- 2 { , }M skw o
j j jx x x  (Model_2), 

- 3 { , , }M sbl skw o
j j j jx x x x  (Model_3). 

 
7. Experiments 

 
It is aimed at finding out as to which features had the 
greatest impact on predicting the future AGR class 
(AGR will rise, drop or remain unchanged). The 
features with a negative impact are removed. The 
experiments are carried out by employing for the input 

data three different sets of features: 1M
jx , 2M

jx , 3M
jx .  

The table below shows the Out of Bag errors when all 

the features are used ( AllOOB ) as well as when the 

most important ones ( selectOOB ) are selected. 

 
Table 1. The OOB error when all the features AllOOB  are 

used as well as when the selected features selectOOB  are used 
in the cases of different sets of features: 1M

jx  (Model_1), 2M
jx  

(Model_2), 3M
jx  (Model_3) being employed for the input data 

 

  
AllOOB  selectOOB  

Model_1 0.19 0.16 
Model_2 0.20 0.17 
Model_3 0.21 0.15 

 
The selection of features has improved the results of 
predicting the AGR direction in regard to all the three 
models. The difference in errors is marginal when 
different combinations of input data are used for the 
classificatory. This may suggest that stock data can be 
equally well defined by both stable distribution and 
skew t-distribution.  
As to which features are the most important in 
predicting the direction of the change in the future AGR 

rating in the cases when different sets of features— 1M
jx  

(Model_1), 2M
jx  (Model_2), 3M

jx  (Model_3)—are 

used for the input data can be represented as follows: 
Alpha1, Beta1, Gamma1, Delta1—stable distribution 
parameters calculated from Close data; 
Alpha2, Beta2, Gamma2, Delta2—stable distribution 
parameters calculated from Volume data; 
miu1—mean of the skew t-distribution Close parameter; 
miu2—mean of the skew t-distribution Volume 
parameter; 
sigma1—  Close; 
sigma2— skew t-distribution covariance of   matrix 
of Close and Volume data; 
sigma3—  Volume; 
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teta1—  Close; 

teta2—skew t-distribution covariance of  matrix of 
Close and Volume data; 
teta3—  Volume; 
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b —skew t-distribution extinction degree; 
eta—skew t-distribution scalar enabling to establish the 
area of preferences (priorities), in other words—the 
angle between axis Ox  and line )(   a .
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Fig. 1. Features when using the set of parameters of Model_1 
 

When creating the model the present-day parameters 
(AGR rating, Close, Volume and stable distribution 
parameters), defining past changes in stock prices and 
volume, are used, the greatest impact in taking a 
decision concerning the future direction of AGR rating 
is made by the present-day AGR rating. A significant 

impact is made by the present-day stock price Close and 
Volume parameters as well as the stable distribution 
parameters that are calculated from Close and Volume 
data and correspond to the mean and variance. 
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Fig. 2. Features when using the set of parameters of Model_2 
 
When creating the model the parameters describing the 
present (AGR, Close, Volume) as well as the skew t-
distribution data are used, as in the case of Model_1, the 
greatest impact is made by the present AGR rating, with 
the present stock price Close and Volume parameters 
being significant as well. A great impact in taking a 

decision concerning the tendencies of future AGR 
rating is made by the Volume covariance matrix 
elements sigma3 and teta3, meanwhile Close covariance 
matrix elements appeared to be insignificant. 
Consequently, Model_2 is more affected by the 
intensity of the past investors’ reaction, rather than by 
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the amplitude of the rise or fall of the stock price itself. 
Nevertheless, it needs to be noted that, in defining the 
present, the Volume parameter, reflecting the intensity 

of investors’ reaction, as well as the stock price (Close) 
are significant. 
 

 

0
0,02
0,04
0,06
0,08
0,1

0,12
0,14
0,16
0,18
0,2

M
ag

n
it

u
de

Feature

Mean decrease in accuracy (Model_3)

 

Fig. 3. Features when using the set of parameters of Model_3 
 
When using for the model input data the parameters 
describing the present (AGR, Close, Volume) as well as 
the skew t-distribution and stable distribution 
parameters reflecting the change in past stock prices, 
once again the greatest impact on decision-making is 
made by the present-day AGR rating. The present-day 
Close and Volume parameters have remained to be 
significant as well.  
Meanwhile, the stable distribution parameters calculated 
from Volume data have been found to be insignificant, 
although in the case of Model_1 they constituted 
important parameters.  
From among skew t-distribution parameters, as in the 
case of Model_2, the sigma3 parameter remained to be 
important. Whereas, miu2 was not important when 
skew t-distribution was used alone, while when using 
the parameters of skew t-distribution and stable 
distribution together, miu2 appeared to be important. 
Meanwhile, in the case of Model_3, the teta3 parameter 
was not important, though it was important in the case 
of Model_2. 
Consequently, when parameters of skew t-distribution 
and stable distribution are used together, stable 
distribution better reflects the amplitude of stock prices 
(Close), while skew t-distribution better reflects the 
intensity of investors’ reaction. Therefore, in order to 
better describe the intensity of investors’ reaction as 
well as the amplitude, it would be more expedient to 
employ skew t-distribution and stable distribution 
parameters collectively rather than to use them 
separately. 
 

8. Conclusions 
 
The financial data of the enterprises falling under 
examination comprised the period from 2007 to 2009. 
That was the period of the economic recession, which 
started by the end of 2007. The year of 2008 was 
characterised by particularly pronounced problems of 

liquidity, while towards the end of 2009 the economic 
hardship assumed a different character.  
It was sought to predict the direction of the change in 
the Accounting and Governance Risk (AGR) rating 
(AGR will rise, drop or remain unchanged). Three 
models were created, for the input data of which the 
present-day AGR rating, the stock price and volume as 
well as the distribution parameters defining the change 
in stock (Close and Volume) were used. These models 
differ among themselves according to the type of 
distribution being used: Model_1 employs alpha stable 
distribution parameters; Model_2—skew t-distribution 
parameters, while Model_3 takes up the parameters of 
both distributions. The results show that the errors of all 
the three models differ inconsiderably. It follows, then, 
that stable distribution as well as skew t-distribution is 
appropriate for describing the changes in stock. 
The most important features were selected from the 
input data of Model_1, Model_2 and Model_3, with the 
aim of disclosing thereby the mutual dependency 
between the change in AGR rating and the change in 
stock parameters. In all the three models, the present-
day AGR rating had the greatest impact. Consequently, 
if an enterprise is currently providing its financial data 
in a non-transparent manner, there is a high probability 
that it will do so in the future. Also, in all the three 
models, stock Volume and Close parameters remained 
to be among most important. From among the 
parameters defining stable distribution, the gamma and 
delta parameters (both Close and Volume ones), 
corresponding to the mean and variance, were most 
important. Since investors, while assessing the 
enterprise’s financial situation, refer to its financial 
data, whilst if that data is not provided transparently 
(which is shown by the AGR rating), so then it becomes 
difficult for those investors to assess the enterprise’s 
actual prospects. Thus, the fact of discrepancy in 
opinions becomes distinct, which is defined by the 
parameter corresponding to variance. 
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As it turned out during the selection of features, stable 
distribution parameters are more useful for describing 
the change in the amplitude of stock prices, whereas 
skew t-distribution parameters better describe the 
change in the intensity of investors’ reaction. 
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Abstract: Within the field of intelligent house and home 
automation, intelligent control of heating systems has 
become the most promising approach to provide all 
required services and conform to robustness and safety 
requirements at the same time. However, it remains 
unclear how such a system can meet such requirements. 
The aim of this paper is to describe an application 
formal modeling tool for behavioral analysis of heating 
system consisting of internal/external sensors, 
controller, and heater. Results show, that application of 
formal modeling tool allows analyzing systems at an 
early stage, checking its consistency and conformance 
to requirements. 
 
Keywords: systems simulation, Uppaal tool, intelligent 
house, home automation, intelligent control, modeling. 
 

1. Introduction 
 
Nowadays intelligent houses and home automation are 
becoming reality and one of the key elements, heating 
systems, play a significant role within this area. 
Unfortunately, ensuring efficiency of such systems 
could be influenced not only by the quality of multiple 
elements of the heating system itself but also by various 
possible ways in which the system could be controlled. 
Thus, efficiency of the heating systems could be 
increased by introducing new control techniques and 
algorithms that mainly focus on maintaining the desired 
temperature inside the buildings and reducing heating 
costs.  
Traditionally there are three inevitable parts within 
control design cycle: modeling, simulation and 
synthesis. In order to do rigorous modeling and analysis 
of diverse systems, formal methods could also be used.  
Formal methods could be useful for several reasons: 
 Unambiguous models. Formal modeling languages 
allow defining systems unambiguously, because syntax 
and semantics are defined formally, and that includes 
means to define non deterministic and stochastic 
behavior precisely, too. Moreover, for the same reasons, 
unambiguous refinement and code generation 
techniques can be applied. 

 Strict analysis techniques. Because models are defined 
using languages with strict semantics, rigorous 
reasoning about models is possible. E.g., model 
checking, theorem proving and specifically designed 
algorithms can be used. 
Quite a few techniques and tools were defined over the 
year, e.g. process algebras [4-8], timed automaton [9], 
hybrid automaton [10], SPIN [11], Uppaal [2] tools and 
much more (see [12] for wider overview). Successful 
application of formal techniques is reported in different 
areas, e.g. automotive industry [13], electronics [14], 
industrial devices control [15], healthcare [16] and 
other. 
In this paper we investigate applicability of timed 
automaton [1] and Uppaal tool [2] for the design and 
simulation of an intelligent home heating system. 
Uppaal is an integrated tool environment for modeling, 
validation and verification of real-time systems modeled 
as networks of timed automaton, extended with data 
types and other convenient constructions [2]. Based on 
two reasons above, we also use formal methods for 
analysis. 
 

2. Home heating system 
 
Analyzed home heating system (see Fig. 1) consists of 
the following components: 
 Inside temperature sensor. 
 Outside temperature sensor. 
 Heater. 
 Heating controller. 
 

 
 

Fig. 1. Home heating system 
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Inside temperature sensor is used to sense temperature 
inside the room, outside temperature sensor is used to 
sense temperature outside the room, heater with fixed 
power controls “on/off” operations and heating 
controller system controls the whole heating process. 
Basically, controller is used to manage transient 
processes of heating system but the need of energy must 
be evaluated by sensors. It is essential to evaluate need 
of energy constantly in order to achieve and maintain 
temperature that is specified in the task. 
In order to get better results and greater opportunities to 
use these tools in the future for other heating systems: 
 control by switching “on/off” was used instead of 
direct control by changing the heating element power 
was adopted. 
 demand for heating was evaluating not by heating 
element power or the need of energy for the system, but 
by heating element operation time. 
 

3. Timed automaton and Uppaal 
 
Timed automaton [1] is one of the most popular 
techniques for modeling and analysis of the real-time 
systems. We present a version of automata used in 
Uppaal [2], an integrated tool environment for the 
modeling, simulation and verification of real-time 
systems. It is well-suited for systems that can be 
modeled as a collection of nondeterministic processes 
with finite control structure and real valued clocks, 
communicating through channels or shared variables. 
 
3.1. Definition 1  
 
Let (1) be a set of clocks and  be the set of clock 
restrictions of the form ,   |  | 

 with , ,   , , , , : 
 

, , , … .  (1) 
 
3.2. Definition 2 
 
Timed automata can be represented as in Fig. 2. 
Locations are drawn as nodes in the graph, and the 
initial location is usually marked with a double circle. 
 

 
 

Fig. 2. Timed automata 
 
We will call timed automaton a finite directed graph 
over  and : 
 

, , , , ,  (2) 
 
where  is a finite set of locations;  is the initial 
location;  is a finite set of action names and 

2  is a finite set of edges, :  
assigns invariants to locations. 

We will write 
, ,  instead of , , , , ’   . For 

such an edge,  is called the source location of the state, 
 is the guard,  is the action,  is the set of clocks to be 

reset and  is the target location.  
 
3.3. Definition 3 
 
Let (3) be a timed automaton over : 
 

, , , , .  (3) 
 
We define the timed transition system generated by  as 

, ,  where: 

  is a set of locations , , where 
 is a location of the timed automaton and  is a clock 

valuation satisfying the invariant of ; 
  is the set of labels; 
 Two types of transitions are defined: 

o Action transitions , ,  such that exists an 

edge 
, , ,

 where  satisfies ,  satisfies  
and  satisfy , 

o Delay transitions , ,  if 0,
 satisfies . 

Let  denote the valuation with 0 for all 
. If it satisfies the invariant of the initial location, 

we will call ,  the initial state of . 
In Uppaal, timed automata are composed into a 
network, consisting of  timed automata: 
 

 , , , ,  , i 1. . . n.              (4) 
 
Let , . . . ,  be a location of the network, then 
invariants are composed using conjunction 

. 
 
3.4. Definition 4 
 
Let (5) be a network of  timed automata: 
 

, , , , ,  , i 1. . . n.     (5) 
 
Let , … ,  be the initial location vector. The 
semantics is defined as a transition system , , , 
where …  is the set of states, 

,  is the initial state and transition relation 
combines 3 transitions types: 
 time flow transitions (6), if 0,  holds 

: 
 

, , ;  (6) 
 
 discrete transitions: 
o synchronized: 
 

… , , … , , … , ,      

… , , … , , … , , ,  (7) 
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if ,
!, ,

,
?, ,

,

,  and 

, ; 
 
o asynchronous: 
 

 … , , … , , … , , … , , ,  (8)  
 

if 
, ,

, ,   and  

. 
 
Uppaal is based on the theory of timed automata; 
however it’s modeling language offers additional 
features such as bounded integer variables, urgency, and 
more [1]. Properties to be verified are specified using a 
subset of Computation Tree Logic (CTL) [1-3]: 
 A[] property invariant, property always holds in all 
paths; 
 A<> property eventually, property holds in all paths at 
some moment; 
 E<> property possibly, property eventually holds at 
some state, at least in one path; 
 E[] property potentially always, property eventually 
holds from some state, at least in one path; 
 p → q leads to, whenever p holds eventually q will 
hold; 
 deadlock true, if deadlock state is reachable; 
 P.state certain properties hold in the selected state. 
 

4. Formal modeling of home heating system using 
Uppaal 

 
It is a simplified version of the home heating system as 
defined in Sect. 2. We made imitation of model without 
real count of heating time algorithm. 
We present a work in progress, an abstract version of an 
intelligent home heating system, defined in Sect. 2. 
Uppaal model consists of the following components: 
 Real temperature changes imitation and day time 
counter (see Section 4.1); 
 Temperature sensors (inside and outside) for imitation 
of temperature sensor work (see Section 4.2); 
 Heater that gets command from controller and change 
heater status (see Section 4.3); 
 Heater controller that sends values of inside and 
outside temperature to heater (see Section 4.4).  
 
4.1. Real temperature change imitation 
 
Model of real temperature changes imitation (see Fig. 3) 
calculates a graph of outside temperature according to 
pre-defined outside temperature: 
 
void OutSideTemp(){ 
 int k = dayInt*tempReC/pHour; 
 int k2 = 0; 
 int x1 = k*pHour/tempReC; 
 int x2 = (k+1)*pHour/tempReC; 
 dayHour = k; 
 if (k+1 < 24) 

  k2 = k+1; 
 outTemp = ((outTempLine[k]-outTempLine[k2])/(x1-
x2))*(dayInt-x1)+outTempLine[k];} 
 
In Fig 3, dayInt and dayHour refer to the time of day, 
dayInt is an index of temperature conversion and 
variable dayHour refers to hour of the day. 
 

 
 

Fig. 3. Model of real temperature changes imitation 
 
Temperature inside is function of loss of energy 
depending on inside and outside temperature, and power 
of heater: 
 
void InSideTemp(){ 
 int dT = (inTemp - outTemp)/lostT; 
 inTemp = inTemp - dT+ sHeater * hinT;} 
 
Values of inside and outside temperature are stored in 
global variables. Uppaal does not support floats, but it 
simulated by the clocks and by scaling integers to 
provide sufficient precision (i.e, 1.001 becomes 1001). 
 
4.2. Temperature sensors 
 
Inside and outside temperature sensors are similar (see 
Fig. 4 and Fig. 7 for the details): 
 Init: sensor’s initialized. 
 Idle: sensors are waiting for requests of temperature. 
 ReadTemperature: location in which the values of 
temperature are read. 
 

 
 

Fig. 4. Sensor automate 
 
In order to reduce number of controller location, an 
intermediate automata was developed. It performs scan 
of values of inside and outside temperatures (see Fig. 5). 
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Fig. 5. Intermediate model 
 
4.3. Heater 
 
Heater has two locations: on and off, that are indicated 
by the global variable sHeater. Despite the fact that at 
the beginning of simulation heater's symbolic state is off 
in InitHeator location, it could perform two actions: 
doOn and doOff independent of the state of the heater 
(see Fig. 6). 
 

 
 

Fig. 6. State of the heater 
 
Heater just switches between two modes - on and off, 
changes values of sHeater, and idles in idle location. 

4.4. Heating controller 
 
An Uppaal model of the heating controller is depicted in 
Fig. 7. It consists of two main functional parts: 
 The part for maintain fixed temperature (on the right 
of Fig. 7). In this part for maintain fixed temperature, 
parameters of controller are initialized in InitControler 
location, where task temperature, next task temperature 
and next task time are set, and automata moves to from 
StartControl to TemperatureSet. TemperatureSet and 
sends command reqTemp requesting inside and outside 
temperatures. Controller waits for retTemp on to receive 
temperature change and move to GetTemperatures1. 
Then it counts and evaluates time between recent and 
next task and moves to ControlType location; if the 
absolute value of the time is larger than the value of the 
time until the next task, controller moves to 
HeaterChange location and sends command to heater 
with the values of recent inside temperature and 
temperature specified in the task. Afterward controller 
moves to StartControl. 
 The part of adaptive controlling of intermediate 
processes (left side of Fig. 7). In this part for adaptive 
controlling of intermediate processes adaptive control of 
intermediate process starts when absolute value of the 
time is lower or equal than value of the rest time till the 
next task: 
(a) if the estimated time is positive, controller sends 
command doOn and increase inside temperature while 
temperature becomes the same as specified in the next 
task.  
(b) if the estimated duration is negative, controller sends 
doff and operates in similar manner as while increase 
temperature. 
Upon completion of the intermediate processes, 
controller moves to the Adaption location. Finally, after 
that it returns to the StartControl location. 
 

 

 
 

Fig. 7. An Uppaal model of the heating controller
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Fig. 8. Simulation Heating System 
 
4.5. Model simulation 

 
Simulation results, e.g. see Fig. 8, show, that system 
behaves according to requirement, i.e. switching occurs 
at required time. Unfortunately, the system is too 
complex for deadlock check. 

 
5. Conclusions 

  
Uppaal tool was applied for modeling and analysis of an 
intelligent heating system with an internal and external 
sensors, controller, heater and external/internal 
temperature change trajectories simulation. We 
investigated conformance of the model to the 
requirements. Results show that system (model) 
conforms to requirements. Moreover, paper shows how 
Uppaal can be used for analysis of cyberphysical 
systems during design and development process. It 
could be a great relevance to further researches within 
this area. 
Future plans include hybrid and continuous modeling of 
heating system, verification of modified model using 
Uppaal and experiments with an implementation in 
laboratory conditions. 
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Abstract: Virtual environment is an important part of 
everyday life, as lots of children and adults engage 
themselves in social networks, internet applications as 
well as computer games. The influence that is done to 
the person through those activities in the virtual 
environment is important for their daily life and psycho-
emotional state. In the paper, the dependencies between 
the features of virtual dynamic object (3D virtual face) 
as stimulus and corresponding human psycho-emotional 
state parameters (engagement/boredom, excitement, and 
frustration) are modeled. Model validation shows that 
output signals can be predicted when using least squares 
method for unknown parameter estimation.  

 
Keywords: Virtual 3D face, psycho-emotional state, 
EEG, Least Squares method. 

 
1. Introduction 

 
Nowadays a lots of children and adults engage 
themselves in social networks, internet applications and 
computer games, so different kinds of virtual 
environment becomes usual in our daily life and it is 
even difficult to imagine a world without the new 
technologies. However, virtual environment influences 
a psycho-emotional state of a person and it is important 
to evaluate it for different reasons: to examine the 
quality of new interfaces of various software products 
[1], to prevent children or adults from using the 
applications that gives harmful effects to one’s health 
[2][3], to use virtual environments for military or other 
training [4] or serves as mediators [5]. One of the usual 
virtual objects that can be investigated is an avatar. A 
number of studies have been performed for exploring 
influence of avatars in various aspects. R. Bailey et al. 
[6] investigate the influence of interactive game on 
children cognition and emotion through skin 
conductance comparing the effects when an avatar is 
assigned, chosen or self-designed. A self-designed 
avatar determines a higher skin conductance values and 
higher arousal. Another study [7] introduces generation 
of virtual emotional 3D faces with asymmetric features 
according to valence-arousal coordinate system, to 

make the visualizations more realistic. Emotional 
avatars are constructed using different technologies [8].  
Human face is one of the most important means for non-
verbal information transferring to another person [9]. 
We have chosen to investigate the influence of a 3D 
female avatar face and to measure EEG signals of a 
human. 
Our previous studies were dedicated to investigate if a 
3D avatar (male and female) faces have influence on the 
emotional state of the volunteers who are observing the 
changing features of a 3D faces [10]. Four volunteers 
(only male) have been included into this investigation. 
The experiments were set up to observe an output signal 
when an input is male or female 3D face with different 
and changing features.  
This paper presents an investigation of the data 
observed during a set of experiments that were 
dedicated to explore the dependencies between three 3D 
face features – distance between eyes, nose width, chin 
width – and human emotions as a response to a given 
stimuli. 

 
2. Observations and data 

 
The investigations were performed using the following 
input and output: virtual 3D face (distance between 
eyes, nose width, and chin width) for input and 
excitement, frustration, engagement/boredom signals of 
a person as output from preprocessed EEG data (see 
Fig. 1.). The input and output signals were collected 
using Emotive Epoc device. The device is capable to 
record raw EEG data and gives already preprocessed 
signals (excitement, frustration, engagement/boredom). 
The device records EEG inputs from 14 channels 
(according to international 10-20 locations): AF3, F7, 
F3, FC5, T7, P7, O1, O2, P8, T8, FC6, F4, F8, AF4 
[11].  
 

 
 

Fig. 1. Input-output scheme of the data recording  

Monitor with 
virtual face 

(Input) 

User with EEG 
measuring 

device 

Preprocesed 
EEG signals 

(Output) 
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Modifications of 3D woman face were used for the 
input. The faces were created with Autodesk MAYA 
and imported to Unity 3D engine for programming the 
required animations using morphtarget's method. The 
“neutral” face is shown in Fig. 2.  
 

 
 

Fig. 2. A woman 3D virtual face with “neutral” features  
 
There were two kinds of input signal. In the first case a 
face were changing smoothly from “neutral” to “large 
distance-between-eyes”, “wide nose” or “wide chin” 
then came back in the same manner to “neutral” and 
changed smoothly to “small distance-between-eyes”, 
“thin nose” and “thin chin”.  
In the second case, a “neutral” face was shown for some 
period of time, then the picture was changed suddenly to 
“large distance-between-eyes”, “wide nose” or “wide 
chin” with a sudden change in a signal pattern, and then 
after some period of time to “neutral” or “small 
distance-between-eyes”, “thin nose” or “thin chin” and 
so on. A numerical value of “neutral” face was 0, 
increased in the case of “large distance-between-eyes”, 
“wide nose”, “wide chin” and decreased in the case of 
“small distance-between-eyes”, “thin nose” and “thin 
chin”. 
Six feature signals were constructed for input - two 
kinds for every of three features. Only one feature was 
changing in a face at the same time.  
The limiting face feature changes are shown in visual 
form in figs. 3-5.  
 

 
 

Fig. 3. Distance-between-eyes: largest (left) and smallest 
(right) 
 

 
 

Fig. 4. Nose width: wide (left) and thin (right) 
 

 
 

Fig. 5. Chin width: wide (left) and thin (right) 
 
Output signals – excitement, engagement/boredom and 
frustration – varied from 0 to 1. If excitement, 
frustration and engagement was low, the value was 0 or 
close to 0 and if they were high, the values of 

parameters were 1 or close to 1. The signals were 
recorded with the sampling period of T0=0.5 s. 
There were 5 volunteers (2 male and 3 female) tested. A 
person was watching 6 animated scenes of 
approximately 1 minute in a row, the EEG signals were 
measured using Emotiv Epoc and the preprocessed 
recorded signals were stored for later analysis. 

 
3. Model of dependencies between virtual object 

stimuli and human psycho-emotional state 
 

The dependencies between virtual object stimuli and 
human psycho-emotional state are described as follows 
[12]:  

 
   

 
    (1) 

 
1  
 

where  and  are the model polynomials, 
 is an output (excitement, engagement/boredom or 

frustration) and  is an input (changing 3D face 
features) signals respectively calculated as  
 
  ,    (2) 
 
with sampling period ,  corresponds to noise signal 
and z-1 is the backward-shift operator . 
 
Eq. (1) can be expressed in the following form: 
 
   (3) 
 
The parameters of the model , ,  are 
unknown. They have to be estimated according to the 
observations obtained during the experiments with 
volunteers. Cross-correlation functions between input 
and output signals and autocorrelation function of input 
signals are used for this purpose:  
 

1
 

and      (4) 

1
 

 
where  

1
 

and       (5) 

1
 

 
are the averages of input and output and 0, 1, … 
It is not difficult to show that in the case of using the 
model, the following relationship exists between 
correlation functions: 
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1 1  
      (6) 
 
Equation (6) can be expressed as a linear regression 
equation: 
 
      (7) 
 
where  
 

, 1 , 1  (8) 
 

For the estimation of unknown parameter vector c we 
use a method of least squares. The parameter estimates 

, ,  of a model are expressed as follows 
[12]:  
 
                          (9) 
 
where a matrix  and a vector  are calculated using the 
following equations:  
 

 

                  (10) 

 

 
where M is a number of correlation function values 
used. 

 
4. Model validation 

 
The model was validated through the output signal 
(excitement, frustration, engagement/boredom) 
prediction analysis. The predicted signals of the model 
have the following expression: 
 
               (11) 
 
The predicted signal is compared to the observed output 
signal.  
Model was constructed for every of five volunteers 
between every input (distance between eyes, nose width 
and chin width) signal and every corresponding output 
signal (excitement, frustration, and engagement/ 
boredom). 
When estimating the parameters of the model using 
eq. (10), M=30. When calculating correlation functions 
using eq. (4), N=120.  
Two kinds of inputs were used. The input of Type 1 is 
shown in Fig. 6 (top). Here signal values are changing 
suddenly and then is of the same value for some interval 
of time. The input of Type 2 is shown in Fig. 6 (bottom). 
It is changing smoothly during all the experiment time. 
The values of the vector  when input Type 1 is used are 
given in Table 1. The corresponding predicted signals 
are shown in the figs. 7-11 below. Observed output 
signal is marked with a solid line, and predicted output 
signal with a dotted line. 

 

 
 

Fig. 6. Type 1 and Type 2 input features 
 
Table 1. Estimated model parameters for different Type 1 
input and output signal combinations and volunteers. User no. 
is followed by the notations f-female and m-male. 

 

User 
no. 

Input 
feature 

Output 
feature 

   

1 (f) Nose Excitement -0,06 0,03 -0,97 
2 (f) Eyes Excitement -0,01 0,05 -0,98 
3 (f) Nose Frustration 0,06 -0,05 -0,99 
4 (m) Nose Engagement

/Boredom 
0,01 0,02 -0,99

5 (m) Chin Frustration 0,00 0,02 -0,94 
 
 

 
 

Fig. 7. Volunteer 1, Nose width input, Excitement output 
signal  
 

 
 

Fig. 8. Volunteer 2, Distance-between-eyes input, Excitement 
output signal 
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Fig. 9. Volunteer 3, Nose width input, Frustration output 
signal 
 

 
 

Fig. 10. Volunteer 4, Nose width input, Engagement/Boredom 
output signal 
 

 
 

Fig. 11. Volunteer 5, Chin width input, Frustration output 
signal 
 
It can be noted that excitement and frustration signals 
are predicted in the larger accuracy than meditation and 
engagement/boredom.  
The values of the vector  when input Type 2 is used are 
given in Table 2. The corresponding predicted signals 
are shown in the figs. 12-19. Observed output signal is 
marked with a solid line, and predicted output signal 
with a dotted line. 

Table 2. Estimated model parameters for different Type 2 
input and output signal combinations and volunteers. User no. 
is followed by the notations f-female and m-male. 

 

User 
no. 

Input 
feature 

Output 
feature 

b0 b1 a1 

1 (f) Eyes Excitement 0,05 -0,07 -0,96 
2 (f) Eyes Excitement 0,23 -0,21 -1,00 
5 (m) Eyes Excitement 0,04 -0,05 -1,00 
4 (m) Eyes Excitement 0,46 -0,49 -1,00
4 (m) Nose Excitement 0,16 -0,18 -1,00 
4 (m) Chin Excitement -0,65 0,61 -0,97 
2 (f) Chin Frustration 0,17 -0,19 -1,00 
2 (f) Chin Engagement

/Boredom 
-0,14 0,14 -0,99 

 
When analyzing the same parameter for different 
volunteers (both male and female), it can be seen, that 
Excitement parameter signal is predicted in acceptable 
accurately in the analyzed cases (Figs. 12-14). 
When analyzing different input parameters for the same 
output parameter for the same volunteer, it can be also 
seen, that Excitement parameter signal is predicted 
accurately in all the cases that are being analyzed here 
(Figs. 15-17). 
 

 
 

Fig. 12. Volunteer 1, Distance-between-eyes input, 
Excitement output signal. Recorded output signal – solid line, 
predicted output signal – dotted line 
 

 
 

Fig. 13. Volunteer 2, Distance-between-eyes input, 
Excitement output signal. Recorded output signal – solid line, 
predicted output signal – dotted line 
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Fig. 14. Volunteer 5, Distance-between-eyes input, 
Excitement output signal. Recorded output signal – solid line, 
predicted output signal – dotted line 

 

 
 

Fig. 15. Volunteer 4, Distance-between-eyes input, 
Excitement output signal. Recorded output signal – solid line, 
predicted output signal – dotted line 

 

 
 

Fig. 16. Volunteer 4, Nose width input, Excitement output 
signal. Recorded output signal – solid line, predicted output 
signal – dotted line 

 
Frustration and Engagement/Boredom output signals are 
predicted accurately as well (Fig. 18 and Fig. 19 
respectively). Frustration parameter has a larger 
variation in values and Engagement/Boredom is of a 
lower variation in values. 

 
 

Fig. 17. Volunteer 4, Chin width input, Excitement output 
signal. Recorded output signal – solid line, predicted output 
signal – dotted line 

 

 
 

Fig. 18. Volunteer 2, Chin width input, Frustration output 
signal. Recorded output signal – solid line, predicted output 
signal – dotted line 

 

 
 

Fig. 19. Volunteer 2, Chin width input, Engagement/Boredom 
output signal. Recorded output signal – solid line, predicted 
output signal – dotted line 

 
5. Conclusions  

 
The mathematical model was constructed that allows 
describing the dependencies between visual stimuli 
(virtual 3D face that changes during time) and the 
reaction to them. 

10 20 30 40 50

0

0.2

0.4

0.6

0.8

1

Volunteer 5, Eyes, Excitement

time, s

a
.u

.

10 20 30 40 50

0

0.2

0.4

0.6

0.8

1

Volunteer 4, Eyes, Excitement

time, s

a.
u

.

10 20 30 40 50

0

0.2

0.4

0.6

0.8

1

Volunteer 4, Nose, Excitement

time, s

a
.u

.

10 20 30 40 50

0

0.2

0.4

0.6

0.8

1

Volunteer 4, Chin, Excitement

time, s

a
.u

.

10 20 30 40 50

0

0.2

0.4

0.6

0.8

1

Volunteer 2, Chin, Frustration

time, s

a.
u

.

10 20 30 40 50

0

0.2

0.4

0.6

0.8

1

Volunteer 2, Chin, Engagement/Boredom

time, s

a
.u

.

68



 

The validation of the model showed that it describes the 
dependencies between every input (distance between 
eyes, nose width and chin width) signal and every 
corresponding output signal (excitement, frustration, 
and engagement/boredom) for every of five volunteers 
in an acceptable accuracy.  
Excitement parameter was predicted in a better accuracy 
in comparison to the frustration parameter. Prediction of 
the engagement/boredom parameter was predicted in the 
lower accuracy than frustration parameter. 
Excitement parameter was equally well predicted for 
different volunteers and for different input (distance 
between eyes, nose width, and chin width).  
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Abstract: In this article, application of state estimation 
techniques for indirect measurement of biomass 
concentration and specific growth rate in a typical fed-
batch biotechnological process is discussed. Two state-
of-the-art algorithms were implemented: Extended 
Kalman Filter (EKF) and feed-forward artificial neural 
networks (ANN) of various structures. Oxygen uptake 
rate (OUR), carbon dioxide production rate (CPR), and 
base consumption rate (BCR) along with their 
integrated quantities were used as direct reference 
measurements. The influence of measurement noise, 
experimental database size used for the model 
identification, and of the utilized input variables on the 
estimation quality was investigated. Recommendations 
for the application of the elaborated soft-sensors are 
given. 

 
Keywords: state estimation, biotechnological processes, 
biomass concentration, specific growth rate, Extended 
Kalman Filter, artificial neural networks. 

 
1. Introduction 

 
Due to the rapid evolution of biotechnological industry 
in the recent decades, its importance for the global 
economy has tremendously increased. Nowadays, this 
branch of industry produces high-value 
pharmaceuticals, food additives and fine chemicals. One 
of the important segments of this industry is 
recombinant protein production. These biotechnological 
processes are especially complicated and require real-
time monitoring and control that increases their 
repeatability, productivity and safety. Unfortunately, till 
now there are few direct measurements for the 
important biotechnological quantities, e. g., biomass 
concentration and specific growth rate, which are 
reliable, robust and applicable online on industrial scale 
[1]. Therefore, it is of advantage to apply state 
estimation approaches based on softsensors that utilize 
data from other measurements available online. The 

available approaches are analyzed in literature [1, 2], in 
which their practical application is discussed in details. 
In this paper, a typical fed-batch biotechnological 
process for recombinant protein production is 
investigated. A first-principle mathematical model of 
the process is used for generation of the datasets 
necessary to perform training, testing and validation of 
the elaborated soft-sensors.   Two state-of-the-art 
algorithms are implemented: Extended Kalman Filter 
(EKF) and feed-forward artificial neural network 
(ANN). Various measurement noise intensities and 
combinations of the input variables are tested. Finally, 
the obtained results are discussed and recommendations 
for the application are given. 

 
2. Materials and methods 

 
2.1 Biotechnological process 
 
Escherichia coli B carrying the plasmid pUBS 520 was 
used as the host. A second plasmid p12023, which is a 
derivate of the pKK223-3 was introduced into the 
strain. The bacterium is able to express the Fv-fragment 
of the antibody MAK33 under the control of the tac-
promoter. 
The culture was cultivated in a series of fed-batch 
processes on a defined medium. Initially, the culture 
was grown on a glucose-based medium until the 
glucose was depleted and the biomass concentration 
reached a value of about 1-2 [g kg-1]. Then, the 
production of the recombinant protein was induced by 
addition of the lactose, which was then utilized by the 
cells simultaneously as inducer and carbon source. The 
biomass growth and product formation were controlled 
by means of feeding rate (FS and FL) and dissolved 
oxygen (O2) concentration control. Additional details on 
the experimental set-up for the analyzed process are 
given elsewhere [4]. Based on real experimental data, a 
mechanistic process model was developed and process 
optimization procedure was performed [3, 4]. 
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Subsequently, special “synthetic” data sets were 
generated for the state estimation studies presented in 
this article.  
Typical trajectories of an optimized process are 
presented in Fig. 1. They were generated using the 
model [3, 4] which parameters were identified from the 
real experimental data. Additionally, white Gaussian 
noise of a given intensity was added to the simulation 
data. The process can be divided into two distinct 
phases: 1) biomass (X) growth on glucose (S) and 2) 
biomass growth on lactose (L) with the simultaneous 
product (P) formation. In the first phase, during the 
biomass growth on glucose, acetate (A) is built. Its 
production rate can be described by means of the 
bottleneck kinetics. In the second part of the first phase 
(3.0-6.0 cultivation hours), when the glucose 
consumption rate drops below the critical value due to 

substrate limitation, acetate is gradually consumed. In 
the first  phase, there is no product generation as the 
inducer (lactose) is not present in the medium. In the 
second phase, which starts immediately after the 
glucose and acetate are consumed and lactose is fed, the 
production of the recombinant protein (P) is induced. 
The protein specific production rate (qP) depends on 
many factors, but the most important ones are: relatively 
high specific growth rate (µ0.4 [h-1]) and sufficient 
inducer (lactose) concentration (L1.0 [g kg-1]). The 
process was optimized with respect to given 
technological and physiological constraints and with the 
aim to maximize the amount of the target product (PW) 
at the end of the cultivation process. 
More details about the cultivation conditions and 
measurement techniques are provided elsewhere [3, 4].
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Fig. 1. An optimized fed-batch process of MAK33 recombinant protein production 
 
2.2 Mathematical model of the process 
 
Original first-principle mathematical model of the fed-
batch cultivation process consists of differential 
equations for the main state variables: biomass (X), 
glucose (S), acetate (A), lactose (L), target product (P), 
dissolved oxygen (O), and broth weight (W). 
Additionally, the specific reaction rates for biomass 
growth, glucose and lactose consumption, acetate 
production/consumption as well as for the target 
product formation were built using the main 
mechanistic laws, e. g., Monod, Haldane, Moser, and 
Pirt-type kinetics. More details about the mathematical 
model are provided elsewhere [3, 4]. 
For the state estimation studies presented in this article, 
a simplified process model was used. In this study, only 
those equations are presented that are directly related to 
the soft-sensor development and/or explain the 
relationships between directly measured and indirectly 
estimated process variables. 

The elaborated soft-sensors should estimate the biomass 
concentration and its specific growth rate. Let’s analyze 
the following two equations of the model [3, 4]: 
 

  ,
dX F

X X
dt W

    (1) 

 
where X is biomass concentration, W is cultivation 
broth weight, F is total flow into the bioreactor, and µ is 
biomass specific growth rate: 
 

 .AcpL S Acc

LX SX AccX AcpX

qq q q
μ m

Y Y Y Y
      (2) 

 
µ depends on the substrate/byproduct consumption rates 
qL, qS, qAcc, byproduct production rate qAcp, and 
maintenance term m. The appropriate yield coefficients 
Y take into account the conversion rates of the particular 
reactions. As it can be seen from the equations (1-2), 
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they can be used together with the whole process 
mathematical model [3, 4] only, having initial 
conditions of the state variables, calculated reaction 
rates and measured flows, but the equations (1-2) 
cannot be straightforwardly applied in the soft-sensors 
as these equations contain some quantities that cannot 
be measured online (e. g., substrate consumption rates 
that depend on the concentrations of the substrates). 
Therefore, one has to choose the process measurements 
that are accurate enough, are carried out online and can 
be correlated with the biomass concentration and 
specific growth rate.  
 
2.3 Soft-sensors 
 
The suitable input variables can be oxygen uptake rate 
(OUR), carbon dioxide production rate (CPR), and base 
consumption rate (BCR), along with their integrated 
values. The correlations between the abovementioned 
variables, X and µ can be defined as follows [5]: 
 

 OUR= YorX  X + Yom X,  (3) 
 CPR= YcrX  X + Ycm X,   (4) 
 BCR= YbrX  XW.    (5) 
 
The yield coefficients Y are different for each phase of 
the process and were identified from the specially 
design experiments, during which a constant specific 
growth rate was maintained within sufficiently long 
time period. Other important quantities, which can be 
utilized in the soft-sensors, are the integrals (totalized 
values) of the variables described by equations (3-5) 
with respect to the total weight of the cultivation broth: 
 

 
1

n

t i i i
i

OUR OURW t


  ,   (6) 

 
1

n

t i i i
i

CPR CPRW t


  ,   (7) 

 brX i iBAS Y XE W .   (8) 

 
The variables defined by the equations (3-8), cultivation 
broth weight W, and the process time are used as the 
input variables of the soft-sensors. 
 
2.3.1 Extended Kalman Filter 
 
Extended Kalman Filter (EKF) is an optimal model-
supported on-line estimator of state and process 
variables. It makes use of a dynamic model, its 
estimated uncertainty, as well as of the online measured 
process measurement data together with their associated 
uncertainties.  
EKF makes a one-step-ahead prediction of the vector x 
to be estimated. The task for the EKF discussed in this 
article is to estimate one state variable, the biomass 
concentration X, and one of the most important process 
variables, the specific growth rate µ. OUR, CPR, and 
BCR along with their integrated values and dilution rate 
D are considered to be available online. In every time 

moment k, D can be calculated from the culture broth 
weight W: 

1

1

.
0.5 ( )

k k
k

k k k

W W
D

t W W







 
 (9) 

 
Let’s assume that the quantities to be estimated are 
denoted by a vector x with two elements: 
 

      x = [X µ]T,             (10) 
 

where X is measured offline only and the specific 
growth rate µ, which cannot be measured directly, is 
considered a (nearly) constant parameter within short 
time period. The idea behind the EKF is to make use of 
measurement data and a process model to perform one-
step-ahead predictions for the estimation variable vector 
xk at time tk starting from the last estimated value xk-1. 
The relevant process model for EKF is: 
 

dx
dt  = M + w = 

d
dt


X

µ  = 



µX-DX

0  + 



w1

w2
 ,  (11) 

 
where M is the right hand side of the model differential 
equation, w1 and w2 are assumed to be white noise, 
describing the modeling error or uncertainty. 
Since the biomass X and also the specific growth rate µ 
cannot be measured directly online, these quantities 
must be related to the available measurement data. This 
is done by means of the separate measurement model. 
In the analyzed case, the optimal structure of the 
measurement model was found to be the following: 
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y N v ,  (12) 

 
where v=[v1 v2 v3]

 T is a noise vector containing white 
noise errors v1, v2 and v3. The parameters Y were 
identified in advance from the specially designed 
exploratory experiments. 
Initial values for the state variables are considered to be 
distorted by the white noise signal values p1 and p2: 
 

 x(t=0) = [X0  µ0]
T + [p1  p2]

T. (13) 
 

I. e., the sequences w1, w2, v1, v2 v3, p1, and p2 are 
assumed to be normally distributed random numbers 
with zero mean, and the corresponding covariance 
matrices W, V and P, respectively, are build with the 
squares of these values as diagonal elements. 
 
The Extended Kalman Filter makes a one-step-ahead 
prediction. It first predicts the elements of the state 
vector x at time step k, denoted Xpk and µpk, from the 
estimates for the previous time step tk-1 = tk–t using the 
discrete form of the model M: 
 

1 1 1 1
1

1

( )

0
pk k k k k

pk k D
pk k

X X D X
dt dt


 

   




     
         

   
x x M .(14) 
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Using the predicted values xpk (Xpk and µpk) in the 
measurement model, the result of the next measurement 
is predicted by: 
 

1

  

( )   
orX pk pk om pk

pk pk crX pk pk cm p

pk

pk k

brpk X pk k

Y X Y X

Y X Y X

Y

OUR

CPR

A XB SE W







 

   
      
   
  





y N x
. (15) 

 
Realization of Extended Kalman Filter algorithms can 
now be performed in following steps:  
a) covariance matrix of the process model is 

estimated 
 

Ppk  =k-1Pk-1k-1
T+ Wk,  (16) 

 

where     k-1 = 
1

pk

k




x

x
= 



1+(µk-1-Dk-1)t    Xk-1t

0                      1  ; (17) 

 
b) covariance matrix of the predicted measurements 

is estimated 
 

Qk=CkPpk Ck
T +Vk,  (18) 

 
where  Ck= dN(xpk)/dxpk;             (19) 
 
c) Kalman gain is estimated 
 

Kk = Pk 
1

Qk
 Ck

T = 
Pk Ck

T

CkPpk Ck
T+Vk

 ; (20) 

  
d) state estimate is determined  
 

xk  =  xpk + Kk (yk – ypk);  (21) 
 
e) finally, since the improved estimates for xk are 

now available, one can update the covariance 
matrix Pk of the state vector xk by 

 
Pk  = Ppk – KkCk

TPpk.  (22) 
 
The square roots of the diagonal elements of the 
corrected state covariance matrix Pk are coarse 
indicators of the accuracy of the state estimate. 
The EKF algorithm was used for indirect estimation of 
biomass concentration X and specific growth rate µ of 
the MAK33 recombinant protein production process. 
Various combinations of initial conditions, feeding 
strategies and noise intensities were tested.  
 
2.3.2 Feed-forward artificial neural network 

 
As a second alternative, soft-sensors based on the 
application of feed-forward artificial neural networks 
(ANNs) were elaborated, trained and validated. 
The ANNs used in the study have one hidden layer with 
fast hyperbolic tangent activation functions and the 
output layer with linear activation functions. 
Furthermore, tests have proven that one node in the 
hidden layer was optimal to guarantee the required 
training/validation quality. The data supplied for 

training/validation was generated using the simulation 
data covered by the white Gaussian noise signal of 
various intensities. Before using as ANN inputs and 
outputs, all the data was normalized to zero mean and 
unit variance. For training purposes, Levenberg-
Marquardt algorithm was used.  
Various combinations of the input variables were tested. 
After performing sensitivity analysis, the following set 
of input variables was chosen: OURt, CPRt, BASE and 
process time t. The structure of the ANN is presented in 
Fig. 2. 
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BASE

bias1 bias2

Time

XW

 
 

Fig. 2. Structure of the ANN  
 
The single output variable was the total biomass amount 
XW. After estimating the XW value, the first variable 
of our interest, i. e. biomass concentration X was 
calculated dividing the XW values by the corresponding 
online measured W values. The second variable of the 
soft-sensor, specific growth rate µ, was calculated from 
the following equation: 
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1 1

( ) 1 ( ) 1

1
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i i i i i

d XW XW
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(23)

 

 
3. Results and discussion 

 
Quality of the elaborated EKF and ANN soft-sensors 
was evaluated by calculating the root mean square 
errors for X and µ: 
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(24-25) 

 
where iX  and i  are the values of the variables 
estimated by the appropriate soft-sensors, iX  and i  are 
the values of the variables obtained from the process, 
and N is the number of samples. 
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Acceptable estimation RMSE for X in the most 
practical applications (when the highest biomass 
concentration is within the range of 20-40 [g kg-1]) 
varies between 0.5 and 1.0 [g kg-1]. Realistic relative 
measurement noise intensity in most cases does not 
exceed 0.02-0.025. 
Acceptable estimation RMSE for µ in the most practical 
applications (when the highest specific growth rate is 
within the range of 1-1.5 [h-1]) varies between 0.2 and 
0.3 [h-1].  
 
In the analyzed case, 440 different experiments were 
generated using full mechanistic model [3, 4], 150 
measurement points per experiment (Δt=0.01[h]). 
During the generation of data sets, white Gaussian noise 
signals (0.005, 0.01, 0.025 and 0.05 intensities 
relatively to the average value of the state variables 
within moving window) were added. 
 
The application results of EKF-based soft-sensor are 
presented in Fig. 3-4.  
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Fig. 3. EKF state estimation quality in a typical optimized 
experiment. Solid lines represent reference values of the 
variables X and µ; dotted lines represent the estimated values 
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Fig. 4. RMSEX and RMSEµ as a function of relative noise 
intensity of the experimental data 

 
Fig. 3 shows the estimation quality of a typical 
optimized experiment (EKF-based soft-sensor 
validation results). Data supplied for the soft-sensor was 
generated using 0.025 relative noise intensity.  

Soft-sensor validation results: RMSEX=0.28 [g kg-1]; 
RMSEµ=0.1 [h-1]. The estimation results show that the 
biomass concentration and specific growth rate are 
estimated with sufficiently precision within the 
investigated span of noise intensity. Both estimation 
errors (see Fig. 4) meet the requirements for practical 
application. 
 
The application results of ANN-based soft-sensors are 
summarized in Fig. 5-7.  
During the ANN training procedure, 5, 10, 15 or 20 
randomly chosen experiments were used. During the 
ANN validation procedure, the same numbers of 
experiments from the remaining data set was chosen. 
The prediction quality in validation experiments was 
evaluated from the equations (24-25).  
Fig. 5 shows the estimation quality of a typical 
optimized experiment (soft-sensor validation results). 
The data used for soft-sensor training: 0.01 relative 
noise intensity; 20 randomly chosen experiments. Soft-
sensor validation results: RMSEX=0.25 [g kg-1]; 
RMSEµ=0.2 [h-1]. The results show that the biomass 
estimation quality is highly satisfactory. The specific 
growth rate estimation results show significant noise 
due to numerical differentiation according to the eq. 
(23). Nevertheless, in the given example, the estimation 
error is within the acceptable limits and the soft-sensor 
is suitable for practical application.  
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Fig. 5. ANN state estimation quality in a typical optimized 
experiment. Solid lines represent reference values of the 
variables X and µ; dotted lines represent the estimated values 
 
Fig. 6-7 show the contour surfaces of RMSE for 
biomass concentration X and specific growth rate µ as a 
function of applied relative noise intensity and the 
number of experiments used for  ANN 
training/validation. The results presented in Fig.6 show 
that X estimation error gradually increases with the 
increasing noise intensity and decreasing data sample 
size. Taking into account the acceptable range of 
estimation errors, the estimation quality of the soft-
sensor for biomass concentration within the working 
range is considered acceptable. The X estimation 
quality of both analyzed approaches is also comparable 
with the results achieved by means of other biomass 
estimation techniques that are presented in literature [2].  
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Fig. 6. Contour surface of RMSEX as a function of relative 
noise intensity and number of experiments used for ANN 
training/validation 
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Fig. 7. Contour surface of RMSEµ as a function of relative 
noise intensity and number of experiments used for ANN 
training/validation 
 
The results presented in Fig.7 show that µ estimation 
quality follows the same law as in the case of X 
estimation. Nevertheless, the influence of measurement 
noise is less than in the case of X. Taking into account 
the acceptable range of µ estimation errors, the 
estimation quality of the ANN-based  soft-sensor for 
specific growth rate is acceptable only in presence of a 
moderate relative noise intensity (up to 0.01) and  
having relatively high number of experiments for ANN 
training purpose. 
 

4. Conclusions 
 

The comparison results show that both EKF and ANN 
soft-sensors can assure comparable estimation quality 

and are suitable for practical applications. Nevertheless, 
the approaches suffer from distinct limitations, which 
may limit their application under certain conditions. 
 
Under all tested conditions (0.005-0.05 relative noise 
intensities), the EKF algorithm assured a state 
estimation quality that is adequate for practical 
applications. The application of EKF is of advantage  
when the information about the statistical noise 
measures is known in advance and the parameters of the 
measurement models are correctly identified. 
 
The ANN-based soft-sensors can be successfully 
applied when sufficiently large amount of 
training/validation data is available. In the analyzed 
case, the threshold value of the training dataset size was 
~10 experiments, below which the estimation error of 
the specific growth rate could exceed the acceptable 
value of 0.3 [h-1] when higher relative noise intensity 
(>0.01) is present. Hence, additional filtering techniques 
should be applied in order to reduce the estimation 
RMSE of  the specific growth rate. This topic is 
currently under investigation and will be presented in a 
separate study. 
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Abstract: Companies around the world are facing 
storage management problem. To solve this problem, 
companies should use the spare parts demand forecast, 
or in other words, to predict equipment failures. Failures 
of various equipment components can be forecasted by 
adapting advanced algorithms. This paper introduces 
how to implement two regression models and multi-
layer feedforward artificial neural network on 
automated teller machines components failures in detail, 
including model identification, forecasting and analysis 
of forecasting errors.  
 
Keywords: Automated teller machine, data mining. 
artificial neural network, regression, decision tree. 
 

1. Introduction 
 

Machinery maintenance practices have changed greatly 
over the years. Usually, a machine would fail before 
maintenance is performed. It is reactive maintenance 
and it is still the predominant mode of maintenance. The 
advantage of this mode is low cost and less staff. But 
also it has a disadvantages and they are:  
 Increase of cost due to unplanned downtime of 

equipment. 
 Increase of labor cost, especially if overtime is 

needed. 
 Cost involved with repair or replacement of 

equipment. 
 Possible secondary equipment or process damage 

from equipment failure. 
 Inefficient use of staff resources. 

 

Second mode is preventive maintenance. Preventive 
maintenance can be defined as actions performed on a 
time - or machine-run-based schedule that detect, 
preclude, or mitigate degradation of a component or 
system with the aim of sustaining or extending its useful 
life through controlling degradation to an acceptable 
level. Its advantages are: 
 Cost effective in many capital-intensive processes. 
 Flexibility allows for the adjustment of maintenance 

periodicity. 

 Increased component life cycle. 
 Energy savings. 
 Reduced equipment or process failure. 
 

And disadvantages: 
 Catastrophic failures still likely to occur. 
 Labor intensive. 
 Includes performance of unneeded maintenance. 
 Potential for incidental damage to components in 

conducting unneeded maintenance. 
 

While preventive maintenance is not the optimum 
maintenance program, it does have several advantages 
over that of a purely reactive program. By performing 
the preventive maintenance (lubrication, filter change, 
etc.) as the equipment designer envisioned, it will 
extend the life of the equipment closer to design. 
Third and possibly the most effective maintenance 
mode is predictive. Predictive maintenance can be 
defined as follows: Measurements that detect the onset 
of system degradation (lower functional state), thereby 
allowing causal stressors to be eliminated or controlled 
prior to any significant deterioration in the component 
physical state. Basically, predictive maintenance differs 
from preventive maintenance by basing maintenance 
need on the actual condition of the machine rather than 
on some preset schedule. The advantages of predictive 
maintenance are: 
 

 Increased component operational life/availability.  
 Allows for preemptive corrective actions.  
 Decrease in equipment or process downtime. 
 Decrease in costs for parts and labor. 
 Better product quality. 
 Improved worker and environmental safety. 
 Improved worker morale. 
 Energy savings.  

 

Disadvantages are: 
 Increased investment in diagnostic equipment. 
 Increased investment in staff training. 
 
There are many advantages of predictive maintenance. 
A well-organized predictive maintenance program will 
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eliminate catastrophic equipment failures. Staff will be 
able to schedule maintenance activities, to minimize or 
delete overtime costs, to minimize inventory and order 
parts to support maintenance needs. It becomes possible 
to optimize the operation of the equipment, saving 
energy cost and increasing plant reliability. 
Our investigation object is automated teller machine 
(ATM) failures. ATM (Fig.1) consists of more than 
20000 parts, so a wide variety of failures can occur. 
Usually parts of ATM are divided in main classes, then 
subclasses and so on. It is done because of variety of 
spare parts and maintenance simplicity. Co-operating in 
research a joint stock company is using hybrid 
maintenance mode. It is a combination of reactive and 
preventive modes. In reality after failure only one small 
part of the main component could be changed and the 
problem is fixed, but sometimes cost less to replace 
whole braked component by new one. Spare parts cost 
strongly depends on business case and usually consist of 
spare part price also delivering, storing, replacement 
and sometimes other components of service prices. So 
maintenance and repairs are the priority activities of the 
service companies and spare parts suppliers and as it 
was mentioned above they are trying to make planning 
for down time of ATM. To reach that goal they need to 
forecast time till failure or in other words they need to 
switch current maintenance mode to predictive mode. In 
collaboration with ATM service companies the data of 
ATM service and repair records were received. 

 

 
 

Fig. 1. Automated teller machine back side view 
 

2. Data Mining 
 

Like many areas of industry, data is collected but very 
little is converted to useful information. Data mining is 
extracting or “mining” knowledge from large amounts 
of data. Data mining is very important with the ever-
growing amounts of stored data. It automates the 
analysis of large volumes of data to produce useful 
information. There are two kinds of models in data 
mining, predictive and descriptive. The descriptive 
model summarizes data illustrating subgroups of data. 

The predictive model makes predictions based on 
historical data. This model may be able to determine a 
time of ATM component failure. Next section describes 
material and methods for predictive modeling. 

 
3. Material and methods 

 
Ensemble methods that build multiple trees can 
dramatically reduce the error, but usually result in huge 
structures that are incomprehensible. Breiman (1996) 
[3] describes a Bagging (Bootstrap Aggregating) 
procedure. Schapire (1990) [5] introduced boosting, 
which was later enhanced in Freund & Schapire (1995) 
[4]. 
Boosting algorithms are a class of general methods used 
to improve the general performance of regression 
analysis. The main idea is to maintain a distribution 
over the train set. 
Bagging predictors is a method for generating multiple 
versions of a predictor and using these to get an 
aggregated predictor. The aggregation averages over the 
versions when predicting a numerical outcome and does 
a plurality vote when predicting a class. The multiple 
versions are formed by making bootstrap replicates of 
the learning set and using these as new learning sets. 
Tests on real and simulated data sets using classification 
and regression trees and subset selection in linear 
regression show that bagging can give substantial gains 
in accuracy. The vital element is the instability of the 
prediction method. If perturbing the learning set can 
cause significant changes in the predictor constructed, 
then bagging can improve accuracy. 
All boosting and bagging algorithms are based on tree 
learners. 
Bagging algorithms generally constructs deep trees. 
This construction is both time consuming and memory-
intensive. This also leads to relatively slow predictions. 
Bagging predictors is a method for generating multiple 
versions of a predictor and using these to get an 
aggregated predictor. The aggregation averages over the 
versions when predicting a numerical outcome and does 
a plurality vote when predicting a class. 
Boosting algorithms generally use very shallow trees. 
This construction uses relatively little time or memory. 
However, for effective predictions, boosted trees might 
need more ensemble members than bagged trees. 
Artificial neural networks are modeling techniques that 
are capable of modeling extremely complex functions 
and analyse large amounts of data to discover the 
predominant features and patterns within it. 
 
3.1. Decision trees 
 
Decision tree learning is a method for approximating 
discrete-valued target functions, in which the learned 
functions is represented by a decision tree. Learned 
trees can also be re-represented as sets of if-then rules to 
improve human readability. These learning methods are 
among the most popular of inductive inference 
algorithms and have been succesfully applied to a broad 
range of tasks from learning to diagnose various cases. 
This method constructs trees that have only binary 
splits. This restriction simplifies the splitting criteria 
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because there is not needed a penalty for multi-way 
splits. Furthermore, if the label is binary, the binary split 
restriction allows decision tree to optimally partition 
categorical attributes to two subsets of values in time 
that is linear time in the number of attribute values. The 
restriction has its disadvantages, however. The tree may 
be les interpretable with multiple splits occuring on the 
same attribute at adjacent levels. There may be no good 
binary split on an attribute that has a good multi-way 
split, which may lead to inferior trees. 

 

 
 

Fig. 2. Example of a binary decision tree 
 
3.2. Least squares boosting for regression 
 
The idea of boosting is to increase the strength of a 
weak learning algorithm. For a binary classifier, the 
weak learning hypothesis is getting 50% right. Boosting 
trains a weak learner a number of times, using a 
reweighted version of the original training set. Boosting 
trains the first weak learner with equal weight on all the 
data points in the training set, then trains all other weak 
learners based on the the updated weight. The data 
points wrongly classified by the preview weak learner 
get heavier weight, and the the correctly classified data 
points get lighter weight. This way, the next classifier 
will attempt to fix the errors make by the previous 
learner. 
This algorithm (“LSBoost”) iteratively call a base 
learning algorithm L (also called weak learner) of a 
weighted training sample. The base learner is expected 
to return in each iteration t a hypothesis ht from some 
hypothesis that has small weighted training error which 
is the weighted number of false predictions in 
classification and weighted estimation error in 
regression. 
The algorithm “LSBoost” is from Friedman’s gradient-
based boosting strategy, using square loss L = (y − r)2/2 
where r is the actual training label and y is the current 
cumulative output: 

 
∑ с с с               (1) 

 

The new training labels r should be set to the direction 
that minimizes the loss, which is the negative gradient 
with respect to y evaluated at yi−1.  
Then r = [−∂L / ∂y]y=yi−1 = r−yi−1 which is the current 
residual error. Substituting into the loss, we get the 
training error: 
 

∑ с                  (2) 
 
where rt are the current residual labels. The combination 
coefficients ci are determined by solving ∂E / ∂ci = 0. 
 
3.3. “Bagging” algorithm for regression 
 
A learning set of L consists of data {(yn,xn), n = 1,…,N} 
where the y’s are either class labels or a numerical 
response. Assume we have a procedure for using this 
learning set to form a predictor φ(x,L) — if the input is x 
we predict y by φ(x,L). Now, suppose we are given a 
sequence of learnings sets {Lk} each consisting of N 
independent observations from the same underlying 
distribution as L. Mission is to use the {Lk} to get a 
better predictor than the single learning set predictor 
φ(x,L). The restriction is that all we are allowed to work 
with is the sequence of predictors {φ(x,Lk)}. 
If y is numerical, an obvious procedure is to replace 
φ(x,L) by the average of φ(x,Lk) over k, i.e. by φA(x) = 
ELφ(x,L) where EL denotes the expectation over L, and 
the subscript A in φA denotes aggregation. If φ(x,L) 
predicts a class j ={1,…,J}, then one method of 
aggregating the φ(x,Lk) is by voting. Let Nj = 
nr{k;φ(x,Lk) = j} and take φA(x) = argmaxjNj , that is, the 
j for which Nj is maximum. 
Usually, though, we have a single learning set L without 
the luxury of replicates of L. Still, an imitation of the 
process leading to φA can be done. Take repeated 
bootstrap samples {L(B)} from L, and form {φ (x,L(B))}. 
If y is numerical, take φB as φB(x) = avB φ (x,L(B)). 
If y is a class label, let the {φ (x,L(B))} vote to form 
φB(x). This procedure is called “bootstrap aggregating” 
and uses the acronym bagging. 
The {L(B)} form replicate data sets, each consisting of N 
cases, drawn at random, but with replacement, from L. 
Each (yn,xn) may appear repeated times or not at all in 
any particular L(B). The {L(B)} are replicate data sets 
drawn from the bootstrap distribution approximating the 
distribution underlying L. 
 
3.4. Multi-layer feedforward neural network 
 
The multi-layer perceptron is the most popular neural 
network. Its structure has an input layer which presents 
data to the network for processing in one or more 
hidden layers of neurons. Every neuron in a layer is 
connected to every neuron in the adjacent layers. The 
data is weighted to modify its strenght as it is passed 
from one neuron to the next. Each neuron sums the 
weighted data from neurons in the previous layer to 
produce a new value, passing this on to the next layer of 
neurons. Output layer produces a classification. 
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Fig. 3. Multi-layer feedforward neural network 
 

4. Experimental investigation 
 
Three experiments were designed to evaluate the 
performance of techniques described. First, comparing 
the mean absolute percentage error of the least squares 
boosting using different number of decision trees. 
Second, examining bagging algorithm with the same 
error evaluation and number of decision trees. Third, 
applying multi-layer feedforward neural network with 
different number of nodes in the hidden layer. 
Experimental calculations, programming and modeling 
was performed by using Matlab software. 
 
4.1. Description of data 
 
The database contains different ATM‘s component 
failures that is registered by specialists after each failure 
appears. 
It contains nearly 5000 records. The database includes 
failure records dating from 2003 to 2011. The columns 
in database are: 
 DefectDate – date of failure recording. 
 YearMade – year of component manufacturing. 
 DeviceCode – type of ATM. 
 DeviceSerialNr – serial number of ATM. 
 ModuleCode – type of the component. 
 ModuleName – name of the component. 
 ModuleSerialNr – serial number of the component. 
 PartCode – type of the specific part in component. 
 PartName – name of the specific part in component. 
 Part Q-ty – quantity of parts that was changed after 

failure. 
 Outdoor – environment of ATM maintenance 

(inside or outside of the building). 
 WorkDaysTillDefect – days that specific component 

worked before failure. 
 RepairCount – times that specific component was 

repaired overall. 
 ModuleVendor – manufacturer of the specific 

component. 
 

Data collected improperly results an invalid data being 
stored in the database. The invalid records are excluded 
in this analysis. Improper data can cause bad accuracy 
of forecasting, so it is needed to select only correct input 
values or create new ones from existing records. 85 
percent of data received for analysis was discarded 
(excluded) from “correct” data because of lack of 
information in some rows, incorrect failures registration 
(human-factor), data repeatability or lack of logical 
thinking. 
Similar problems have the most big companies in the 
world because of very big number of records, which 
may be not correct. Data may be coded differently by 
each staff member or grammatical errors done because 
of possible different levels of education, place of 
residence in the region or language habits. Comments 
next to recorded failure may be understood differently 
because of different human thinking, understanding 
events and its importance evaluation for future 
maintenance. 
Taking into account all that features of the database 
presented next chapter describes what data filtering was 
performed. 

 
4.2. Data analysis and preparation 
 
First of all it was deleted blank rows because they give 
absolutely no information. 
Excluded data that contains repeatable “RepairCount” 
value sorted by “ModuleSerialNr”. Repeatable data is 
not needed. This could be a mistake of “human-factor”. 
The first value of each ATM‘s component in 
“RepairCount” column sorted by “ModuleSerialNr” 
must be “0”, because we need to know number of days 
till the first failure appears. Excluded “non-zeros” from 
dataset. 
There should not be any gaps between each component 
failures in “RepairCount” column sorted by 
“ModuleSerialNr”, i.e. [0, 1, 2, … ,n-1 , n]. Excluded 
data that is recorded after a gap appears. 
If there is a „WorkDaysTillDefect“ value “0” in line 
with “RepairCount” value “0”, all data excluded that 
comes after that point, because there is no guarantee that 
the following information is correct. 
 
4.3. Important features identification 
 
For experimental investigation four main components of 
ATM were selected. These four components had a 
sufficient amount of data to perform prediction 
efficiency evaluation. The component selected are: 
1. Card Reader. 
2. Double Extractor. 
3. Stacker Transport. 
4. Thermal Receipt Printer. 
 
4.4. Inputs and output 
 
There were six conditionally important inputs selected 
for time till failure modeling.  
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Inputs: 
1. Outdoor. 
2. RepairCount. 
3. YearMade. 
4. DeviceID. 
5. LifeCycle1 (Table 1). 
6. LifeCycle2 (Table 2). 
 
First four inputs were taken directly from data base 
presented by service companies. Last two variables 
“LifeCycle1” and “LifeCycle2” were calculated from 
“WorkDaysTillDefect” column data.  
Input “LifeCycle1” is the number of days worked before 
the previous failure. If the new component is installed 
then its “LifeCycle1” is equal to zero. It should be noted 
that variable “WorkDaysTillDefect” is calculated again 
from zero after each failure. Illustration of variable 
“LifeCycle1” calculation is presented below in table 1.  
 
Table 1. Illustration of input “LifeCycle1” calculation. 
 

Module 
SerialNr 

Work Days 
Till Defect 

Repair 
Count Life Cycle 1 

010150 2413 0 0 

010150 162 1 2413 

010150 335 2 162 

010150 356 3 335 
 

Input “LifeCycle2” is the number of days worked from 
its first installation till previous failure. This variable is 
increasing after each failure. Illustration of variable 
“LifeCycle2” calculation is presented below in table 2. 
 
Table 2. Illustration of input “LifeCycle1” calculation. 
 

Module 
SerialNr 

Work Days 
Till Defect 

Repair 
Count Life Cycle 1 

0012974761 460 0 460 

010150 2413 0 2413 

010150 162 1 2575 

010150 335 2 2910 

010150 356 3 3266 
 
Output of the model is saved in variable 
“WorkDaysTillDefect”, which is the number of days 
each component worked until the failure occurs. The 
more accurate results, the more likely necessary 
maintenance will be done before failure will shut down 
ATM‘s operation and cause unwanted financial 
expenditure. 

 
5. Results and discussions 

 
For prediction models investigation 232 training points 
and 115 testing points were used for card reader, 12 
training points and 6 testing points for double extractor, 
181 training points and 91 testing points for stacker 
transport, 41 training points and 21 testing points for 
thermal receipt printer. 
There were made 1000 iterations for each different 
number of decision trees. 

This number of iterations taken as maximum because 
more iterations taking a lot of time resources for 
calculations and higher load of processor. 
The same 1000 iterations were made for each multi-
layer feedforward neural network with different number 
of nodes in the hidden layer. 
For prediction accuracy evaluation mean absolute 
percentage error (MAPE) were used. It is calculated by 
equation: 

 

∑ 100  ,               (3) 

 
where Ai – actual value, Fi – forecast value. 

 
Below the experimental investigation results are 
presented in tables and figures. 

 
Table 3. Mean absolute percentage error (MAPE) of 
regression ensemble prediction with “LSBoost” algorithm for 
all four components time till failure. 

 

Decision 
trees 

MAPE 

Card 
Reader 

Double 
Extractor 

Stacker 
Transport 

Thermal 
Receipt 
Printer 

1 462.86 579.18 1286.3 407.48 
5 352.28 576.09 792.57 476.67 
10 397.93 85.55 725.55 326.51 
20 372.81 110.86 524.25 333.55 
50 364.41 72.46 428.07 270.83 

100 358.89 58.99 359.15 262.53 
200 330.19 56.21 315.35 249.85 
400 303.58 56.08 304.97 249.44 
700 295.51 56.08 324.65 249.39 
1000 300.33 56.08 349.79 249.39 

 

 
 

Fig. 4. Graphical results comparing main components 
forecasting by regression ensemble with “LSBoost” algorithm 
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Table 4. Mean absolute percentage error (MAPE) of 
regression ensemble with “Bagging” algorithm for all four 
components. 
 

Decision 
trees 

MAPE 

Card 
Reader 

Double 
Extractor 

Stacker 
Transport 

Thermal 
Receipt 
Printer 

1 350.62 1236.7 1060.51 495.27 
5 359.49 1271.3 963.47 463.51 
10 340.48 1190.7 952.28 483.92 
20 345.52 1206.2 954.98 470.21 
50 347.51 1195.1 956.47 468.58 

100 345.12 1190.2 956.18 468.35 
200 345.28 1209.5 954.45 470.71 
400 346.92 1213.1 958.72 474.11 
700 345.78 1209.2 959.93 473.62 
1000 345.25 1219.4 951.41 472.14 

 

 
 

Fig. 5. Graphical results comparing main components 
forecasting by regression ensemble with “Bagging” algorithm 
 
Table 5. Mean absolute percentage error (MAPE) of Multi-
layer feedforward neural network algorithm. 
 

Nodes 

MAPE 

Card 
Reader 

Double 
Extractor 

Stacker 
Transport 

Thermal 
Receipt 
Printer 

1 107.48 56.76 103.67 68.55 
2 118.65 45.82 100.33 57.26 
3 103.78 45.35 87.81 65.72 
4 113.19 31.71 79.69 67.44 
5 106.88 51.45 79.94 67.86 
6 107.23 44.44 86.88 57.61 
7 118.29 44.08 86.81 56.09 
8 120.46 48.97 75.28 70.05 
9 119.09 47.07 81.89 93.07 
10 112.64 49.87 83.09 62.85 

 

 
 

Fig. 6. Graphical results comparing main components 
forecasting by neural network algorithm 

 

 
 

Fig. 7. Graphical results of neural network testing points and 
forecasting for stacker transport 
 
Investigation results showed that best accuracy on all 
four components was achieved by multi-layer 
feedforward neural network. 
Analysis of decision trees for regression models 
application for components time till failure prediction 
showed that increase of decision trees number does not 
have a significant impact on accuracy of prediction but 
time for model training is increasing dramatically. 
Analysis of feed-forward neural network application 
showed that it is rational to use not less than 4 and not 
more than 8 nodes in hidden layer. Exact number of 
nodes depends on component type and need to be 
selected only after short experimental tests. 
It is clear that better results may be achieved by 
additionally checking raw data, searching for new 
informative input variables and increase of training data 
amount.  
Despite the fact that additional studies are needed this 
paper showed promising results in failure prediction. 
Service companies’ specialists appreciated investigation 
results and concluded that the initial prediction software 
prototype for service engineers’ decision support could 
be made. 
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Abstract: The main goal of this work was prototyping 
hardware system for the counting of moving objects, 
port it to a low cost embedded Linux platform, and 
evaluate the recognition accuracy (count accuracy) in 
static and dynamic background environments, 
performance (we target a real-life processing), as well 
as the power consumption in real-life applications. The 
proposed system was structured to be capable (if 
necessary) to transfer the selected data to any server via 
internet protocols for additional data mining, generating 
of reports for various objects groups, doing analytics 
and so on. In the article, the authors present the 
proposed system structure and hardware 
implementation, measured characteristics, proprietary 
algorithm and the experimental evaluation in real-life 
(not laboratory) conditions. 
  
Keywords: Distributed computing, Hardware, 
Microprocessors, Mobile computing, Image processing. 

 
1. Introduction 

 
The growing popularity, performance and effectiveness 
of embedded systems are having its impact on various 
areas of the market, from small microcontrollers to quad 
core mini computers. Unfortunately most of the 
software development was (an still are) done for the 
cumbersome PC or specialized PLC platforms, without 
the optimization necessary for non-specialized 
embedded modules. As in the topic of this article, video 
data processing is typically done on desktop PC, often 
on standalone servers, with large distance data 
submissions frequently non-real-time, and most 
sometimes even making the approach cumbersome and 
hard to implement in specific areas and applications (i.e. 
mostly in moving objects). Most modern embedded 
systems have the advantages of small size and low 
power consumption, as well as reasonable performance. 
Having this in mind, we have set a task to build and 
embedded system for the tracking of moving object in 
dynamically changing environments. Our system was 
structured to be capable (if necessary) to transfer the 

selected data to any server via internet protocols for 
additional data mining, generating of reports for various 
objects groups, doing analytics and so on. One of the 
application we have done was the counting of people 
(clients) in a shopping center (usually a reasonably 
large area) and using the gathered results for a real-time 
management of sales staff and service personnel, as 
well as the technical part, i.e. the control of air 
conditioning, lighting, etc. 

 
2. State of the art 

 
Authors created accurate multiple object detection 
under multiple cameras algorithm, but his main 
disadvantage is slow processing speed [1], human 
detection and tracking with mobile robots using a SoS 
design based on contour classification using template 
matching [2]. Another real time active vision system 
which can track a moving object from 1 meter to 200 
meters [3] or real-time (49.721 ms for one frame) eye 
detection realization on smart camera [4]. Solution to 
track particularly selected moving object in an 
environment of multiple moving objects [5]. Innovative 
NOVEL object tracking scheme that exploits the 
geometrical structure of Riemannian manifold and 
piecewise geodesics under a Bayesian framework for 
visible and infrared cameras [6]. For contentious object 
tracking can be used Continuous Object Tracking 
Algorithm (COTA) witch adaptively schedule a sensor's 
activity on the grounds of an object's movement to 
increase performance [7] or algorithm which can track 
people under various environments in real-time using 
active shape model [8]. To increase low accuracy in a 
complex environment authors created CAMSHIFT 
algorithm, which can track the moving target 
successfully in different scenarios and it can handle 
target with scale, orientation, and view changes, 
moreover, it has better robustness and accuracy of 
object tracking [9], additional frameworks which 
integrates object-model knowledge with the perceptual 
organization process [10] or recognize gestures of the 
objects of interest (the human whole body) [11]. Other 
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authors present a method of point feature tracking and 
online identification using SIFT (Scale Invariant 
Feature Transform) witch works robustly for multi-
persons tracking and identification [12]. Moving object 
segmentation based on motion vector for fast acting 
algorithm [13] or based on clustering MVs and Markov 
Random Field (MRF) iterations [14]. Looking from 
technical side we can find interesting tries to extract 
moving objects when video data is transferred from 
Camera Link bus to Xilinx development board SP605 
and results are displayed in LCD monitor [15], hi scale 
interpolation with hardware-aware median filter [16], or 
speedy results of GPU calculation power for motion 
estimation [17]. Alternative solution for camera-based 
system for tracking and position estimation of humans 
[18]. 

 
3. System structure and hardware implementation 

 
Object counting is usually considered as a distributed 
task problem as the perceived results are often 
structured together, unified, and used for analytical 
purposes, prognosis and similar goals. We have tried to 
create a system structure with a user-oriented and user-
friendly interface, capable of integration of remote 
objects into the network of processing and 
communication. 
 

 
 

Fig. 1. A structure of system interface 
 
The structure in principle is very simple. An ordinary 
camera (i.e. webcam via usb) is connected to the 
embedded platform capable of real-time communicating 
via built-in communication port (Ethernet, Bluetooth or 
Wi-Fi) and generating real-time results, reports or just 
transferring specific data to other smart objects in the 
area for further processing or other tasks and 
applications – thus forming a biggest advantage – the 
physical, real-time speed of local information exchange, 
by providing a single component embedded system with 
a minimum load on the internet and local 
communications.  
The brain of our embedded platform was a PandaBoard 
ES board equipped with Core Logic OMAP4460 
applications dual-core processor running at up to 1.2 
GHz each, 1GB low power DDR2 RAM and a 8 GB 
SDHC class 10 card which was used as a storage for 
our own optimized Linux operating system build. Video 
data collecting was done with USB webcam C310 from 
Logitech. PandaBoard ES platform was selected as it 
offered wide connectivity possibilities from LAN to 

WLAN 802.11 b/g/n as well as Bluetooth v2.1 + EDR 
as well as it was cheap to implement (official listed 
price was 130 euro at a time of submission) on a larger 
scale. 
 

 
 

Fig. 2. Hardware implementation 
 
As we have set our self a goal of reasonably low 
platform power dissipation we have measured the 
power consumption prior building the final system and 
doing the experimental research. Fig. 3. shows the 
power dissipation on a system load (video data 
processing) with 2 options: with Wlan module on and 
Wlan module off. System power dissipation was 
promising, especially compared with middle level 
notebook or similarly capable Intel Atom ITX board, as 
this embedded system’s power dissipation was around 
8-10 times lower making it more appropriate for 
24/7/365 applications and green environmental politics 
of EU. To test a system ability of full autonomous work, 
we have picked two 3.6V Lithium-thionyl chloride 
spiral (Li-SOCl2) batteries connected consistently with 
nominal capacity of 13.0Ah 
 

 
 
Fig. 3. Power consumption chart 
 
Using our battery pack from Li-SOCl2 batterys, we 
measured discharge characteristics, on average of about 
~1000mA with Wlan and 800mA without. In reality 
during our experimental evaluations we were able to 
calculate objects over 8 hours timeframe (with Wlan), 
which means that this system in principle could be used 
as full portable stand-alone platform without a power 
supply with a total weight of less than 800 grams (with 
batteries and plastic enclosure). 
To evaluate the algorithm we have analyzed the 
performance of a system (we have measured how much 
video data (length in different resolution settings) a 
system can process during a predefined time-frame). 
For this reason we have set up two identical systems in 

Embedded platform 
PandaBoard ES

Webcam 
 Logitech C310 

Battery pack 
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parallel one working in a resolution of 320x240 pixels 
and the other in 640x480 pixels resolution.  
The results of system counting algorithm performance 
in static environments are illustrated in Fig. 4. 
 

 
 

Fig. 4. Data processing performance working in static 
environments at VGA and QVGA resolutions 
 
Maximum processing speed of embedded system 
working 320x240 pixel resolution were 10 frames per 
second, which is enough for a proper counting in static 
object.  
Comparing a processing speed of 640x480 and 320x240 
video material the performance dropped nearly 2 times 
(10 fps vs 5 fps), difference in data amount is 4 times, 
so if pixel number increase 4 times processing speed 
drops 2 times. 
The performance in the dynamic environments was 
measured as well though it is important to note, that the 
algorithm was also using two ROI sets to minimize the 
number of errors which in the end had an impact on 
processing time. The results are illustrated in Fig. 5. 
 

 
 

Fig. 5. Data processing performance working in dynamic 
environments at VGA and QVGA resolutions 
 
We have got quite similar results compared to the tests 
done in static environment because adding second ROI 
don’t take much time to process, but as before 640x480 
resolution processing was too slow for real-time object 
counting. 

 
4. Test setup and hardware evaluation 

 
The experimental evaluation was done both in real-life 
static and dynamic environments. For the analysis of 
static environment we have mounted our equipment 
above the door in the petrol station and for the dynamic 
environment in the city bus (public transport bus on an 
ordinary route). To get most realistic result there wasn’t 
any information given for persons witch was calculated. 
Total 622 counting situations appeared in over 9 hours 

continuous tests. Both environments had various light 
conditions, especially in bus when in every bus stop we 
get different background, light level and shadows of the 
bus stop. This test was done in daytime (in bus case 
some rain periods appear) so test results are as close as 
possible to real life. The recognition accuracy was also 
verified with a reference by manually analyzing a 
parallel video stream (filmed in synchrony using an 
additional, consumer grade video camera). 
Test results done in a static environment are shown in 
table 1. 
 
Table 1. Static environment detection accuracy 
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People IN 184 188 10 6 178 97% 

People 
OUT 

184 190 15 9 175 95% 

Total: 368 378 25 15 353 96% 

 
A total of 368 people entered or leaved the petrol 
station during this test, though a system detected 378 
which is more than correct number, after detailed 
review we find out that system missed 15 peoples and 
total 25 wrong detections were maid, they were 
classified in table 2. Overall system accuracy in static 
object was 96%. 
 
Table 2. Static environment errors classification 
 

Dramatic light change error 5 

People crossed ROI but don`t leaved/entered the shop 14 

Other 6 

Total: 25 
 
Total 5 counting errors were made when dramatic light 
change appeared in camera view, this number can be 
lowered by adding normalization operation on input 
images, but this operation need more system resources, 
which now are on limit for real time operation. Other 14 
errors were when people crossed ROI but don`t leaved 
or entered the petrol station. This number can be 
lowered by expanding logic or adding additional ROI 
for verification. This will be done in future work. 
Test results of the analysis done in dynamic 
environment are shown in table 3. 
 
Table 3. Dynamic environment detection accuracy 
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People IN 134 128 11 17 117 87% 

People 
OUT 

120 114 9 15 105 88% 

Total: 254 242 20 32 222 87% 
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Total 254 peoples entered or leaved the bus during this 
test, system detected 242 witch is less than correct 
number, after detailed review we find out that system 
missed 32 peoples and total 20 wrong detections were 
maid, they were classified in table 4. Overall system 
accuracy in dynamic object was 87%.  
 
Table 4. Dynamic environment errors classification 
 

Dramatic light change error 12 

People crossed ROI but don`t leaved/entered the bus 3 

Other 5 

Total: 20 
 
Total 12 counting errors were made when dramatic light 
change in bus stops, other 3 errors were when people 
crossed ROI but don`t leaved or entered the bus. Main 
problem where that people entered or leaved the bus 
congestion. In these situations moving peoples filled 
over 90% of all view and algorithm performed with 
errors.  

 
5. Conclusions 

 
Embedded systems now are fast enough to precede 
video data in low resolutions. Our proprietary fast 
acting algorithm for object counting was realized in 
embedded platform with Linux arm kernel witch 
accuracy in dynamic objects was 86% and in static 
96%, in future work we try to increase accuracy in 
dynamic environment by expanding logic and adding 
additional ROI also try to make auto tune feature. Large 
advantage of this system was power consumption, size 
and weight, whole system weight about 800g with 
batteries on which can perform over 8 hours (only 4W 
power dissipation). 
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Abstract: Low voltage electric cables zero sequence 
estimation is very important for short circuit current 
calculation in low voltage electric power networks. 
Tables of zero sequence calculation in literature often 
are old and not include data of modern power cables 
with plastic insulation. In this research analysed and 
compared cables zero sequence parameters in various 
sources of literature, model of low voltage cable zero 
sequence calculation is proposed. 
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1. Introduction 

 
Impedance of zero sequence low voltage cables is very 
important for short current calculation. Calculation of 
zero sequence impedance high voltage lines is widely 
described in literature, but low voltage lines and cables 
impedance analyzing is less than it is necessary. But 
calculation of one phase short current in low voltage 
electric power network is very important for fuses and 
miniature circuit breaker sensitive checking, so zero 
sequence parameters are very important. In this research 
zero sequence impedance calculation is proposed, is 
analyzed and compared low voltages cables zero 
sequence impedance tables in Russian federation and 
West European countries standards.  

 
2. Russian federation low voltage cable zero 

impedance data 
 

Method of calculation of low voltage short circuits is 
described inn Russian federation standard [1]. In this 
standard special tables of low sequence zero impedance 
is described. But these tables include some incorrections 
(see Table 1 and Table 2).  
Prima facie these tables seems detail and right. But are 
some problems when tables data is applied to practice.  
1. Cables in table 1 are with three wires. Where forth 
return wire? In the table 1 no mention about return wire 
size and other parameters. May be like return wires are 

used steel constructions of building (this cheap solution 
was used in old Soviet enterprises). Now electric power 
nets without special return wire are forbidden.  
2. Now all low voltage cables are with non-conductive 
sheath, made from plastic, steel and lead sheaths are not 
used in new cable lines. 
3. At present all low voltage electric cables have four 
conductors. In literature [1] are not dates of cables with 
non-conductive sheath and four conductors. 
 
Table 1. Parameters of 3 wires cable in Russian federation 
standard [1] 

 

Cross-
section of 
conductor 

Resistance and inductance of 3 wires 
cable with aluminum conductors and lead 
sheath 
R1 X1 R0 X0 

3×4 9.61 0.092 11.6 1.24 
3×6 6.41 0.087 8.38 1.2 
---- ---- --- --- --- 
3×185 0.208 0.056 1.69 0.606 
3×240 0.16 0.055 0.55 0.535 
 
Table 2. Parameters of 4 wires cable in Russian federation 
standard [1] 

  

Cross-
section of 
conductor 

Resistance and inductance of 4 wires 
cable with cooper conductors and steel 
sheath 
R1 X1 R0 X0 

4×6 3.53 0.1 4.42 1.49 
4×10 2.13 0.095 2.28 1.34 
---- ---- --- --- --- 
4×150 0.14 0.07 0.45 0.28 
4×185 0.115 0.069 0.37 0.27 
 
Destination of research in literature [2] is calculation of 
zero sequence parameters of modern cables. 
Calculations was done for zero sequence parameters of 
plastic cables, witch were not included in standard [1]. 
But solution is not right, because for a calculation was 
used non-correct model. 
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 Rph Xph 

Xgr 

Rzero 

 
 

Fig. 1. Zero sequence calculation cable model in literature [2], 
Rph and Xph are resistance and inductance of cable phase 
conductor, Rzero – resistance of return conductor, Xgr – 
inductance of ground return path 

 
In this model most interesting part is inductance of 
ground return path. Value of parallel ground return path 
Xgr is 0.6 Ω/km. This value is small; according this, 
influence of ground return for low voltage cables is 
significant. According this model, in literature [2] tables 
of modern low voltage cables zero sequence resistance 
and inductance are calculated. 
But after several years research [3] with serious critics 
of article [2] was published. Main target of critic was 
zero ground return value 0.6 Ω/km. Simple ground 
return circuit consists of two earthing resistances and 
ground resistance and other earthing resistance. Self-
resistance of earthing is minimum 10 Ω, so resistance of 
all circuit is much more than 0.6 Ω/km. According [3], 
value Xgr = 0.6 Ω/km is for steel sheath cables where 
sheathed cable lie under the ground and pass current in 
its entire sheath. So, for modern plastic cable this value 
is unacceptable. But calculation of new resistance and 
inductance’s tables in this job isn’t done.  
 

3. Low voltage cable zero sequence parameters in 
Europe standard IEC909 

 
A best table of low voltage cables zero sequence 
resistance is in IEC 909 standard [4].  
 
Table 3. Parameters of cables in IEC909 standard [4] 

 

Cross-
section of 
conductor 

Zero and direct resistance and inductance 
proportions of 4 wires cable with 
aluminum conductors and non conductive 
sheath 
With ground and 
neutral return 

Return only in 
neutral 

R0/R1 X0/X1 R0/R1 X0/X1 
4×25 1.8 16.5 4 4 
4×35 2 15.5 4 3.9 
4×50 2.5 12 4 3.7 
4×70 3.0 8.5 4 3.6 
4×95 3.1 6.3 4 3.6 
4×120 3.2 5.6 4 3.6 
4×150 3.3 4.7 4 3.6 
4×185 3.4 4.3 4 3.6 
4×240 3.4 4 4 3.6 
 
In this standard two cases of neutral grounding were 
separated: system without grounding and system with in 
both ends grounded neutral. So, it table is best source of 

zero sequence cables parameters in literature. 
Separation of return path allows calculate and compare 
zero sequence parameters in all possible conditions. But 
inductance of cable with ground return increasing very 
much in this table, so it is useful to create model of 
cable zero sequence parameters and calculate 
impedance. 

 
4. Models of cable zero sequence parameters 

calculation without ground circuit  
 
Rph 

Rzero 

EA 

Rph EB

Rph EC

 
 

Fig. 2. Calculation model of zero sequence resistance: Rph is 
resistance of cable phase conductor, Rzero – resistance of return 
conductor, EA=EB=EC  – zero sequence voltages 
 
According Fig.2., simple equation for cable zero 
sequence resistance R0 is written, when all cable ground 
return current flow in the forth conductor.  
 
 zeroph RRR  30 . (1)  

 
This equation is very important for estimation of zero 
sequence data. If all conductors in cable have same 
cross-section, proportion between zero and positive 
sequence is constant: 
 

 ;4   ;  ;
0

1
1 

R

R
RRRR phzeroph    (2) 

 
So, this value is very close to Table 3 data.  
According calculation result of (2) equation, cables 
parameters in table 1 and 2 are calculated with Fig. 1 
model, because when cross-section is small, proportion 
R0/R1=1.2, when cross-section is bigger, R0/R1 is 
about 34. It’s means, current flow not only return 
conductor, but in other return resistance, independent 
from cable cross-section.  
Inductance of low voltage cable is calculated according 
model in Fig. 3. 
For these calculations is expedient to use methodic of 
multiwired conductor system inductance calculation, 
described in [5]. Inductance of multiwired system is 
calculated like two wires system inductance: one wire 
(a) consist from three conductors (A, B and C) and 
second (b) is one conductor N. Total system inductance 
LABCN is: 
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where da, db – average geometric shapes distance 
himself from his; dab – average geometric two shapes 
distance between each other, l – length of conductor, µ0 
– magnetic constant. 
 

 

EA 

EB 

EC 
Lc phr 

Lb ph 

La ph 

A 

N 

B 

C 

D 

r 
D*√2 

LabcN 

 
 

Fig. 3. Calculation model of zero sequence inductance: Lph is 
inductance of cable phase an neural loop, MAB – Mutual 
inductance between phases conductors, EA=EB=EC – zero 
sequence voltages, D – distance between conductors, r – 
radius of conductor 
 
According [5] distances da, db and dab are calculated: 
circle average geometric shapes distance himself from 
his is equal its radius [5]; 
 
 rdb  . (4) 

 
Distance himself from his for three wires system is 
calculated like product of all wire distance himself from 
his r and all wires distances between each other. 
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Distance between two wires system is calculated like 
product distances of all conductors between each other: 
 

 .22 63 DDDDdab   (6) 
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Inductance of one phase and zero sequence is equal: 
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Direct sequence inductance of 4 wires phases cable is 
calculated [5]: 
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Calculation of proportion between 4 wire cable zero and 
direct sequence inductances was done for aluminum 4 
wire cable with conductor cross-section S=35mm2, its 
parameters (see Fig. 3) r=3.5mm, D=9mm. According 
(8) and (9) is: 

4.3
1

0 
L

L
  

So, this value is very close to Table 3 data.  
 

5. Models of cable zero sequence parameters 
calculation with ground circuit  

 
Resistance of grounded low voltage system is calculated 
with model including grounding resistance. Current 
from return wire flow to the ground and return to wire 
throw eathing, with resistance minimum 10Ω. Earthing 
is connected to neutral wire periodically, in every place 
where customers are connected to the cable.  
 Rph 

Rph 
Rph

Rgr

Rzero/n Rzero/n Rzero/nRzero/n 

Rgr Rgr Rgr 

Rpar 

 
Fig. 4. Calculation model of low voltage net zero sequence 
resistance with n -1 earthings: Rph – phase conductor 
resistance; Rzero – return conductor resistance; Rgr – earthing 
resistance (10 Ω) 
 
Typical length of low voltage cable net about 500m. To 
this cable about 20 – 30 customers are connected, so 
there are to 30 earthings (n=30).Typical cross section of 
aluminum cable is 95mm2. 
For this conditions calculated R0/R1 proportion is 3.8 
(in Table 3 R0/R1=3.1). For cable 25mm2

 calculated 
R0/R1 proportion is 3.48 (in Table 3 R0/R1=1.8). So 
difference between standard values and simulation is 
significant. Influence of all earthing is possible to 
estimate with one parallel resistance of earthings, Rpar. 

Meaning of Rpar=810.4  (for 0.5 km length line). 
Using methods of multiwired system inductance 
calculations is possible to calculate inductance of 
various systems of grounding. First case is three-wire 
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system, when return conductor wired separate from all 
phases conductors. 
 

A

B

C

D
r

Hgr

Na)
 

 

Fig. 5. Calculation model of zero sequence inductance: a) 
three wire cable with separate neutral wire; b) four wire cable 
with two neutral wires 
 
For three wire cable in Fig. 5. a) distances da, db and dab 
are calculated: 
 
 rdb    (10) 
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Inductance of one phase and zero sequence is equal: 
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Calculation of L0/L1 proportion for three wires cable 
S=35mm2, with separate return wire if distance Hgr=1m 
give value L0/L1=12.6, if Hgr=10m, L0/L1=24,6. So, zero 
sequence inductance is big and dates or Table 1 are 
similar to be true. 
For four-wire cable with separate grounding wire zero 
sequency calculation model in Fig.6 is proposed. Model 
consists of paralel connection of two models in Fig.3 
and Fig. 5 a). In this model is necessary estimate 
distribution of currents in both neutral wires, so to 
create one complex impedance model it is necesary. 
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Fig. 6. Calculation model of zero sequence impedance 
Z0ABCN+N for four wire cable with ground return 
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Calculation of cable with S=185mm2, r=7.5mm, 
D=19mm, Hgr=10m give value L0/L1=3.03. This value is 
far from 4.3 in table 3. For cable S=35mm2, r=3.5mm, 
D=9mm, Hgr=10m value L0/L1=4.50. This value is not 
similar to 16.5 in table 3. Main reason of dissimilarity is 
big resistance Rpar of ground return path. 

 
6. Conclusions 

 
The best source of low voltage cables zero sequence 
impedances data is standard IEC 909-2. 
Zero sequence parameters of the cables in IEC 909-2 
without ground return circuit are accurate and correct. 
Zero sequence parameters of the cables in IEC 909-2 
with ground return circuit raises some doubts. Influence 
of ground return circuit for low cable zero sequence 
parameters is less significant than it is in [2] and [4].  

 
7. References 

 
1. ГОСТ 28249-93. Короткие замыкания в 

электропроводках. Методы расчета в 
электроустановках переменного тока 
напряжения до 1 кВ. 

2. Каменский М.К., Холодный С.Д. Силовые кабели 
1–10 кВ с пластмассовой изоляцией. Расчет 
активного и индуктивного сопротивлений // 
Новости ЭлектроТехники. – 2005. – № 4(34).. 

3. Владимир Фишман. Силовые кабели до 1 кВ. 
Расчет сопротивлений нулевой 
последовательности. Новости ЭлектроТехники. – 
2007. – № 2(44). 

4. IEC 909-2. Electrical equipment - Data for short-
circuit current calculations in accordance with IEC 
909 (1988). Copyright International Electrotechnical 
Commission. First edition. 1992-08. 

5. Калантаров П. Л., Цейтлин Л. А. Расчет 
индуктивностей: Справочная книга. — 3-е изд., 
перераб. и доп. Л.: Энергоатомиздат. Ленингр. 
отд-ние, 1986. 

 
 

89



 

The 8th International Conference on 
Electrical and Control Technologies 
May 2–3, 2013, Kaunas, Lithuania 

 

 INVESTIGATION OF COMPATIBILITY OF THE VARIABLE SPEED PUMPED 
STORAGE UNIT AND WIND POWER PLANTS IN THE POWER SYSTEM 

 
 

Rimantas Pranas DEKSNYS, Darius ALIŠAUSKAS 
Kaunas University of Technology, Lithuania 

 
 
 
Abstract: Compatibility of the variable pumped storage 
unit and wind power plants while balancing active 
power in the power system are analyzed in this article. 
Structural and functional peculiarities of the excitation 
control system of the pumped storage unit are applied in 
the analysis in the regimes of generator and pump. 
Oscillations of wind plant parks active power in the 
power system are being modeled for probability. Active 
power flows in the power system are determined by 
iterational method. Numerical integrations method for 
determining parameters and characteristics is applied 
for modeling pumped storage unit and its excitation 
control system. We determine distribution of active 
power flows and influence of variable pumped storage 
unit on active power balance in the power system. 
 
Keywords: Variable speed pumped storage unit, power 
system regime, wind power plants, systems 
compatibility. 

 
1. Introduction 

 
New variable speed units are being installed in the 
pumped storage plants of Europe. The variable speed 
units can work as the generator and the pump regimes. 
These units are recommended as having high reaction in 
powers variation of the power system. It ensures 
stability of the power system compares with the 
synchronous units. 
Nowadays the renewable energy is being installed in the 
power systems broadly. These are sun, wind plants. 
Those plant parks are generating the variable active 
power which depends on conditions of the nature. This 
event is originating the balancing problem of the power 
system [1]. 
The fundamental principles of the asynchronous 
machines are applied for the variable speed units.  
These principles are perfecting the exciter control 
system of the variable speed units and searching for the 
new solutions. One of solution ensures compatibility of 
systems between the variable speed unit and wind plants 
[2].  

The fundamental theory of the automation control, 
which is certificate IEEE, is applied for structure of the 
exciter control system [3, 4]. 

 
2. Dynamic model of the system of the variable speed 

pumped storage unit  
 

The systems of the algebraic and differential equations 
are describing models. The methods of numerical 
integration and iteration are applied for system analysis 
[5, 6]. 
Dynamic mathematical model of the variable speed 
pumped storage unit is described the system of 
differential equations of positive and negative 
sequences Fig. 1.  
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where si , ri  are currents’ vectors of stator and rotor; 

se , re  are electromotive vectors of stator and rotor; 

s
 , 

r
  electromagnetic flow vectors of stator and 

rotor; sr , rr active resistance of stator and rotor; s , 

r  angle frequency of stator and rotor. 

For determining mechanic angle we express movement 
equation of rotor: 

 
J

rDmTeT

dt
rd  
 ; (2) 

where Te, Tm are electromagnetic and mechanical 
driving torques moment; D is damping factor, J is 
mechanic movement moment.  
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Then differential equation (1) we transform from polar 
coordinates to space Park’s coordinates’ system in 
matrix form:  
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; (3) 

where sL , rL  are inductions of stator and rotor; mL  is 

mutual connection induction. 
Given matrix (3) and movement equation (2) we 
rearrange into state space equations. Having applied 
Cauchy’s state space equation we express variable 
solutions of angle rotor and current of stator and rotor: 
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where A, B  are state equation matrixes;   is time 
change. 

Angle frequency s , r  is integrated for determining 

angle relations of variable speed pumped storage unit 
between mutual conditions of stator and rotor: 
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;  (5) 

where s , r ir m  are angle frequency of stator, rotor 

and mechanical. 
From the first differential equation we express induction 
and angle frequency of inside rotor and stator is 
substituted by electrical and mechanical angles (3).  
From this solution (4) we express electro motion 
vectors: 
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; (6) 

Summary active power eP  may be computed by use of 

proposed mathematical model of variable speed pumped 
storage unit power circuits and method of solution: 
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Fig. 1. Structural scheme of the exciter control of the variable speed pumped storage unit 

 

91



 

 
Active power of the variable speed pumped storage unit 
depends on water potential power. We are expressing 
moments of driving of electromagnetic and mechanic: 

 

















m
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sω

P
eT e



3
, (8) 

where k is the proportionality factor, H is the pressure 
height and G is a  factor position of deflection wheel. 
According to this described mathematic model when the 
meanings of electro motion, current vectors and 
condition angle meanings are known we establish active 
as well as reactive power in variable speed pumped 
storage unit in pump and generator work regimes [7]. 
Variable speed pumped storage unit structure of 
excitation control system has analogical mathematically 
described control elements as well as control system of 
wind power station [8].  
Dynamic mathematic model excitation control 
stabilization structures made of grid side and rotor side 
control blocks. Grid side control block is integrated into 
converter demodulator and rotor side control block is 
inverter modulator. Modulator and demodulator are 
controlled by impulse width modulation. Excitation 
control structure has to ensure stable functioning of 
pumped storage unit. 
Stator’s and rotor’s control currents   stsdq Ii  , 

  rtrdq Ii   as well as rotor’s voltage   rtrdq Ee  are 

transformed. Control system grid’s and rotor’s sides 
elements’ basic constant parameters are time constants 
Tx(s,r), integration factors Ki(s,r), proportion factors 
Kp(s,r) and negative feedback compensation factors 
Kc(s,r). Calculation rotor side parameters are reconciled 
with mechanic parameters of pumped storage unit and 
electromagnetic and mechanic driving torques. 
The control exciter system structures of synchronous 
blocs are created from mathematical equation to 
describe function blocs. These function blocs are widely 
investigated. Calculation of parameters is executed by 
standard fundamental theoretical electronical methods. 
Variable speed pumped storage unit with excitation 
control system are integrated into power system. 
 

3. Model of generate the active power of the wind 
power plants 

 
Wind power plant’s on dominant wind speed which 
depends on the season. A 24 hours load graphic and 
generated power by other generators are also evaluated. 
According to meteorological prognosis paying attention 
to seasons wind power generated power is described 
using probability Weibull’s distribution [9]: 
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 , (9)  

where HVP is Weinbull’s parameter for wind power 
station, PPV(nom) nominal power of wind power plants, 
PPVV generate active power of wind power plants,   is 
gamma function, k is form factor, v ir v vid  wind and 
medium wind speed, n number of wind power plants. 
We are expressing moments of driving of 
electromagnetic of wind power plants: 

 
sω

P
T VPP

VPP  . (10) 

Then electromagnetic moment is to terminals of 
variable speed pumped storage unit (before terminals): 

 VPPL TTeT ' ; (11) 

where TL is electromagnetic moment of load. 
We are accepting that electromagnetic and mechanic 
moments are approximately equal: 

 mTeTeT ' .  (12) 

This equation (12) is ensure balance of moments.   
 

4. Results of analysis 
 

For selected the variable speed pumped storage units 
and their systems’ excitation control and the wind 
power plants work regimes are established limits of 
mathematic models algebraic and solutions of 
differential equations convergence. The wind power 
plants and the variable speed pumped storage units 
parameters are substituted by per units’ system.  
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Fig. 2. Active power of wind power plants 
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Numerical integration method is applied for establishing 
and the variable speed pumped storage units systems of 
excitation control operation characteristics of dynamic 
processes. In 60 seconds the wind power plants 
generated medium active power are mathematically 
simulation Fig.2. 
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Fig. 3. Electromagnetic moment of before terminals 

Having identified balance of electromagnetic moments 
between variable speed pumped storage unit and wind 
power plants in the system is simulated mathematically 
Fig. 3. 
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Fig. 4. Electromagnetic moment of behind terminals 

We are changing factor position G of deflection wheel 
in equation (8). From here we are debuging to 
compatibility and to balance of electromagnetic 
moments between variable speed pumped storage unit 
and wind power plants. Sensibility adjustment and 
position of deflection wheel allows reconciling 
excitation control so that in variable speed pumped 
storage units turbines would not intervene water 
hammer. 
Mechanical moment and its control system compensate 
and stabilize fluctuations of electromagnetic moment 
Fig. 4. Adequately they react to electromagnetic 
moment fluctuations. 
The exciter control system sensitivity to variable speed 
pumped storage unit allows to react adequately to 
electromagnetic moment variations of the wind power 
plants. 
 
 
 
 

5. Conclusions 
 

1. Created variable speed pumped storage unit and its 
excitation control system’s mathematic model allows 
investigating and controling dynamic processes. 
2. Model of the exciter control system sensitivity to 
variable speed pumped storage unit allows to react 
adequately to electromagnetic moment variations of the 
wind power plants. 
3. Variable speed pumped storage units ensure 
effective active power balance. 
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Abstract: Electrode system “needle near the plate” 
electrostatic field is shown. Laplace equation in finite 
difference form of axial symmetry electrostatic field is 
presented. Numerical modeling with Comsol 
Multiphysics 3.5 program package by finite difference 
method is introduced. Comparison of results computed 
with both methods is accomplished. Analysis of 
electrostatic field of electrode system “needle near the 
plate” is also performed. The results of potential and 
electric field strength distribution of axial symmetry 
needle near the plane and plane parallel wire near the 
plane fields are compared. 
 
Keywords: Axial symmetry electrostatic field, Laplace 
equation, finite difference method, numerical methods. 

 
1. Introduction 

 
Corona field is applied to electrostatic precipitators, 
electric spraying, ion induced fans, powdery materials 
separation, biological application [8], drying in 
electrohydrodynamic field [4] and other. 
Authors underline a small power needs using 
electrostatic or corona discharge field [1, 4]. Corona 
discharge takes place in a small inter-electrode space 
therefore it must be very carefull model and simulation 
to obtain desired process. Corona discharge electric 
field depends upon polarity of corona electrode, a set 
voltage, the geometry of electrodes.  
There is various electrode systems most adapted for 
each application. Most popular electrode systems are 
wire-to-plane, group of parallel wires at the plane, 
needle-to-plane [1, 2]. Authors foreground that in 
industrial application there must be a set of wires or 
needles, because of to meet the needs of mass 
productions [4]. Each electrode system has its own 
advantages and shortages in using areas of industrial 
processes. Most of authors simulate electric field in two 
dimensions because of economy of computational time 
and computer resources [1, 2, 3]. Electrode systems 
wire near the plate or needle near the plate has great 
attitude of the scientists [4, 5, 6, 7]. In some cases, 

when concentrated electric field is needed at small 
volume, needle has advantage over wire-to-plane.  
Corona discharge electric field is constant at the surface 
of electrode according Kaptzov's assumption, which 
states that the electric field strength on the surface of 
wire electrode at the corona discharge is constant and 
equal to its value E0 corresponding to the inception 
voltage U0 of the discharge. The initial field strength E0 
is determined from Peek's formula. When field strength 
near corona discharge electrode-needle is less than 
initial field strength E0 in inter-electrode space would be 
electrostatic field with no space charge. It is first step 
for complicated corona discharge electric field analysis. 
Goal of this paper is to set Laplace equation finite 
difference formulas for axial symmetry field to calculate 
electrostatic field. Finite element method in Comsol 
Multiphysics is used to check the accuracy of solution. 

 
2. Axial symmetry electrode system needle near the 

plane  
 
Selected electrode system needle near the plane is 
shown in Fig. 1. Parameters of the needle: thickness 0,2 
mm, sharpness is 1 cm (from the tip of the needle grows 
up 1 cm to 0,2 mm at the thickest spot). Computational 
domain area is 5x5 cm. The needle is 1 cm above the 
plane. Because of axial symmetry of electrode system 
chosen coordinate system of computation is the polar 
one. Calculations are carried out in the r and z 
directions. There is no variation of the potential in the 

direction of φ 












0
r

V
 because the field in electrode 

system needle near the plate is of axial symmetry.  
Boundary conditions for Laplace equations are of type 
Dirichlet: points on the surface of the needle potential is 
uniform and equal to set voltage UV  , points on the 
surface of the plane potential V (z = 0) = 0, plane is 
grounded. 
Labels of the field boundaries are shown in Fig. 1. 
Boundary AB is the symmetry line of the field and r0 = 
0, VK = VD. Boundary BC is the surface of the needle 
and all points laying on this surface has potential equal 

94



 

to set voltage U. Boundaries CD and DE are external 
borders of the field and voltage vary directly. Boundary 
AE is surface of the plate. All nodes of the 
computational grid at the initial stage of computation 
are equal to zero except the boundary on the surface of 
emitting electrode.  
 

z
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plane

5 cm 
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 c
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Fig. 1. Electrode system needle near the plane 
 
3. Laplace equation of axial symmetry field in finite 

difference form 
 
Laplace equation has main form: 
 
 0V . (1) 

 
In axial symmetry field where is no variation in φ 
direction Laplace equation has the partial derivative 
form:  
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Polar coordinate system is chosen to compute the 
solution. Finite difference method is selected to 
compute distribution of potential in inter-electrode 
space. Computational grid becomes rectangular spread 
in r and z coordinates. Element of computational grid is 
shown in Fig. 2. 
Partial derivative form of Laplace equation outspread in 
finite difference form for regular distances is: 
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 (3) 

 
Computational node potential value is average of four 
surrounding nodes plus derivative in r axis product unit 
divided by distance from axis of symmetry to 
computational node.  
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Fig. 2. Nodes of finite difference mesh 
 
Numerical algorithm is shown in Fig. 3.  
Boundary conditions are described in second part of the 
paper. Initial values in all nodes of computational grid 
are zero except nodes located at the surface of the 
needle. These nodes have set value potential all 
computational time.  
 

Begin

Boundary conditions,
Initial values

Vk+1(r,z)-Vk(r,z)<δ

End

ΔV(r,z)=0 

no

yes

 
 

Fig. 3. Numerical algorithm for calculation the electrostatic 
field in electrode system needle near the plate  

 
The calculation process is at the z direction 
computational grid line counted all nodes potentials 
from first plane node i=1, j=1 to exterior field boundary 
CD line point. Then get back to the beginning and 
compute next line j+1. When all points are counted 
condition of convergence is tested. Calculations are 
completed if condition is satisfied, if not calculation is 
repeated from beginning.  
 

4. Results  
 
Computed results of potential and electric field strength 
distribution of axial symmetry needle near the plane and 
plane parallel wire near the plane fields must be 
compared to investigate field strength and potential 
distribution at the symmetry line of the field where is 
strongest electric field. Wire near the plane was 
computed in cylindrical coordinate system. 
Computational algorithm, finite difference 
approximation and computational grid are shown in 
paper [1].  
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Computed results of electrode system needle near the 
plane with 200x200 computational grid nodes are 
shown in Fig. 4. Calculation was verified with finite 
element method program package Comsol Multiphysics 
3.5. Boundary conditions in finite element problem are 
the same as described in section 2. 
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Fig. 4. Distribution of potential in electrode system needle 
near the plane computed by finite difference method 
 
Computed results with finite element method of 
electrode system needle near the plane are shown in Fig. 
5.  
 

 
 

Fig. 5. Distribution of potential in electrode system needle 
near the plane computed by finite element method 
 
It is clear from Fig. 4 and Fig. 5 that solutions in both 
methods are the same. Potential vary with a few percent 
accuracy at any point of the field. 
Electric potential is decreasing sharply near the surface 
of the needle. Component of the Laplace equation 
product of potential derivative to r axis with unit 

divided by r 
r

V

r 
1

 has significant influence to potential 

reduction in axial symmetry field near the symmetry 
line because of small value of distance from symmetry 
line r. Far from symmetry line the influence of 
derivative of potential value is less. At the symmetry 
line of the electrode system a short distance from the 
needle potential fells rapidly, at the on-tenth of the 
distance losing more than half of the value, it is clear 
from Fig.  6.  

 
 

Fig. 6. Distribution of potential at the symmetry line in 
electrode systems wire near the plane and needle near the 
plane computed by finite element method 
 
Potential distribution on symmetry axis shown in Fig. 7 
corresponds to the values of wire radius r = 0,025, 0,05 
and 0,1 mm. Potential distribution in electrode system 
needle near the plane is shown there also. Distance from 
wire center to plane is 1 cm.  
This figure shows that the electric potential rapidly 
declines from point of the surface of the wire to the 
plane at the lower radius of the wire. At the electrode 
system needle near the plane electric potential declines 
even faster and potential value stays lesser in all points 
of the symmetry line as in electrode systems wire to 
plane. 
 

 
 

Fig. 7. Distribution of potentials at the symmetry line in 
electrode systems wire near the plane and needle near the 
plane computed by finite difference method 
 
The main characteristic of the electrode systems is 
distribution and character of the electric field strength. 
Space charge density value depends on electric field 
strength value at the surface of corona electrode 
according Kaptzov's assumption. Also in some electric 
field applications it is essential to know electric field 
distribution and values in the space.  
Distribution of electric field strength at the symmetry 
line in electrode systems wire near the plane and needle 
near the plane computed by finite difference method is 
shown in the Fig. 8. All values of the first node from 
wire or needle are computed at the z = 0.00975 mm 
distance from the surface of plate. This avoids 
additional errors of the electric field strength which 
vary exponentially near the surface of corona electrode.  
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Electric field strength is greater with smaller radius of 
the wire. Field strength near the surface of the needle is 
greater than r = 0.05 and 0.1 mm and less than r = 
0.025. Receding from the surface of corona electrode 
electric field strength is greater with wire to the plane 
electrode system for a few points of the computational 
grid. Below is lower than electric fields of the electrode 
system wire to the plane. 
 

 
 

Fig. 8. Distribution of electric field strength at the symmetry 
line in electrode systems wire near the plane and needle near 
the plane computed by finite difference method 

 
5. Conclusions 

 
Calculation of the electrostatic field of the axial 
symmetry electrode system needle near the plane by 
finite difference method is presented.  
Verification of the results with program package 
Comsol Multiphysics 3.5 by finite element method is 
performed, because of no analytical solution. 
Potential and electric field strength values of the 
electrode systems needle near the plane and wire near 
the plane are compared. 
At the electrode system needle near the plane electric 
potential declines faster and potential value stays lesser 
in all points of the symmetry line than in electrode 
systems wire to plane. 

Near the surface of corona electrode electric field 
strength is greater in wire to the plane electrode system 
for a few points of the computational grid. In points 
below field strength is lower than electric field of the 
electrode system wire to the plane. 
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Abstract: The paper offers mathematical analysis of the 
electric field strength in high-voltage outdoor 
switchgears with phase voltages. The methodology of 
mathematical calculations allows for estimation of the 
electric field distribution in the surroundings of open 
switchgears. Based on this methodology of 
mathematical calculation it is possible to theoretically 
estimate and determine the electric field strength at the 
workplace, and its dependencies on distance and 
voltage, while comparing calculated values with the 
valid regulated standard values. Knowing the electric 
field strength distribution in high-voltage switchgears 
makes it possible to undertake precautions to diminish 
its potential effects. 
 
Keywords: electric field distribution, the method of 
images, permissible electric field strength values. 

 
1. Introduction 

 
The Hygiene Norm HN110:2001 “The electromagnetic 
field of industrial frequency (50 Hz) in the workplace” 
has been valid in Lithuania until 2012 providing that the 
human exposure to highly intensive electric field can 
involve only short periods of time. However, these 
EMF values are way too high and must be reduced in 
accordance with the Directive 2004/40/EC of the 
European Parliament and of the Council valid since 
30/04/2012. In compliance with this particular Directive 
valid for member states of EU, the electric field strength 
of industrial frequency (50 Hz) must not exceed 
10 kV/m in the workplace [1]. 
All the high-voltage units have been previously 
designed irrespective of this requirement. For this 
reason, it is necessary to explore if workplaces 
exceeding the recommended electric field strength value 
by the respective EU Directive exist in the territory of 
the Republic of Lithuania, and undertake necessary 
means for ensuring compliance with this particular 
requirement.  
The operative 330 kV open-type outdoor switch-gears 
are considered to be the most hazardous among high-
voltage installations. For this reason, the electric field 
generated by these switchgears was investigated in the 
first place. 

Within the operating switchgear employees are allowed 
to stay on the ground only, consequently the 
investigation of electric field values found in the 
territory of the switchgear up to 2 m in height above the 
ground surface is of utmost importance [2]. 
 

2. Presumptions for calculating the electric field 
strength 

 
The wavelength of the electric field of industrial 50 Hz 
frequency is approximately 6000 km, whereas 
measurements of the workplace are incomparably 
smaller. Thus the electric field can be assumed to be 
evenly distributed over the entire space of switch gear at 
any moment in time. Therefore, we can use methods of 
electrostatic field for electric field distribution 
investigation. In high-voltage outdoor switchgears, 
wires are usually arranged in one plane parallel to the 
ground surface. 
Thus, we suppose that distances of the conductors of all 
three phases to the ground surface are equal and 
amount. We calculate the electric field strength in the 
observation point O with distance yO at earth surface 
(see Fig. 1). The distance between phase wires is also 
known, l0.. The electric field strength created by three-
phase line in the observation point we calculate using 
the method of image charges. We suppose that the 
charge densities created in the phase wires are equal to 
qi (i=A, B, C). By image charge method the image 
charges (see Fig. 1) have the same charge densities but 
opposite signs -qi (i=A*, B*, C*). 
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Fig. 1. Scheme used to calculate the electric field strength 
vectors at the point O 
 
The electric field strength can be found from a well-
known expression of the electrostatic field potential: 
 

 ;
1

επε2 0r i

i
i r

q
E 


  (1) 

 
where ε0=8,85*10-12 F/m – dielectric constant, εr –
relative dielectric constant; r – the distance between the 
charge and the observation point. 
 
3. Calculation of the electric field strength using the 

method of image charges 
 
Knowing potentials of the current leads it is necessary 
to find the electric field strength, E. Although potentials 
of current leads or their charges are already known, 
however distribution of the charge density over the 
surface of the current lead is unknown. 
When the electric field is being generated by charges of 
the three-phase line qi (i=A, B, C), the total strength of 
the resultant field is equal to the sum of field strengths 
of the individual charges as follows: 
 
 ;CBA EEEE   (2) 

 
where EA, EB, EC is the electric field strength generated 
by phases conductors A, B, C charges and its images. 
The total field can be calculated more conveniently 
within the orthogonal coordinate system as follows: 
 

 22

yx EEE  . (3)
 

 
The components of the electric field strength of the 
three-phase conductor system are as follows at the point 
O: in a horizontal direction Ex, and in the vertical 

direction Ey. The components for each phase of the 
electric field strength generated by the three-phase 
conductor system can be calculated as follows: 
 
 xxxxxxx EEEEEEE *CC*BB*AA  , (4) 

 yyyyyy EEEEEEE *CCBBy*AA  . (5) 

 
The constituents of the electric field strength of the 
three-phase electric power system can be expressed 
through geometrical parameters of the line as follows: 
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where h-y0 – the distance between the line wires plane 
and the observation point O; h+y0 – the distance 
between the line wires plane and the plane of the 
images; l0 – the distance between wires of phases A 
and B between wires of phases B and C. 
 

The components of the vector of electric field strength 
Ex and Ey are calculated using the Equation (2) as 
follows: 
 
 xxxx EEEE CBA  , (12)

  yyyy EEEE CBA  . (13)
  

The following denominations of the geometric 
parameters of the line are introduced:  
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Taking into consideration expressions (6-11) with the 
above-introduced denominations, equations (4) and (5) 
are rewritten as follows: 
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The potentials of conductors Vi (i=A, B, C) are 
associated with their charge densities qi (i=A, B, C) 
using Maxwell’s equations as follows: 
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where ckn (k=1,2,3; n=1,2,3) are capacitance 
coefficients. They can be expressed via the potential 
coefficients knp  (k=1,2,3; n=1,2,3) evaluating [c]-1=[p]-1 

as follows: 
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The potential coefficients are expressed via the 
geometrical parameters [2]. The coefficients p11=p22=p33 
can be found from the following equation: 
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the coefficients p12=p21=p23=p32 can be found as 
follows: 
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where aAB=aBC is the distance between the wire phases 
A and B, where as bAB* is the distance between the 
phase A wire and the image B* of the phase B wire. 
The coefficients p13=p31 can be calculated in this way: 
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where cAC is the distance between the wire phases A 
and C, where as dAC* is the distance between the phase 
A wire and the image C* wire of the phase C. 

Knowing values of the electric charges qA, qB, qC, and 
taking into consideration expressions (14) and (15), the 
electric field generated by phases A, B, and C in 
directions of axes x and y can be formulated as follows: 
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 yyBy B)ccc(VBqE 232221B  , (24) 

 xxCx C)ccc(VCqE 333231C  , (25) 

 yyCy C)ccc(VCqE 333231C  . (26) 

 
Potentials of the phase current leads are defined by 
phase voltages of the line that are expressed as follows 
[3]: 
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where Um is amplitude of phase voltage. 
Let V be the potential effective value. The instantaneous 
values of electric field strength are: 
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Using the equations:  
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we can write the following: 
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Noting
131211AS 5050 c,c,cN  , 

232221BS 5050 c,c,cN  , 333213CS 5050 c,c,cN  , 

1213AC ccN  , 2221BC ccN  , 3233CC ccN  , and 

involuting by second power we obtain: 
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The trigonometric functions obtained from equations 
(34) and (35) for the electric field strength constituents 

xE  and yE , can be expressed as 

tcos,,tsin  250502   and tcos,,tcos  250502  , 

then the electric field strength generated around phase 
conductors can be calculated as follows: 
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4. Expression for electric field strength calculation in 
any observation point 

Total sum of coefficients Ax; Ay; Bx; By,  Cx; Cy, that are 
used to take into consideration the geometric position of 
the phase wires A, B, C and the point O in the space, 
are expressed as follows: 
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Values of the coefficients along axes x and y are 
determined by the position of phase wires A, B, C and 
the point O in the space, as well as by the structural 
parameters of the three-phase above-ground line. The 
structural parameters can be expressed through 
polynomials: the coefficients of denominator: 
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The coefficients of numerator: 
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5. Conclusions 

 
The methodology for the mathematical calculation has 
been developed enabling to analytically estimate the 
electric field strength in the surroundings of 330 kV 
electric power transmission line or bus-bar system. 
Spatial distribution of the electric field strength E 
generated by the high-voltage power installations is 
described through Ax; Ay; Bx; By, Cx; Cy – the 
coefficients along axes x and y that are dependent on the 
geometric position of phase wires A, B, C and the point 
O in the space, as well as on the structural parameters of 
the three-phase above-ground line. 
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Abstract: Drying rate parameters of herbs and grain of 
wheat treated by a direct current corona field are 
discussed. Wheat grain drying rate increases two-fold or 
three-fold in comparison to free convection conditions. 
It is slightly slower as the rate achieved by using the 
electromechanical ventilator if the surface moisture is 
removed. Drying is two-fold faster in comparison to 
electromechanical ventilator under volume moisture 
removal conditions. The drying is rather uniform in all 
layer of the product due to the action of corona field. 
Effectiveness of the drying is caused by small energy 
consumption of the field device.  

 
Keywords: corona field, moisture content, rate of 
evaporation, energy consumption. 

 
1. Introduction 

 
Electrohydrodynamic drying technique of materials and 
products is a new modern method of drying enabling to 
improve the drying quality and to reduce energy 
consumption. Conventional drying methods usually 
comprise air moving by fans or ventilators and air 
temperature elevation. These methods are energy and 
cost-intensive [1]. Corona field has been found to 
consume little power compared to conventional drying 
techniques [2]. Corona field despite being shown to 
have a low efficiency in creating forced convection, still 
has the ability to enhance the evaporation significantly 
with energy consumption equivalent to conventional 
drying methods [9]. Total chlorophyll and ascorbic acid 
contents in spinach are substantially higher after electric 
field drying than after oven drying [4]. Moisture content 
of the treated wheat grain decreases much faster than 
that of air-dried samples under free-convection 
conditions. Average drying rate improves from 1,7 to 
2,1 times compared with control samples [5]. Average 
drying rate of rapeseeds treated at 8, 9 and 10 kV  
electrostatic fields for 270 min exposure increased by 
1,8, 2,1 and 2,5 times, respectively, compared to the 
control [1]. Electrostatic evaporation systems offer a 
number of advantages over the drying technologies due 
to power saving, compactness, reduced cost, and 
environmental friendliness [6]. It is shown that the 

enhancement of drying rate increases with the applied 
voltage but decreases with the growth of external cross-
flow reducing the corona field affect [7]. Although 
several studies [1-7] demonstrate the feasibility of 
electro-hydro-dynamically enhanced drying, some 
fundamental issues about this technique still remain 
largely unexplored [8]. Moreover, despite the successful 
demonstration of using the corona field technique for 
drying of various materials (cookie dough, chopped 
onion, filter paper, wool, potato slab, apple slice, paper 
towel, biomass materials, radish, spinach, and okara), its 
development still remains very much in the laboratory 
[9]. The following research stage is to scale up the 
laboratory results to meet the needs of industrial 
processes. We present in this paper some experimental 
results of wheat grain and herbs drying in the corona 
field. 

 
2. Experimental equipment 

 
Our experimental equipment consists of electrode 
system, high voltage source, kilo-voltmeter and micro-
ammeter (Fig. 1). Electrode system is represented by a 
set of parallel wires with high potential above the 
grounded plate. Flat container with the uniform layer of 
wheat grain is placed on the plane electrode. 
 

 
Fig. 1. Scheme of the experimental equipment 
 
Corona discharge current depends on the voltage U, 
spacing between electrodes h, distance between wires d 
and wire radius r0. Computed and experimental volt-
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ampere characteristics are analyzed to determine the 
proper values of mentioned parameters. Empirical 
formula of volt-ampere characteristic is the same as in 
[10]: 
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where I0 is the corona current per unit wire length, b is 
the discharge ion mobility (assumed as constant), 

41022  ,b m2/V·s for negative discharge mode, and 
41091  ,b m2/V·s for positive one, 0 is the electric 

constant, 0 =
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Onset voltage U0 for the electrode system “a set of 
parallel wires above the plate” may be determined as 
follows: 
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Initial field strength E0 is determined from well-known 
Peek′s formula [8]. 
Computed and experimental volt-ampere characteristics 
for negative corona are given in Fig. 2. Similar 
characteristics for positive corona are shown in Fig. 3. 
Characteristic curves given in Fig. 2 and Fig. 3 
correspond to the following values of parameters: 
h  12 mm, d  15 mm, r0  0,025 mm without treated 
product.  
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Fig. 2. Volt-ampere characteristic for negative corona: 
---- - computed, — experimental 

 
Negative corona current exceeds the positive one 
because they are determined by greater value of 
negative ion mobility in comparison to positive one. 
Experimental curves of volt-ampere characteristics 
corresponding to wheat grain layer placed on the 
grounded plane electrode are given in Fig. 4. Total 
length of emitting wires l  2,15 m. Negative corona 
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Fig. 3. Volt-ampere characteristic for positive corona: 
---- - computed, — experimental 

 
current determined from Fig. 4 I  480 A at  
U  8,0 kV. So, the linear current density I0  I / l  
480/2,15  223 A/m. Although the spacing is the same 
for curves given in Fig. 2 and Fig 4 (h  12 mm) the 
linear current density value in the system with grain 
layer considerably exceeds the value in the system 
without the grain layer. This is because of the roughness 
of grain layer. 
 

3. Results of drying experiment 

Three modes of drying are being performed: drying 
with corona field, drying with air movement created by 
electromechanical ventilator and control drying under 
free convection conditions. Drying experiment is 
performed under the following ambient air conditions: 

air temperature 120  C ( 253T K), relative 

humidity 50  5 . Power of corona field device is 1 W 
(U  7,2 kV, I  0,15 mA), power of electro-mechanical 
air driver (ventilator TITAN TFD-5010M12Z) is the 
same (U  12,0 V, I  0,09 A). Content of removed 
moisture is determined by weighing with a balance 
CQT202 (200g max  0,01 g). Thickness of grain layer 
 

 

 
Fig. 4. Volt-ampere characteristics of electrode system with 
grain layer on the plain electrode; 1 – negative corona,  
2 – positive corona 

I0, µA/m 

U, kV 

U, kV 

I0, µA/m
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Fig. 5. Grain volume moisture reducing curves: triangles – 
free convection conditions, squares – tangential air flux driven 
by ventilator, rhombs – action of positive corona field 
 
in all samples is equal to 10 mm. Volume moisture 
reducing in wheat grain layer curves are given in Fig. 5. 
Content of removed moisture varies in time according 
to exponential law. Time constants of all three curves in 
Fig. 5 are given in Table1. 
 
Table 1. Drying time constants corresponding to Fig. 5 
 

Manner of 
drying 

Positive 
corona field 

Cross-flow 
of air 

Control 
sample 

Time 
const., min 

100 200 400 

 
Surface moisture evaporating from wheat grain layer 
graphics are presented in Fig. 6. Time constants of all 
three drying processes shown in Fig. 6 are given in 
Table 2. 
 
Table 2. Drying time constants corresponding to Fig. 6 
 

Manner of 
drying 

Positive 
corona field 

Cross-flow 
of air 

Control 
sample 

Time 
const., min 

60 50 180 

 

Surface moisture evaporating by air cross-flow is 
slightly more effective in comparison to drying with 
corona field. On the other hand evaporating of volume 
moisture in corona field is twofold more effective as 
compared to drying with the air cross-flow. 
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Fig. 6. Grain surface moisture reducing curves: triangles – 
free convection conditions, squares – tangential air flux driven 
by ventilator, rhombs – action of positive corona field 

Results of herbs drying in the negative corona field are 
presented in Fig.7 (U  6,8 kV, I  0,1 mA). 

 

Fig. 7. Herbs drying graphics: rhombs – action of negative 
corona field, squares – free convection conditions 

 
Time constants for drying processes shown in Fig. 7 are 
the following: drying by action of negative corona field 
– τ  110 min, control sample – τ  150 min. 

 
4. Air movement 

 
Distribution of ion-driven air movement velocity 
vectors in wire-to-plane electrode system at U  6,8 kV 
is shown in Fig. 8 [11]. 
 

 
 

Fig. 8. Distribution of ion-driven air movement velocity 
vectors in wire-to-plane system, U  10 kV, h  12 mm, 
r0  0,050 mm 
 
Dependence of air velocity at the plane electrode on the 
voltage is shown in Fig. 9. Air velocity gains the value 
1,5 m/s at the U  10 kV. 
Position of electro-mechanical ventilator TFD-
5010M12Z (U  12,0 V, I  0,09 A) in the system of 
coordinates is shown in Fig. 10. Variation of air flow 
velocity in the direction perpendicular to flow at x  1 
cm, x  2 cm and x  4 cm  const. is given in Fig. 11. 
Ion driven air movement is significantly more uniform 
as compared to ventilator air movement. 
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Fig. 9. Ion-driven air velocity chart: squares – computed 
values, rhombs – measured values 
 

 
 

Fig. 10. Position of ventilator TFD-5010M12Z in the system 
of coordinates 
 

 
Fig. 11. Variation of air flow velocity in the directions 
perpendicular to the flow: rhombs – x  1 cm, squares – x  2 
cm, triangles – x  4 cm 

 

5. Conclusions 
 

1. Wheat grain surface drying time constant by action 
of air cross-flow is 50 min, surface drying time 
constant by action of positive corona field is 60 
min. 

2. Wheat grain volume drying time constant by action 
of positive corona field is 100 min, this value of 
drying by action of air cross-flow is 200 min. 

3. Rate of herbs drying by action of negative corona 
field exceeds the control sample drying by 1,4 
times. 

4. Ion-driven air flow is significantly more uniform as 
compared to ventilator-driven flow. 

5. Drying action of corona field depends not only on 
the action of ion-driven air flow but also of the 
action of electric field. This is a reason why volume 
drying is effective by action of corona field. 

6. Effectiveness of corona field drying is determined 
by small energy consumption of corona device. 
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START-UP OF A SQUIRREL-CAGE INDUCTION MOTOR 
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Abstract: Exploitation of squirrel-cage induction 
motors (SCIMs) is inevitably accompanied by the 
appearance of the transient processes that critically 
impact the condition and operation of electrical 
machines. In the study of transients in induction 
motors must consider that during the start-up, the rotor 
parameters (resistance and inductance) are changing 
due to the skin effect. The current paper is dedicated to 
the research of the direct start-up of the SCIM with due 
account for of the current’s displacement in the rotor 
slots. The starting and nominal torque’s values of 
different power SCIMs were calculated. The 
conclusion about the need to consider the skin effect in 
the study of direct start-up of SCIMs is given. 
Calculation and comparison are also given for the 
dynamic characteristics of SCIMs with constant and 
variable parameters of the rotor. 

 
Keywords: Induction motors, transient process, current 
displacement effect, resistance, inductance, slip, 
starting torque. 

 
1. Introduction 

 
At the motor start-up the slip changes within the range 
starting from s = 1 up till the value of the steady 
regime s=0.01÷0.06 [1]. During start-up (at slip s=1), 
to a greater or lesser extent, the current’s displacement 
effect in the rotor bars is arises. In this case, the 
equivalent resistance of the rotor bars increases with 
the frequency of rotor current increasing [2]. In the 
majority of cases the current’s displacement effect has 
a positive role by increasing the resistance of the rotor, 
decreasing the inductance of the rotor and increasing 
the starting torque of the motor. However, the uneven 
distribution of current density over a rod of the rotor 
can lead to undesirable consequences, up to motor 
failure [3]. Therefore, mathematical models of SCIMs, 
which do not consider the current displacement effect, 
may lead to significant errors in the calculations [4 – 7, 
12 – 14]. This raises the question, in which range of 
motors the skin effect plays a significant role in the 

start-up, and which range of motors this effect is 
negligible. 
 
2. Evaluation of motors range liable to skin effect at 

start-up of SCIM 
 
At start-up of the SCIM occurs starting current, which 
exceeds the nominal value of 5 – 10 times. 
Simultaneously with this, there is impact increase 
motor torque, which is transmitted to the shaft of rotor 
and through the shaft - on the mechanical part of the 
drive. That leads to overheating a stator windings and a 
deterioration of their isolation, as well as shaft 
breakage from shock and vibration, mechanical 
deformations of electric parts, etc.[8]. 
To cushion the shock in the transmissions and to 
provide smooth acceleration, frequency converters are 
used, limiting the starting current and torque [9]. 
Simultaneously with change of frequency should be 
regulated by a particular law the value of the supply 
voltage, to provide high stiffness of mechanical 
characteristics, high power index of SCIM (power 
factor, efficiency, overload capability) [10].  
In order to identify the need to consider the skin effect 
at start-up the electromagnetic torque of wide range of 
motors was calculated for the different frequencies f1 of 
supply voltage at s=1 and evaluation of necessity to 
take into account the effect have been done by 
comparison of torques obtained with the rated ones for  
the motors. 
The calculations of the electromagnetic torque were 
based on the equivalent circuit, which is shown in 
Fig. 1. 
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Fig. 1. Г-shaped equivalent scheme of the induction motor 
 

The parameters of the equivalent scheme 

XXRXR ,,,, 2211  is shown in the handbook [11] in 

relative units (r.u.). 
The electromagnetic torque developed by the rotor of 
SCIM is defined by [8] 
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where p  – number of pole pairs; 

1m – number of phases of the stator winding; 

1U – voltage of stator winding; 

R1 и X1 – stator resistance and inductance; 
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’
 – rotor resistance and inductance, 

reduced to the stator winding. 
 

The equivalent circuit parameters should reduce to 
physical units to determine the electromagnetic torque. 
The calculation is as follows: 
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For calculations at frequencies lower as 1f  <50 Hz 

voltages applied in (1) have been accepted at constant 
relation of U/f, i.e. assuming for all speed 
characteristics constant range of speed decreasing. 
The dependence Mstart/Mnom=f(P2) at different 
frequencies is presented in Fig. 2. Range of motors 
examined reaches from 0.12 kW up to 315 kW. All 
motors are with number of pole pairs p=2 and rated 
voltage 380/220 V at f=50 Hz. 
 
 
 
 
 
 
 

 

Fig. 2. Dependence of Mstart/Mnom=f(P2) from 
2P  value at 

different frequencies f1 of supply voltage for rated power 
range of motors A4 from 0.12 kW to 315 kW 
 
This dependence (Fig. 2) provides an opportunity to 
estimate the influence of skin effect to start 
electromagnetic torque of SCIMs at different 
frequencies. 
At frequency f1 = 50 Hz: 
– at power of SCIM 0.12 kW ≤ P2 ≤ 5.5 kW starting 

torque is greater than the nominal ( 1
nom

start
M

M ), 

and the effect of current displacement in the rotor bars 
is weakly expressed. Consequently, in the calculation 
of dynamic characteristics of I = f (t), M = f (t), n = f 
(t) of SCIM the surface effect can be ignored; 
– at power of SCIM 5.5 kW ≤ P2 ≤ 315 kW starting 

torque is lower than the nominal ( 1
nom

start
M

M ), 

begins to appear the effect of the current displacement 
in the rotor bars, and the more power P2, the stronger 
will appear the surface effect. Consequently, in the 
calculation of dynamic characteristics of I = f (t), M = f 
(t), n = f (t) of SCIM ignore of the surface effect can 
lead to significant errors. 
Further on with decreasing frequency f1 lower range of 
P2, which begins to show the effect of the current 
displacement, shifting, which reduces to decreasing of 
P2 range: 
 
– f1 = 40 Hz 7.5 kW ≤ P2 ≤ 315 kW; 
– f1 = 35 Hz 11 kW ≤ P2 ≤ 315 kW; 
– f1 = 30 Hz 13 kW ≤ P2 ≤ 315 kW; 
– f1 = 25 Hz 15 kW ≤ P2 ≤ 315 kW; 
– f1 = 20 Hz 18.5 kW ≤ P2 ≤ 315 kW. 
 
It can be concluded, that at smaller supply voltage 
frequencies accounting of skin effect for start-up 
processes should be provided only for relative large 
power motors range, but at frequency 50 Hz range of 
motors dependent upon the skin effect at start-up is 
much wider. 
 

3. Model of slot magnetic field of SCIM  
 

It is known that at start-up, when the frequency of the 
rotor is high ( f1=f2 ), the current density is distributed 
over the height of the bar very unevenly. As the motor 
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acceleration current frequency of the rotor is reduced. 
When the motor reaches the rated speed, the current 
frequency of the rotor is very low ( f2=snom· f1 ) 15 
Hz. In this case the effect of current displacement 
practically disappears, and the current is distributed 
evenly over the cross section of the rod [4, 14]. 
The model of rotor bar for SCIM 4АН355S4U3 315 
kW, obtained with program complex Quick Field 5.5, 
is shown in Fig. 3. 
 

 

а)  в)  с) 
 

Fig. 3. The model of rotor bar (а), field distribution in the 
slot at f1 = 50 Hz (в), at f1 = 5 Hz (с) 
 
Current density distribution in height of the rod, based 
on the program complex Quick Field 5.5, is presented 
in Fig. 4. 

 

Fig. 4. Current density j as a function of height of rotor slot h 
at different frequencies f1 of supply voltage 
 
The obtained results (Fig. 3 and Fig. 4) clearly prove 
that magnetic field and current density are unevenly 
distributed in rotor slot. This makes it necessary to 
consider the skin effect in the rotor slots of SCIM. 
 

4. The calculations of dynamic characteristics of 
SCIM with variable and constant parameters 

 
To show the current displacement effect on dynamic 
characteristics, I = f (t), M = f (t), n = f (t) were 

calculated for a model of an idealized generalized 
motor. 
The dynamic characteristics with Park-Gorev equations 
for the chosen SCIM 4АН355S4U3 have been 
obtained. The Park-Gorev equations in relative units 
are solved. The proposed IM mathematical model has 
been developed in coordinate axes d, q, 0, i.e. a set of 
the axes which are static relative to the rotor and rotate 
relative to the stator with the rotor’s rotational speed 
ωc= ωr. 
Therefore, modified Park-Gorev’s equations assume 
the following form [10]: 
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where usd, usq  are the stator phase voltages in axes d, q; 

isd, isq are the stator phase current in axes d, q; 

ird, irq are the rotor phase current in axes d, q; 

Rs, Rr is the respective stator and rotor resistances; 
si, ri are the respective total flux linkages with 
phase windings of the stator and rotor; 
Мload is the load torque on the SCIM shaft; 
TM  is a mechanical time constant; 
τ=ωt. 
 

Load simulation in relative units is accepted as 
follows: 
  
  2 kMM cload               (6) 

 
where Mc=0 – static torque; k = 0.702 – coefficient. 

Torque of inertia J = 5.8 kg·m2 is simulated with 
mechanical time constant: 
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Usually, for solving (3) – (5) it is accepted that the 
rotor’s parameters Rr and Xr are constant values. 
However, this approach is incorrect. 
The current paper offers a general approach and 
presents a numerical method of calculation of the 
variable parameters of the rotor slots with arbitrary 
configuration. 
The equivalent scheme of rotor circuit with the variable 
parameters that are influenced by the current’s 
displacement effect could be presented in the form of 
the multi-link circuit with the constant and independent 
of the current displacement impedances (Fig. 5) [3]. 
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Fig. 5. The rotor bar equivalent scheme 
 
The method for calculation of the rotor bar with a 
displacement of the electric current density in the 
multi-link scheme of impedances is as follows. 
Knowing the configuration of the magnetic lines of 
flux leakage in the slot, we will present a massive 
electrical conductor (a squirrel-cage winding rotor bar) 
divided into a great number of elementary layers 
isolated from each other by the thin layer of the 
insulation. 
Let us presume that there is a plain-parallel filed in the 
slot, and electric current density along the line of flux 
is constant. With regards to a relevantly low height of 
the elementary layers these allowances do not bring 
into the calculations any considerable errors.  With the 
account of these assumption allowances the parameters 
of the equivalent scheme (Fig. 5) are resistance Ri and 
inductance Xi of the elementary layer i. 
 

iii qlR   ;            (7) 

 
where ρ – resistivity of the rotor bar material; 

qi – cross sectional area of the i layer; 
l – the length of the i elementary layer. 

 

 lsflX iii  0102 2 ;              (8) 

 
where ω2 - current cyclic frequency of the rotor bar; 

λi - geometrical conductivity of the magnet tube 
the borders of which are defined by the i 
elementary layer. 

Then show the current displacement effect on the 
dynamic characteristics I=f(t), M=f(t), n=f(t) are 
calculated for the model of idealized generalized IM 
with the constant parameters of the rotor. SCIM 
4АН355S4U3 parameters are used in relative units for 
nominal mode of operation [11]: 
 
Stator’s resistance 0.019; 
Stator’s inductance 0.11; 
Rotor’s resistance 0.014; 
Rotor’s inductance 0.14; 
Magnetizing inductance 4.6. 
 
The comparison the dynamic characteristics are 
presented in Fig. 6, Fig. 7 and Fig. 8.  
 
 
 
 
 

 

 

Fig. 6. Stator’s current for SCIM 4АН355S4U3: 
1 – mode of operation with constant rotor’s parameters R2 

and X2; 
2 – mode of operation with variable rotor’s parameters R2 and 

X2 
 

 

Fig. 7. Electromagnetic torque for SCIM 4АН355S4U3: 
1 – mode of operation with constant rotor’s parameters R2 

and X2; 
2 – mode of operation with variable rotor’s parameters R2 and 

X2 
 
 

Fig. 8. Rotation speed for SCIM 4АН355S4U3: 
1 – mode of operation with constant rotor’s parameters R2 

and X2; 
2 – mode of operation with variable rotor’s parameters R2 and 

X2 
 
From the obtained dependence (Fig. 6, Fig. 7, Fig. 8) it 
is obvious that transient process proceeds quicker in 
mode with variable rotor’s parameters; IM reaches its 
steady mode of operation during tstart=0.9 s. In mode of 
operation with constant rotor’s parameters IM reaches 
its steady mode during tstart=1.8 s. 
As seen from I=f(t) characteristics (Fig. 6), the first 
current’s bursts are the same independently from the 
mode of operation (Imax =6.4 r.u. at t=0.009 s). In 
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steady mode current’s values are identical and reach its 
nominal value Inom=0.77 r.u. Current’s relation is: 
 

75.8
77.0

738.6


nom

start

I

I

 
 

As seen from M=f(t) characteristics (Fig. 7), in steady 
mode of operation torque’s values are identical and 
reaches its nominal value Mnom=0.687 r.u. However, 
start torque’s value is a lot more in mode of operation 
with variable rotor’s parameters. 
Start torque relations are: 
 

35.2
687.0

61.1


nom

start

M

M  – mode of operation with 

constant rotor’s parameters; 
 

45.4
687.0

059.3


nom

start

M

M  – mode of operation with 

variable rotor’s parameters. 
 
This research work is show the variable parameters 
effect on the dynamic characteristics of induction 
motor’s direct start-up. 
 

5. Conclusions 
 
Based on the results obtained in this work, the 
following conclusions can be drawn.  
With decreasing supply voltage frequency f1  range of 
rated power P2, for which have to be taken into 
account the effect of the current displacement is 
restricted in direction of higher powers, i.e. the effect 
have to be accounted only for start-up of larger scale 
motors. 
Model of rotor slot obtained by using program 
complex Quick Field 5.5, provides a visual and 
numerical representation on the distribution of the 
magnetic flux and the current density in the rotor slots, 
depending on the frequency f1 and displacement effect. 
Accounting for variable parameters of rotor in way of 
start-up fundamentally changes the course of the SCIM 
transient process. The start torque’s value increases; 
the duration of the transient process becomes shorter 
by increasing the average torque developed by SCIM 
during the start-up. 
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Abstract: In the power network the insulation condition 
of electrical equipment is one of the most important 
factors in guaranteeing the quality and cost efficient 
operation of the power system. Reliable operation of the 
electrical equipment relies on the appropriate 
maintenance and condition monitoring of the 
equipment, timely repair tasks, also on factors affecting 
equipment and their nature. 
Research results related to smart insulation condition 
monitoring system and resource assessment system for 
high-voltage equipment is done according to the 
processes in the power network and registered factors 
affecting the insulation, their performance and 
variations are provided in this paper. 
 
Keywords: Insulation condition, overvoltage, online 
diagnostics. 
 

1. Introduction 
 
Power system performance usually depends on the 
reliability of electrical equipment. Electrical equipment 
condition assessment and arising defects are subject to 
various periodic or permanent monitoring methods  
[1, 2, 3, 4,]. Fairly simple and efficient electrical 
equipment evaluation system is a periodic maintenance 
of the installation. 
In the power system, the insulation condition and 
duration of reliable operation of high-voltage (HV) 
electrical equipment is determined by various factors: 
over-voltage, partial discharges (PD), over current, 
vibration and so on. The in operation substation and 
power transmission lines, the high-voltage electrical 
equipment is continuously affected by the high electric 
field, surges, discharges, heat, humidity, oxidation, 
vibration, aging processes and other factors causing 
various defects. The insulation aging rate and the 
appearance of defects is mostly due to over-voltages, 
thermal impact and PD. In the power system the 
duration and amplitude of the over-voltage can be 
various. The over-voltage and equipment operating 
temperature are the key factors accelerating aging 
processes of electric equipment insulation [1, 5]. 

In order to ensure reliable operation of electrical 
equipment, periodic tests and measurements are carried 
out. They require disconnection of the electrical 
equipment from power network. This causes temporary 
changes in the schemes that usually reduce reliability of 
the power system. Besides this, testing of electrical 
equipment does not guarantee reliable operation. 
Therefore it is advisable to develop testing methods that 
would allow to increase the test efficiency of electrical 
equipment and to reduce testing costs.  
Currently the maintenance of electrical equipment is 
carried out according periodic schedule - after 
determined time duration or working hours. Such 
maintenance method of electrical equipment is not 
always optimal, because the quality of the insulation can 
change rapidly and defects can develop very quickly. 
The key method for optimization of this maintenance 
technique is to change the maintenance system in which 
repair frequency of electrical equipment and the scope 
of work would be determined by the insulation 
condition of the equipment. Thus an efficient diagnostic 
system for electrical equipment must be developed that 
would include monitoring equipment’s insulation. 
One of the prospective insulation condition monitoring 
systems for electrical equipment is equipment’s in 
operation testing and monitoring procedures, without 
disconnecting the operating voltage. If monitoring 
systems for HV electrical equipment are applied without 
turning off the operating voltage, in the electrical 
equipment the characteristics can be monitored 
according to which the inner insulation and condition of 
other components can be determined thus technical 
condition can be evaluated. It is important to develop a 
monitoring system for high-voltage electrical equipment 
that would allow to assess the equipment in accordance 
with processes in the power system and to evaluate 
external factors: the over-voltage parameters and their 
effects, the asymmetry, limits of emergency condition 
and so on. 
In this paper is analyzed, summarized and provided the 
methodology allowing developing electrical equipment 
smart insulation condition monitoring system wherewith 
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more accurate assessment of the insulation condition is 
possible. 

 
2. Methods of electrical equipment diagnostics 

 
In modern power system maintenance systems are 
important in order to do equipment condition evaluation 
based on the available relevant information which 
allows identifying priorities for equipment repair tasks 
and scope of work depending on the actual device 
condition. The main goal is to determine the necessary 
to observe indicators, which enable to relate existing 
condition information and to evaluate the service life 
[6]. 
Electrical equipment condition evaluation, defect 
identification and prediction are difficult, but important 
task. Electrical equipment condition often leads to 
operating conditions and maintenance time. Solid and 
liquid insulation elements usually form equipment 
insulation. Most of the researches focus on the voltage 
effecting the insulation and current interaction between 
qualitative characteristics. 
 
2.1. Electrical equipment condition assessment 
characteristic 
 
 Analysis of the qualitative changes in the 
characteristics makes it possible to evaluate the 
technical condition of the electrical equipment and their 
reliability. Timely carried out equipment condition 
assessment, allows avoiding damage and accidents, also 
limits their consequences. Particularly vulnerable are 
the power and measurement transformers, 330 kV HV 
equipment terminals and so on. Studies have shown [7, 
30] that up to 90 percent of the accidents can be avoided 
by improving methods of diagnosis, and 70 percent. – 
by applying timely repairs of the equipment. 
Electrical equipment condition can be evaluated by 
analyzing various parameters which describe insulation 
and determination of their development and creating 
systems which predict the parameters. Once a reliable 
condition assessment system is arranged it can be used 
to identify potential arising defects, repair and testing 
tasks, evaluate operation time until device breakdown. 
Main factors effecting equipment aging rate are over-
voltage and overloads. Over-voltages directly affect the 
insulation, increases the PD level, due to the increasing 
number of defects in insulation and so on. Overloads 
and short-circuits effects insulation in its thermal way. 
Recently monitoring systems, continuously evaluating 
various parameters (tan, gas emissions, and 
temperature), are being applied [8, 9, 10]. 
For each type of HV equipment diagnostic methods are 
applied in line with the insulation characteristics the 
equipment design and if possible without reducing the 
resource. Currently the most commonly investigated 
dielectric diagnostic methods focus on insulation 
physical and chemical properties. 
 
 
 

2.2. Periodic electrical equipment quality 
performance measurement system 
 
Using a periodic monitoring system is sufficient to 
assess the power transformer and other equipment 
insulation condition by dissolved gases. Effect is even 
greater when the periodic oil dissolved gas monitoring 
system is supplemented with database which enables to 
predict the gas extraction rate. By applying periodic 
monitoring of water content in oil and making the 
database of the registration results the water quantity 
can be quite effectively monitored and changes in the 
critical level of operation regime can be predicted. 
 

3. Smart insulation condition monitoring system 
 
Application of the monitoring systems for HV electrical 
equipment allow to observe the characteristics of the 
inner insulation and other components and to evaluate 
the technical condition also the risk of accident without 
turning off operating voltage. Most common is 
dissolved gas chromatographic analysis [5, 11]. 
HV electrical equipment monitoring system monitors 
the electrical network elements, operating characteristic 
(surge parameters and their effects on the duration of 
the asymmetry of harmonics, emergency mode settings). 
Power system simulations models are arranged in order 
analytically investigate the electrical equipment 
insulation and evaluate the quality of the insulation and 
the resource. Simulation of PD processes in insulation is 
being done in insulation models. Using a structured 
algorithm is easier to create HV simulation models for 
mathematical investigations and calculations. 
 
3.1. Electrical equipment online condition 
monitoring system 
 
For in-operation electrical equipment a constant state 
monitoring systems are installed, which allows to 
monitor a variety of device’s parameters - status 
indicators. Furthermore, it gives information about the 
actual state of internal electrical installations, and 
reduces the potential for damage of equipment, allows 
better assess the risk of possible failure.  
PD is one of the important parameters influencing the 
isolation of aging. Therefore, using a variety of 
measurements and fault detection equipment it can be 
identified faults in electrical equipment. HV electrical 
equipment PD tracking system indicates the aging 
processes in electrical equipment insulation, and can act 
as an early warning system. Broadband electromagnetic 
interference tracking methods are applied consistently to 
track and identify the location of fault in cables and 
connectors. In the distribution network these techniques 
is being applied for more than 10 years [8]. Currently 
such methods expand in the transmission network - HV 
electrical substation electrical equipment with solid 
insulation continuous condition monitoring systems. In 
the substations, which use continuous monitoring 
systems, it must be possible to measure current and 
voltage and additional measuring devices that are 
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mounted to the cable line input coupling must be 
installed. 
The structure of the registration equipment for resource 
expenditure and defect trends investigation according to 
the isolation and surge characteristics is provided in 
Fig. 1. 
 

 
 

Fig. 1. Structure of the registration equipment for resource 
expenditure and defect trends investigation according to the 
isolation and surge characteristics 
 
Device for insulation resource expenditure and defect 
trend recording and analysis is designed in order to 
measure electrical quantities in the secondary circuit, 
which correspond to voltage change processes in the 
network, and ongoing processes insulation of PD 
currents. When the voltage exceeds the maximum 
allowable operation level, measurement data is 
recorded, changed to digital and voltage changes are 
stored in the registration data storage block. In the 
insulation marginal characteristics data base block data 
is entered and then the data is stored according to the 
electrical equipment parameters, the registrar's coverage 
area and insulation resource characteristics are being 
calculated. In the resource and defect evaluation block 
surge impact and insulation resource expenditure, for 
each registration surge, is set and the level and duration 
of action, assessing PD transient performance indicators 
are compared with the previous registrations. The 
arranged surge integral characteristics are attributed to 
new registrations characteristics and exposure values are 
calculated. Resource expenditure and defect size 
assessment results are stored in the memory unit, and a 
warning signal is activated when values reach marginal 
levels. Alarm signal is transmitted to external systems. 
Programmable controller can be connected to the 
existing HV voltage measuring transformer secondary 
winding and the newly installed PD current measuring 
transformer secondary windings. 
 
3.2. Algorithm of smart insulation diagnostic system 
 
In purposed smart diagnostic system device status must 
be compared with the normalized allowable values 
specified in the standard, the manufacturer's instructions 
and regulatory documents. The measurement results and 
comparison with normalized values allows to asses only 
one or a few critical parameters level. Qualitative 
characteristics of the observed variation pattern can be 

varied and predicted using mathematical analysis and 
processing of the measurement data. Electrical 
equipment insulation condition, in accordance with the 
recorded PD parameters qualitative characteristics of the 
complex, can be seen in the Fig. 2.  
 

 

 

Fig. 2. Structure of condition assessment according PD 
parameters 
 
In Fig. 2 the evaluation of qualitative characteristics of 
the change (from the initial values to the normalized) is 
shown. 
With the development of newer and more reliable 
monitoring system, which provides detailed information 
about the changes occurring in isolation, constantly 
recorded characteristics of patterns and evaluation of its 
variation allows determining devices operational status. 
Upgrading of existing facilities allows using additional 
criteria’s to evaluate the equipment performance 
variation in order to assess the changing nature and the 
resource of reliable operation.  
When the surge impact integral performance 
characteristic monitoring device is installed, the 
assessment of electrical equipment insulation and 
operating over-voltage characteristics can be done. In 
this way the number of tests can be reduced. This 
registering device would monitor electrical equipment, 
its insulation and the factors that affect the integral 
over-voltage characteristics on-line and resource 
assessment across a wide range of surge can be done. 
 
3.3. Electrical equipment insulation resource 
expenditure monitoring algorithm 
 
Equipment's operational resource is determined during 
the manufacturing and design periods. The initial 
resource of the equipment must be assessed before the 
unit is put in operation, the original factory data and 
qualitative characteristics must be set. 
Electrical equipment initial resource can be estimated 
from (1) equation.  
 

 
 2

a EBTTeRR 
  ; (1) 
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where: R∞ – insulation operation until breakdown, Ta – 
activation temperature, B – basic electrothermal 
constant, E – strength of electric field, T – temperature. 
According to the results provided by the manufacturer, 
electrical equipment insulation resource status should be 
evaluated in three parameters: R∞, Ta, B. Based on these 
indicators, and the (1) equation, finite resource surface 
Rmarginal can be formed. 
Electrical equipment resource expenditure can be 
estimated based on the algorithm provided in Fig 3. 
 

 

 

Fig. 3. Algorithm Electrical equipment resource expenditure 
calculation 

 
According to the algorithm shown in Figure 3 a variety 
of methods (analytical, operational and numerical) can 
be applied to investigate with the purposed model. 
Currently the most commonly used are numerical 
integration methods. The compliance with the real 
object can be verified experimentally. 
Electrical equipment (power and measurement 
transformers, switching apparatus, surge protection, and 
short-circuit equipment, communications equipment, 
etc.) is composed from more or less components which 
affect the overall device reliability. Using purposed 
algorithm, status of the qualitative characteristics can be 
monitored and evaluated continuously. Qualitative 
characteristics of the observed quantities and their 
variation range are quite wide. Evaluation of equipment 
condition and reliability from the qualitative 
characteristics should be monitored for changes. 
According to the methods mentioned above, it is 
possible to increase the electrical equipment insulation 
condition assessment. The effectiveness of not only 
normalized values, but also changes due to the defect in 
insulation, influenced by the operating voltage, over-
voltage, overload, and other factors that may quickly 
increase can be assessed. Factors affected by the surge 
can be accurately identified and defects and their trends 
in a variety of operating conditions can be evaluated. 
 
 
 
 

4. Insulation investigation with the smart insulation 
condition monitoring system 

 
According to the over-voltage integral characteristics 
impact on insulation resource scheme shown in Fig. 1 
the electrical equipment insulation diagnosis and 
resource consumption and assessment smart diagnostic 
system (SDS) is created. This system can be used for 
monitoring electrical equipment, potential fault 
diagnostics and for investigation of affecting factors. 
Diagnostics can be performed automatically without 
intervention of service personnel. The observed 
indicators can be as follows: PD in equipment 
insulation, over-voltages affecting insulation  
With SDS it can be monitored the electrical equipment 
insulation for those devices which has PD measurement 
sensors. These sensors must be connected to the 
inverters, which would change the analog values to 
digital ones. All measurement data must be collected 
and processed to programmable controller which can be 
mounted in substation control panel. This unit can be 
used as a warning alarm system. 
Programmable controller should regularly measure 
values (PD, operating voltage, temperature) and 
compare the measurement results with the specified 
nominal permissible. In addition self-control of SDS 
should be done. Based on the measured values and the 
results of self-control, the corresponding messages 
should be formed for operating a staff. 
SDS algorithm should consist of the following 
operations: 
• Measuring equipment condition assessment. 
• Selected set of indicators in the measuring objects. 
• Evaluation of the measurement data according to the 
set of functional dependencies. 
• Comparison of the measurement results with the preset 
values.  
• Where appropriate, signalization about changes in the 
results. 
Signalization of deviations, which excess the preset 
levels, can be implemented in three stages: normal 
mode, warning stage and failure regime. 
In the first stage can be in the event when the minor 
insulation defects are recorded - PD currents values, 
which are close to noise levels, are recorded. In this step 
the maximum acceptable values must be set in order to 
avoid unacceptable false signals. According to the surge 
effects the insulation resource must have a large margin 
to the breakdown value. 
In the second stage alarm is activated when the PD 
recorded value exceeds the permitted level and long-
term operation is no longer available. If it appears and 
the observed value is rapidly increasing, an information 
signal should be activated. When the insulation resource 
value reaches the maximum acceptable value the 
emergency signal must be activated. 
When the measured values exceeds the maximum 
permissible insulation resource values or according to 
registration data it is beyond the permissible limits, 
electrical equipment operator personnel should be 
informed about the status of the equipment which is in 
emergency condition. 
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According to the measurement and evaluation results 
the SDS, can form complex equipment isolation and 
resource expenditure assessment reports, which can be 
analyzed by the maintenance personnel who can use the 
necessary additional equipment to evaluate the situation 
in order to ensure the proper operation of the equipment. 
 
4.1. Results of smart insulation condition diagnostic 
system 
 
Based on surge effects registrations data, registered 
surge impact transient process is shown in Fig. 4.  

 

 
 

Fig. 4. Transient process registered in the network 
 
Out of all the registered data the important range and the 
phase in which the process took place when the voltage 
exceeds the set value is extracted. Data must be 
recording with prehistory. Interval of single-phase 
transient process is given in Fig. 5.  
 

 
 

Fig. 5. Results of simulation of the several defects  
 
Registration data is adjusted according to the PD 
simulation in isolation model, given in Fig, 1. The 
simulation the results of 0,1 mm, 0,2 mm and 0,3 mm 
defects  are presented in Fig. 5 also. 
Analysis results have shown that for transient process, 
provided in Fig. 4, registration data do not meet the 
requirements of IEC 60270 standard, (data was recorded 
at a frequency of 25 kHz), so PD current transient 
response simulation results are not representative (see 
Fig. 6.). 
 

 
 

Fig. 6. PD simulation results when over-voltage transient 
registration results do not meet the IEC 60270 requirements 
 
Part of registration data met the necessary requirements 
specified in IEC 60270 standard (registrations frequency 
of 2,5 MHz) (see Fig. 7.) - data recording frequency is 
satisfactory. 
 

 
 
Fig. 7. PD simulation results when over-voltage transient 
registration results meet the IEC 60270 requirements 
 
With the PD registrations data and based on the 
methodology presented previously, PD current pulses 
can be calculated and approximation curves, 
characterizing the process, can be arranged (see Fig. 8). 
 

 
 

Fig. 8. PD current impulses approximation curve and 
calculation of  PD characterizing index 
 
The analysis of registered data indicated that when the 
artificial defect increased, the trend of PD current 
characteristics decreased. If the current samples are 
selected correctly (with no extraneous noise), there are 
no cross-sections between different sizes of artificial 
defects discharge current characteristics trends curves. 
The increase in discharge current characteristics trend, 
at the same registered voltage level, can give the 
indication of defect expansion. This parameter can be 
assumed as the warning factor for the insulation 
breakdown. 
Registration of the over-voltage in the power network 
and PD induced current pulses at the same time, and 
evaluation of the PD current trend characteristics can be 
used to set up an active insulation condition monitoring 
system. 
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4.2. Insulation resource consumption and lifetime 
assessment with the SDS by the purposed algorithm 
 
The analysis can be drawn according to surge 
registrations data available in the transient process 
shown in Fig. 4. The over-voltage impact integral 
characteristic is formed according data given in Fig. 9.  
 

 

 

Fig. 9. The integral characteristics of a recorded over-voltage 
transient, induced by a lightning surge 
 
According to the arranged characteristics the 
comparison of the integrated resource isolation is 
formed by the surface of the defined range of the over-
voltage and temperature. This data is compared with the 
levels set for the observed device at the beginning of 
operation time (see Fig. 10). 
 

 

 

Fig. 10. Relative resource consumption calculated with the 
model 
 
When accumulated surface exceeds the threshold level, 
an alert signal is activated. Based on the isolation 
resource assessment provided in the example, it can be 
noted that the resource evaluation of the proposed 
method is superior to other literature review, researchers 
who investigate the similar techniques. Key advantages 
and differences are: 
• The relative isolation of resource assessment is done 
considering the electric field strength, and temperature. 
• Insulation resource is described by the functional 
characteristics of dependence between two variables. 
According to the functional dependence the arranged 
insulation resource characteristic is the isolation surface 
is continuous. 
 

 

5. Conclusions 
 
By registering over-voltage in the power network and 
partial discharge current pulses, with the developed 
active monitoring system of insulation condition, it is 
possible that dangerous insulation quality changes as 
well as emerging defects can be timely detected. The 
system is complemented with over-voltage integral 
characteristics, which enable to assess operation 
conditions and insulation resource expenditure of the 
equipment. 
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Abstract: Electrohydrodynamical drying of moist 
materials is one of perspective industrial technologies. 
Electrode system “a set of parallel cylindrical wires 
above the plane” is often used in drying devices. 
Results of numerical analysis of the electrostatic field in 
the system are discussed. Results of the analysis enable 
to minimize energy consumption to get the maximum 
drying effect. Comparison of volt-ampere 
characteristics shows that minimum energy 
consumption is inherent to the system with thinnest 
wires. 
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1. Introduction 

 
Conventional materials and products drying techniques, 
which usually involve elevated-temperature treatment 
and air movement, often produce undesirable changes 
in physical and chemical properties of materials, 
especially for food products. Moreover, air flow usually 
is too large in comparison with needed. Electrohydro-
dynamically (EHD) enhanced drying is a relatively new, 
non-thermal drying technique [1]. It utilizes the air flow 
induced by a high-intensity electric field. This EHD-
induced secondary flow is also known as ionic wind or 
corona wind, which can be analyzed as a micro-jet of 
fluid moving from a corona electrode to a non-emitting 
surface. Increasing of moisture removal rate is caused 
by the complex action of corona field and of induced air 
movement destabilizing of the boundary layer. This 
drying technique may be characterized as low-
temperature one. Additional increase of drying rate is 
obtained by dielectrophoresis exhibiting by the drift of 
dipoles in the gradient of the electric field and directly 
affecting the water vapor by an external electric field 
[2]. Main advantages of EHD drying are low energy 
consumption and higher quality of drying in comparison 
with conventional methods. [3]. Many authors note the 
twofold-threefold increase of drying rate compared with 
free convection drying. Usually EHD drying devices 

use needle or wire emitting electrodes. The field of wire 
electrodes is characterized by rather uniform drying 
action, the effect of needle-electrode field is more 
concentrated [4]. Although this technology has been 
successfully demonstrated using various materials its 
development still remains very much in the laboratory. 
Moreover, despite many research results show that 
using corona field can produce drying enhancement, 
this does not imply that it is operating at its optimal 
conditions [5]. Optimization of the operating parameters 
(corona polarity, applied voltage, cross-flow velocity, 
surface curvature radii of emitting electrodes and 
electrode spacing) is critical for a viable 
commercialization of the technique. Our analysis deals 
with attempt to determine an influence of electrode 
dimensions (e.g. radius of emitting wire electrodes) on 
the operating parameters of the system. 
 

2. Electrostatic field analysis 
 

Our research comprises numerical simulation of 
electrostatic field in the electrode system “a set of 
parallel wires above the plate” and a comparative 
analysis of volt-ampere characteristics in a mentioned 
electrode system and in a wire-to plate system. Two-
dimension view of the wire set-plate system is shown in 
Fig. 1. Let the distances be b  15 mm, h  12 mm that 
are usual for the systems operating at the voltages 5–15 
kV. Radii of wires are varied from 0,025 mm to 0,100 
mm. The field under examination has two axes of 
symmetry, the first coincides with the coordinate axis y  
 

 
 

Fig. 1. Arrangement of electrodes 
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Fig. 2. View of equipotential lines, r0 = 0,025 mm 
 

and the second is vertical line which equation is x  b/2 
 7,5 mm. Computational area corresponds to lined 
rectangular shown in the figure. Finite-difference 
method of numerical simulation is used. Difference 
approximation of Laplace's equation is employed in two 
forms, the first is derived for all nodes of the regular 
grid occupying the inner part of computational area and 
the second is used for the nodes of irregular grid near 
the boundaries y  –12 mm  const, x  b/2  7,5 mm 
const and y  5 mm  const. Boundary conditions are 
the following: potentials of the wire and the plate are 
10000 V and 0 correspondingly, potentials of 
symmetrical nodes to right and to left in respect of 
symmetry axes x  0 and x  b/2 are the same. 
Boundary condition on the line y  5 mm  const is 
determined as follows: potential derivatives of the last 
and the next-to-last nodes of each radial line are the 
same. 
Distribution of equipotential lines for values of wire 
radii 0,025 and 0,050 mm, h  12 mm, b  15 mm and  

 
Fig. 3. View of equipotential lines, r0 = 0,050 mm 
 

U  10000 V is shown in the Fig. 2 and Fig. 3. 
Equipotential lines move away from the wire is radius r0 
is increased. 
Distribution of the electrostatic field strength on the 
surface of the wire is presented in the Fig. 4 and Fig. 5 
corresponding to conditions that are noted for Fig. 2 and 
Fig. 3. Values of electric flux related with the surface of 
wire are determined from Fig. 4 and Fig. 5: 
 

 Ψ   
l

lE dε0  .dε2 π
000  Er  (1) 

 

Numerical values of the flux are 71 nC/m and 78 nC/m 
for the field of Fig. 4 and Fig. 5 correspondingly. So the 
influence of the wire radius on the electric flux related 
to the wire isn't essential. 
 

3. Corona field analysis 
 

Onset field strength in electrode system with wire 
electrodes may be determined by the well-known Peek′s 
formula [6]: 
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Fig. 4. Distribution of the field strength on the surface of the 
wire, r0 =0,025 mm 
 

 
 

Fig. 5. Distribution of the field strength on the surface of the 
wire, r0 =0,050 mm 
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where r0 is the radius of the wire, cm, δ is the relative 
density of air, E0 is evaluated in kV/cm. 
Onset voltage of the discharge U0 depends not only on 
radius r0, but also on the other geometrical dimensions 
of the system. For wire-plate electrode system this 
dependence involves the distance h from the center of 
wire to the plate [7]: 
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Onset voltage in the system “a set of wires above the 
plate” depends also on the distance d between 
neighbour wires: 
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Dependences of onset field strength E0 and onset 
voltage U0 on wire radius r0 for values of variables 
h12mm, b  15 mm, δ  1 are given in Table 1. 
 
 
Table 1. Dependences of E0 and U0 on r0 
 

r, mm E0, 
kV/cm 

U0, V 
wire-plate wire set-plate 

0,025 210,9 3620 5054 
0,040 173,2 4430 6315 
0,050 158,0 4876 7025 
0,100 120,6 6605 9888 

 
Approximate empirical equation of current dependence 
on voltage (volt-ampere characteristic) for wire set-plate 
electrode system may be written as follows [7]: 
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where I0 is the linear current density, A/m, 0 is 

electric constant, 12
0 10858  , F/m, k is ion 

mobility, 41022  ,k m2/(Vs) for negative ions,  is 
discharge parameter which depends upon the voltage 
and geometrical dimensions of electrode system: 
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Fig. 6. Volt-ampere characteristics of wire set-plate electrode 
system: 1 – r0 = 0,025 mm, 2 – r0 = 0,040 mm, 3 – r0 = 0,050 
mm, 4 – r0 = 0,100 mm 
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Fig. 7. Volt-ampere characteristics of wire-plate electrode 
system: 1 – r0 = 0,025 mm, 2 – r0 = 0,040 mm, 3 – r0 = 0,050 
mm, 4 – r0 = 0,100 mm 

 
Corresponding formulas for the wire-to-plane electrode 
system are the following: 
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Volt-ampere characteristics corresponding to b  15 
mm and h  12 mm in wire set-plate electrode system 
are shown in Fig. 6. Values of onset voltage U0 
indicating the positions of the point on abscissa axis are 
given in Table 1. It is obvious that values of the 
voltages corresponding to the same values of the current 
increase considerably with increasing the radius of wire. 
This phenomenon depends on the increase of onset 
voltage with wire radius growth. Therefore it is 
desirable to use thin wires in corona field drying 
devices with minimum energy consumption. Similar 
characteristics for wire-to-plate electrode system with 
spacing h  12 mm are presented in Fig. 7. Main 
difference between curves shown in Fig. 6 and Fig. 7 is 
almost 3-fold exceeding of current in wire-to-plane 
system in comparison with wire set-to-plane system at 

the same value of voltage. For example, I0  1200 A/m 
in the first system, and I0  450 A/m in the second one 
at U  8000 V and r0  0,025 mm in both cases. So the 
wire-to-plane electrode system is more desirable to 
achieve the greater drying effect, and wire set-to plate 
system is preferable to minimize energy consumption. 
This conclusion corresponds with the research results of 
other authors [5]. 
 

4. Conclusions 
 
Increasing of wire radius in wire set-to-plate electrode 
system moves away from the wire equipotential lines of 
electrostatic field. Variation of wire radius does not 
affect considerably the electric flux related to the wire. 
Increasing of wire radius causes the remarkable growth 
of onset voltage. The current of discharge 
corresponding to the fixed value of the voltage 
decreases with growth of wire radius in both electrode 
systems. Wire-to-plate electrode system is preferable to 
get the greater drying effect, and wire set-to plate 
electrode system is better to minimize the energy 
consumption. 
 

5. References 
 

1. Huang M., Lai F.C. Numerical Study of EHD-
enhanced Water Evaporation. Journal of 
Electrostatics, Vol. 68, 2010, p. 364-370. 

2. Reznikov M.A., Kolessov A., Koziol R. 
Electrohydrodynamic Enforcement of Evaporation 
and Gas Flow. IEEE Transactions in Industry 
Applications. Vol. 47, No 2, 2011, p. 1036–1042. 

3. Basiry m., Esehaghbeygi A. Electrohydrodynamic 
drying of rapeseed. Journal of Electrostatics, Vol. 
68, 2010, p. 360-363. 

4. Lai F.C., Sharma, R.K. EHD-enhanced drying with 
multiple needle electrode. Journal of Electrostatics, 
Vol. 63, 2005, p. 223-237. 

5. Lai F.C. A Prototype of EHD-enhanced Drying with 
Multiple Needle Electrode. Journal of Electrostatics, 
Vol. 68, 2010, p. 101-104. 

6. Zhao L., Adamiak K. Numerical Simulation of the 
Electrohydrodynamic Flow in Single Wire-Plate 
Electrostatic Precipitator. IEEE Transactions in 
Industry Applications. Vol. 4, No 3, 2008, p. 683–
691. 

7. Vereshchagin I.P., Semenov A.V. Elektricheskije 
Polja v Ustanovkach s Koronnym Razrjadom. 
Moskva, MEI, 1984, 98 p. 

 

 

120



 

The 8th International Conference on 
Electrical and Control Technologies 
May 2–3, 2013, Kaunas, Lithuania 

 

 OPTIMIZATION OF TRANSMISSION LINE PARAMETERS  
 
 

Svetlana BERJOZKINA*, **, Viktoria NEIMANE***, Antans SAUHATS*, ** 
* Riga Technical University, Institute of Power Engineering, Latvia; ** JSC “Siltumelektroprojekts”, Latvia;  

*** Vattenfall Research and Development, Sweden 
 

 
 
Abstract: The transmission grid requires the new 
upcoming electrical connections, resulting in limited 
capacity of the existing overhead lines. One of the 
possible solutions of the problem is to build the new 
overhead lines and substation.  Overhead lines 
designing are associated with several considerable 
technical, environmental and economical problems. The 
paper deals with the concept of optimization of the 
transmission line parameters. There is a real line design 
case with the main purpose to minimize the total 
invested capital and maximize net present value of the 
described competitive variants of overhead high voltage 
line construction. 

 
Keywords: Design engineering, Pareto optimization, 
transmission lines.    

 
1. Introduction 

 
A considerable increase in electric power transmission 
as well as power consumption has been observed over 
the past twenty years. Furthermore, advanced 
transmission technologies were implemented, for 
example, underground and submarine XPLE cables; 
Gas Insulated Line (GIL); High Temperature Low Sag 
(HTLS) conductors as well as Flexible Alternating 
Current Transmission System (FACTS); High Voltage 
Direct Current (HVDC); real-time technologies [1]. It 
becomes necessary to optimize these technical solutions 
for the modernization of energy infrastructures; 
therefore, several technology options have led to the 
need to integrate the Smart Grid into the European 
electricity network. 
Since the actual network is getting ready for Smart Grid 
solutions, the expansion of the transmission grid will be 
required both from national and international prospects. 
Thus, it is necessary to implement new transmission line 
projects in the operation of the grid. 
There has not been a significant increase in new EHV 
lines over recent years, although most grid owners have 
invested heavily in increasing the capacity of existing 
lines. The total 380/400kV line length has increased by 
3 percent (approximately 3,000 km) over the past 5 

years. Main areas of expansion have been: Austria – 
completion of the 380kV ring to the south east of 
Vienna; interconnection between Greece and Italy; 
Spain – a line from Madrid to Aragon, which links with 
Portugal and the connection of wind farms; Sweden, 
submarine cable with Poland; UK, submarine cables to 
the Isle of Man and Northern Ireland [2].  
The construction of a new line is a complex 
arrangement with necessary to fulfill different 
restrictions like a complex regulatory framework, public 
opposition,  a high population density, intensive use of 
land, visual impact, environmental issues, grid issues, 
electromagnetic fields (EMF), difficult terrain and 
weather, and, of course, commercial problems [3]. Due 
to these issues many transmission expansion projects 
have been delayed or even canceled. 
Designing of transmission lines is performed by solving 
an optimization problem with the main purpose of 
minimizing invested capital by taking into account 
numerous limitations such as thermal (allowable 
conductor temperature, load current), mechanical 
(conductor sag, mechanical tension) as well as 
environmental (climatic conditions, the impact of the 
electromagnetic field) limitations [4]. Besides, it is 
necessary to account for uncertainties and random 
factors, the random and uncertain nature of which 
generates the complexity of the formulating and solving 
the task of optimal designing of expensive power 
objects, in particular, transmission lines. 
The most widely used methods of the transmission line 
design are based on the cost-benefit analysis and 
maximization of the net present value (NPV) [5] or 
minimization of invested capital subject to several 
restrictions.  
There is other problem formulation, for example, in the 
case of minimizing the payback of a power line [6].  
The invested capital for a new line can be assigned to 
one or more construction years, preceding the start of 
circuit operation, but generally it is assumed to be 
sustained in the construction year (y=0), where the main 
cost components are: cost for acquisition of rights of 
way; cost of acquisition of further portions of land from 
land owners; cost of purchase of all pieces of equipment 
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from manufacturers; costs for transportation of 
materials; costs of civil works; costs of onsite civil and 
electrical works for installation of equipment; 
contingency costs; costs for swathe reinstatement at the 
end of construction works; engineering and project 
management costs [7].    
The optimization procedure can be simplified by using 
the several software techniques as [8], which provide an 
opportunity of fast transmission line design according to 
the installed limitations, climate and geographic 
conditions.  
Since the parameters of a power line are chosen for the 
long-term perspective (up to 50 years and more), it can 
be stated that this fact relates to a considerable 
unpredictability of one of the most influential 
parameters – the long-term current capacity. For setting 
this current, there is a prognosis of loads as well as grid 
topology for the long-term also the repair and 
emergency modes must be described. In general, the 
worst-case approach is used, when the long-term 
current capacity values are largely high, thus increasing 
the line construction costs.  
However, there have been important changes of line 
construction conditions over the recent years:  

1) There are HTLS conductors. The use of HTLS 
conductors in the existing lines provides a considerably 
increase of capacity in the line. It becomes realistic to 
design a power line, with the perspective of replacing 
existing conductors with such HTLS conductors if 
necessary. 

2) Smart Grid technologies are rapidly developing, 
thus, the necessity of utilizing worst-case approaches 
can be impugned in several cases.  
This study considers the OHL design method, which is 
partially based on a stochastic approach and game 
theory criteria used for the final decision-making. The 
idea of proposed approach is based on five main stages: 
at the first designing stage there is the analysis of the 
development plans of the region the scenarios of loads 
growth are developed; at the second stage, there is a 
selection of the variety of competitive structure variants 
and OHL parameters, the most influential restriction is 
determined; at the third stage, there is an evaluation of 
worth of capital costs and NPV of all variants both 
when the restrictions are performed, or in the case of a 
disruption of one of them; at the fourth stage, the 
variety of the competitive decisions is constructed; the 
last stage describes an assessment of probability of 
conditions occurrence, which cause the restriction 
disruption, the consequences of a disruption and its 
technical and organizational prevention methods. 

 
2. Theoretical background of the proposed 

optimization task formulation 
 

In order to formulate the tasks of transmission line 
design taking into account the influence of random and 
uncertain factors, assume that: 
 Company, the owner of OHL strives to minimize 

invested capital IC and increase its revenues Rti (the 
net cash flow i.e. cash inflow - cash outflow, for each 
year ti of the planning period T, T=m·ti). 

 Revenues Rti and invested capital IC of the company 
depends on the structure Σj and the parameters Пj of 
the OHL chosen by this company. The structures Σj 
are described as a set of discrete variables (the 
number of wires per phase, the height and parameters 
of the standard towers, conductor area, mechanical 
and electrical parameters of the conductor etc). Each 
such structure is called alternative. Assume that N 
alternatives Aj are considered, j=1, …, N. The 
parameters Пj are described by a set of continuous 
variables (the span lengths, coordinates for 
construction of the towers etc.).  

 The freedom of choosing the structures and 
parameters of the company is limited. Let Sj be the 
set of all permissible structures and parameters for 
OHL and sj = {Σj , Пj} as chosen combination of the 
structure and parameters, sj   Sj. The frontier of a 
space of permissible structures is determined by the 
inequalities that describe the technical and legislative 
factors and regulations. 

 OHL functions under the influence of the ambient 
environment that is characterized by a set of random 
and uncertain parameters Xti (the load current in a 
power line, the ambient temperature, the wind speed, 
the humidity ect). In general case, Xti are changing in 
time. We assume that during each year ti, Xti are 
constant.  

Due to the influence of random and uncertain factors, 
the revenues are also uncertain: in this case the scenario 
approach in combination with probabilistic variables 
can be used for solving the planning task. The uncertain 
information will be always modeled by a number of 
scenarios. For each scenario SCn (n=1, …, k) we can 
declare that the revenues Rtij are the probabilistic 
values. Hence, we can write the following: 
 

 , (1)j tijntijn tijnR R s X  

 
Suppose that distribution functions that have the 
following form may be assigned to each combination of 
scenario SCn and alternative Aj: 

 

 ( , , ) (2)j tijntijn tijn tijn jn
F F R s X SC A 


If the distribution function is known, the expected value 
of the revenues for each year ti, for each scenario SCn 
and alternative Aj combination can be determined using 
the following equation: 
 

...( , ) ( , ) ( ( , )), (3)E R s R s dF R s



        

 
where Ω – an integration area, which is limited by the 
existence space of the random parameters X. Frontier of 
the space of the allowable parameters and structures Sj 
is limited by restrictions:    
 

 , 0. (4)jFR s X   
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In the equation (3) the Lebesgue-Stieltjes integral is 
used. 
The knowledge of the expected values of the revenues 
allows finding the equation for the determination of the 
net present value (NPV), which serves as main criteria 
of an optimization: 
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where IC – investment capital, which is the function of 
sj. 
Then the task for optimal planning can be presented in 
the following form: 
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where arg stands for “the argument for”; the subject of 
maximization; I is the discount rate. 
Solving the task (6) will result in system’s structures 
and parameters s*

jn that maximize NPV for the planning 
period T for all selected scenarios SCn and alternatives 
Aj. For each combination SCn and Aj the evaluation of 
NPV can be determined. Realizing the NPV 
maximization process the extended space s*

jn is selected 
additionally with the purpose to determine alternatives 
and the values of parameters, which is closing to the 
frontier of the allowable space and beyond its limits, 
that can be stored. Such parameters Ri will be reviewed 
as the additional criteria of an optimization. Having as a 
result the NPV and Ri values for all combinations of 
scenarios and alternatives, we can get the matrix, which 
is formulated in Table 1. After that it remains to choose 
the best of the alternatives. In the given set of 
alternatives there are even the solutions that lead to 
violation of the most impacting restriction. 
Each of the columns of Table 1 may contain Pareto set; 
if the indexes Ri consider the second optimization 
criteria (note that in general case the number of these 
indexes can be numerous). 
The final decision-making based on the decision set in 
Table 1 in common case is a complex task, for solving 
which several methods are proposed [9]. When dealing 
with the specific tasks, as it will be illustrated below, 
the significant simplifications may occur.  

Table 1. Expected values of Net Present Value and 
Restriction Indicators Ri 

 
 
 
 
 
 

3. The selection of the scenarios and alternatives  
 
Due to impact of the uncertainties, there is a need to 
consider several scenarios for instance for the load 
increase ratio. After selecting the development 
scenarios of power system, the numerous alternatives 
are examined with the purpose of choosing the 
optimization parameters Sj (see part 2). 
The following parameters can be subject of 
optimization: the nominal voltage of a line, the 
mechanical and electrical characteristics of a conductor 
(conductor diameter, cross-section, the coefficient of 
linear expansion, modulus of elasticity, the allowable 
conductor temperature as well as the load current, the 
reduced specific load, linear loads, destructive loads), 
conductor type, quantity in a phase; tower type, 
geometry, height, the allowable wind, weight and 
clearance spans; the insulator type, the damper type; the 
lightning wire type, the earthing and lightning 
protection systems; the optimal line route.  
Thus, to achieve the best technical and economical 
solution of the transmission line design, a large number 
of optimization variables must be taken into account. As 
mentioned previously, OHL is operated under the 
influence of the ambient environment that is 
characterized by a set of random and uncertain 
parameters Xti. The impacting parameters which 
describe the OHL operating conditions are the 
following: climate conditions (ambient temperature, 
wind speed, wind direction, solar radiation, air 
humidity, ice thickness); the capacity of the 
transmission line in the future power system; the 
forecasted electricity consumption; expansion of the 
existing interconnection systems; environmental 
impacts. 
To simplify a very complex and labor-consuming 
procedure of revenues calculation for huge number of 
the scenarios and of the alternatives combinations, the 
filtration task of the limited number of the competitive 
variants may be formulated and solved. Until recently 
this task was solved using the accumulated experience, 
which is decrypted in the different guidances, 
glossaries, descriptions of the standard cooperative 
solutions and rules as well as the powerful software 
tools are used, which give the opportunity to form 
significantly smaller initial set of the competitive 
alternatives.  
Additional diminution of a number of the competitive 
variants may be achieved by using simplified 
optimization task form. In this case the task is 
formulated as following: 

,arg min (7)ij CS I  

The equation (7) is much easier to use than (6). Using 
the simplified formulation of the problem, the obviously 
non- competitive variants of a project are discarded. 
Note that considered problem (7) does not take into 
account the number of important factors (for example, 
the power losses in a line) and it can be implemented 
only for reducing the number of the options, which are 
subject to further consideration with the use (6).    
  

Alternatives Scenario 1 … Scenario k 

A1 NPV11|| R11 
… NPV1k|| 

R1k 
……. ……. … ……. 

AN NPVN1|| RN1 
… NPVNn|| 

RNk 
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4. The main restrictions during the optimization 
 

The search for the best alternatives of OHL has to take 
into account several restrictions: thermal (allowable 
conductor temperature, load current), mechanical 
(conductor sag, mechanical tension), electrical 
(insulation levels) and environmental (climatic 
conditions, the impact of the electromagnetic field) [4]. 
During designing of the OHL it is necessary to provide 
adjusted maximum capacity (allowable load current), the 
ground clearance as well as the clearance to the crossed 
objects, and the distributions of electric and magnetic 
fields. In respect that a large number of optimization 
parameters are discrete, it can be argued that for solving 
the optimization task formulated in part 2 (6), it is 
necessary to perform investment calculations for all 
possible combinations of parameters sj corresponding to 
the area that meet the restrictions: sj   Sj. 
In general case, if one of the existing restrictions is not 
fulfilled, the appropriate alternative is not taken into 
account. In contradiction to that this study allows to 
take into consideration the alternatives violating these 
restrictions, because the development and 
implementation of new technical possibilities (different 
monitoring systems as well as existence of HTLS) are 
giving the additional opportunities to avoid the 
restrictions violation regimes. 
 

5. Revenues and NPV  
 

The NPV calculation is a difficult and very time-
consuming task. There are difficulties that are 
determined by the following main factors:  
 The price of OHL elements must be taken into 

account, which will be defined “experimentally” by 
conducting negotiations with the stakeholders; 

 There is a lack of common recognized methodology 
of revenue, which occurs in result of the OHL 
construction calculation.  

In this study let us accept the following hypotheses: 
 The OHL construction is defined by the necessity of 

grid development for providing the planned 
consumption growth  and energy transit;  

 The construction projects are realized by a coalition, 
which consist of two companies – C1. The owner of 
existing network and the owner of new objects C2, in 
particular a new power line;   

 The new construction provides receiving the 
additional annual revenue of transmission grid, 
which is equivalent to the normalized percentage 
(generally, 7-12 % [2]) of the average cost of energy 
transit; 

 The dividing of total additional revenue Rad and 
additional revenue of each company RC1 and RC2 is 
based on the basis of Shapley distribution, which in 
case of two players is elementary simple [10]: 
 

    1 2 2
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In this study suppose that additional income of the 
transmission grid is distributed among the existing 
network and newly built objects in the equivalent 

proportion, and then we get the amount of annual 
income: 
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where IS – annual investment in a transmission grid; Il – 
investment in the OHL construction; Ean – the annual 
growth of the power consumption; Eantr – transit energy 
growth; β – rate of the cost of energy. 
 

6. Case study 
 
Consider an example of using the described 
methodology of optimization of the transmission line 
design is based on a real project, which will be realized 
in Latvia. 
Power system analysis for scenarios of development of 
the region resulted in the following alternatives for the 
new transmission line: 110 kV power line with the 
maximum current of 1200 A (optimistic scenario 1) or 
800 A (pessimistic scenario); 330 kV transmission line 
with the maximum current of 2000 A (optimistic 
scenario 2) or 1500 A (pessimistic scenario). 
The optimization task of a structure and parameters of 
new transmission line was formulated. After searching 
the optimal solutions by using of the software for OHL 
design, 20 alternatives were selected, formed by 
realizing the different combinations of examined towers 
and conductors (see Fig. 1).   
For simplifying the posed task at the first stage instead 
of the NPV maximization according to the part 5 there 
is the minimization of invested capital. In the final 
comparison of the options the time-consuming task with 
the NPV criteria will be used. 
For simplifying evaluation of the environment impact, 
the calculations were done [11]. Verification of the 
restrictions was simplified due to existence of these 
results in the evaluation of alternatives. Thus, as the 
electric field may not satisfy the necessary 
requirements, the described below solution was 
proposed for solving the posed problem.  
Therefore, the following groups of combinations were 
selected: V1 and V10; V11 and V20 mean that there are 
the traditional type conductors for both 110 kV and 330 
kV circuits; V6 ÷ V9; V16 ÷ V19 – there are the HTLS 
conductors for both 110 kV and 330 kV circuits; V2 ÷ 
V5; V12 ÷ V15 – there are the traditional type 
conductors with a combination with the HTLS 
conductors for 110 kV and 330 kV circuits (see Fig. 1). 
Fig. 1 reflects the optimum solution results of two-
objective optimization by implementing Pareto 
approach [12], where IC (p.u.) is the invested capital and 
E (kV/m) is the strength of the electrical field. As a 
result, the competitive variants are V6, V7, V9, V10, 
V15, V17, V19 and V20.  
The resulting values of the optimization criteria are 
summarized in Table 2 (only competitive alternatives 
are left for farther consideration). Analysis of the table 
reveals the following: 
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1. If the “classical” problem formulation, namely 
maximization of the NPV, complying with all the 
restrictions would be used, one of the alternatives 
V10 would be chosen. The final decision would be 
taken using one of the criteria in [4]. 

2. If the constraint violation is allowed one of the 
alternatives V17 or V19 should be chosen. 

 

 
Fig. 1. The diagram of Pareto set for the combination variants 
 

Table 2. Expected Worth of Net Present Value and 
Restriction Indicators Ri 
 

 
The risks of appearance of conditions leading to 
changes in operation in its turn leading to additional 
economic losses were estimated in order to make the 
final decision. Violation of limits for the strength of 
electric field for the considered example for Latvian 
climate can arise at the maximum air temperature of 
+35C and the maximal load current. The combination 
of these two conditions has very low probability, for the 
alternative V10 it is 0,01, while for alternative V17 
0,000001 (both probabilities are estimated considering 
optimistic scenario). After taking into consideration the 
probabilities mentioned above the alternative V17 was 
chosen as a final decision for real life realization. 
 

7. Conclusions 
 
The new methods are required able to facilitate 
decision-making resulting in reduced invested capital 
and power losses, and improved reliability and power 
quality. 
The problem of optimization of the design of 
transmission lines is a multi-criteria optimization task 
with a large number of state and decision variables. This 
task must be formulated taking into consideration 
possible influence of random and uncertain parameters. 
Solution of such problem is associated with 
considerable mathematical, computational and 
informational difficulties. 

Implementation of the multi-criteria optimization 
partially based on stochastic approach provides the 
possibility to consider even the alternatives with 
constraint violations, which with some additional 
measures can represent the most cost effective solution. 
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Abstract: The model of the power system has been 
made for the research into the compensation for power 
generation by wind power plants. Possibilities for 
compensation for the power fluctuations in wind power 
plants through combined heat and power plants (CHP) 
and solar power plants have been examined. 
Compensation values for power generation over a 
period of one month in different year seasons have been 
found. 
 
Keywords: Wind power generation, power 
compensations, combined heat and power plants. 

 
1. Introduction 

 
Rapidly increasing numbers of wind and solar power 
plants generating renewable energy as well as variable 
and only partly predictable power generation and 
electricity production by these plants raises problems to 
power systems and electrical power market because 
makes it difficult to continuously ensure a balance 
between electrical power generation and demand, the 
exchange of power generation and trade in electric 
power with neighbouring countries [1-2].  
Successful integration of wind and solar power plants 
into power systems requires not only for increased 
power transfer throughput of power systems but also for 
improved technologies and ability to duly control and 
adjust variable power generation by wind power plants. 
Use of combined heat and power plants (CHP) for the 
stabilization of wind power production supports 
principles of the distributed generation. For this reason, 
local CHPs can be used for balancing power in the 
supply-demand system with varying power production 
by wind power plants. Normal operation of a combined 
heat and power plant requires for guaranteed combining 
of heat demand as the operation of the power plant 
depends on the heating load. In case of a balancing 
operation, CHP is capable of generating power at the 
specifically required time, when this is necessary, i.e., 
under low electric power production by WPP. When the 
need for electric power is being satisfied by wind power 
plants, and combined heat and power plants stand idle, 

heat demand can be covered from boilers. Otherwise 
put, if thermal store is used, the entire heat produced by 
CHP can be used straight away or stored and used at a 
later date [3]. 
 

2. Model of the system 
 
Model under research is comprised of wind power farm 
WPP, regional farm of solar power plants PVP, 
combined heat and power plant CHP used for 
compensation for the power fluctuations in the former 
two, and loads of electric power and heating systems of 
the region concerned. For the purpose of calculations 
regarding wind power plants, the installed capacity of 
30 MW was selected. To satisfy the total demand for 
heating, the boiler has been modelled with the thermal 
store (see Fig. 1). The type of fuel used by combined 
heat and power plant and the boiler – natural gas. 
Simulation of wind and solar power farms used 
measurement data of wind speed, total solar radiance 
and temperature for one hour time-steps recorded by the 
Lithuanian Hydrometeorological Service (LHMT) in 
January – June of the year 2011 at Šilutė power plant. 
Measurements of wind speed were taken at Šilutė 
hydrometeorological station at the height of 10 m above 
ground surface. Requirement for power generation in 
January in the region under research amounts for 
15.9 GWh of electric power and 12.1 GWh of heating 
energy, whereas in June – 13.6 GWh of electric power 
and 2.3 GWh of heating energy. The selected need for 
electric power and heating energy in the region under 
consideration is realistic and consistent with the time of 
data being modelled. 
Need for heating of the power system is comprised of 
the following: heat required for heating, heat required 
for hot water, and losses incurred through piping 
system, recalculated based on the outdoor temperature 
for the period under research (as of LHMT). 
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Fig. 1. Schematic representation of the modelled power 
system 

 
With reference to the suggested model of the system, 
calculations of the compensation for the power 
fluctuations were calculated using “energyPRO” 
software. 
 
3. The methods for calculation of power generation 

by solar and wind power plants  
 

Power generation by solar and wind power plants can 
be calculated using the following methods: 
Method of solar calculation (Photovoltaic).  
The electricity production from a Photovoltaic module, 
Ppv, can be expressed as follows : 
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where Pmax is the installed capacity, Is is the solar 
radiation, ISTC is the radiation at standard conditions,     
γs is the temperature coefficient for module efficiency, 
Tcell is the operation cell temperature, TSTC is the cell 
temperature at standard conditions. 
The operation cell temperature is calculated by the 
following formula [4]: 
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where Tat  is the ambient temperature, NOCT  is  the 
Nominal Operating Cell Temperature. 
Hereto come losses from the pv-module to the grid, 
λmisc, such as miscellaneous PV array losses and other 
power conditioning losses. 
The power production at grid becomes: 
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where Pelec is the electricity production to the grid from 
the photovoltaic plant. 
Method of wind warm calculation. 
Calculated wind speed at hub height [5]: 
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where WSC(t) is the wind speed calculated at time t, 
WSm(t) is the wind speed measured at time t, Hm is the 
Height of measurements, Hh is the Hub Height, α is the 
Hellmann coefficient. 
Calculation of production at time t: 

 
     MaxPCMaxc PPtWSPCtP /)(  ; (5) 

 
where PC(WSC(t)) return then power from the power 
curve based on the calculated wind speed at hub height 
and linear interpolation on power curve, PMax is the Max 
Power stated, PMaxPC  is the Max power value found in 
power curve. P(t) is the production at time t. 
Based on the data of LHMT, and using above 
mentioned methods, it was estimated that, in January, 
operating under its average capacity of 8.52 MW, WPP 
is supposed to generate 6.34 GWh of electricity, 
resulting in its installed capacity efficiency of 28.41 %. 
Fig. 2 depicts varying loads and power generation by 
power plants. In the same period of time, the regional 
farm of solar power plants PVP operating under its 
average capacity of 0.95 MW is supposed to generate 
0.71 GWh of electricity, resulting in its installed 
capacity efficiency of as low as 3.16 %. In June, 
operating under its average capacity of 7.17 MW, WPP 
is supposed to generate 5.16 GWh of electricity, 
resulting in its installed capacity efficiency of 23.88 %. 
In the same period of time, the regional farm of solar 
power plants PVP operating under its average capacity 
of 21.05 MW is supposed to generate 4.55 GWh of 
electricity, resulting in its installed capacity efficiency 
of 21.05 %.  

 

 
 

Fig. 2. Fluctuations in power generation of solar and wind 
power farms 

 
The obtained results show that the fluctuation in 
average power generation by wind power farms in 
January was minor when compared to that in June, 
whereas the average power generation by solar power 
plants increased by more than six times in June.  
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4. Investigation the compensation for power 
fluctuations 

 
To estimate the compensation for the power fluctuations 
in wind power farm, based on the suggested model of 
power system, the research was undertaken involving 
the data of individual periods of time of measurement. 
Priorities of power generation have been selected for 
producers as follows: 1 – wind power farm, 2 – regional 
farm of solar power plants, and the combined heat and 
power plant (CHP) operating depending on the 
fluctuation of power generation by former two, 
considering the electricity and heat demand. The rest of 
the heat, depending on the demand, is generated in 
30 MW boiler. For the balancing of power generation 
by the combined heat and power to be more effective, a 
thermal store with capacity of 83.4 MWh is modelled.  

 

 
 

Fig. 3. Compensation for fluctuations in power generation by 
wind power farm 
 
Analysis of the obtained results (Fig. 3, Table 1) shows 
that in January, the combined heat and power plant in 
compensation for fluctuations in power generation by 
the regional power system (RPS) and operating in 
accordance with the electricity and heat demand, has 
produced 8.93 GWh of electricity and the same amount 
of heat. The rest of the heat, 3.11 GWh, depending on 
the system demand, has been produced by the boiler. 
The installed capacity efficiency of the combined heat 
and power plant amounted for 40.03 % in January. In 
January, the simulated regional power system is 
expected to produce 15.63 GWh of the total electricity 
required for the system, and the total amount of heat 
necessary for the system. 
The total electricity input amounted for 0.35 GWh, and 
output – for 0.31 GWh of the power system (PS) under 
consideration. It was estimated, that the simulated RPS 
in compensation for power fluctuations in wind power 
farm, has produced 98.1 % of the total electricity 
needed by the system in January.  
In June, while operating under the same regime, the 
combined heat and power plant has produced 2.27 GWh 
of electricity and the same amount of heat. 
 
 

Table 1. Production of electricity and heat 
 

Demand and 
Production 

(MWh) 

January June 

RPS PS RPS PS 

Heat demand  12047.6 ------ 2277.5 ------ 

Electricity 
demand 

15942.6 ------ 13546.8 ------ 

Production: 
Wind power 
farm - "WPP" 6091.4 249.5 4998.6 160.5 
Solar power 
farm - "PVP"  607.1 98.8 3625.7 920.8 

CHP electricity 8934.8 ------ 2274.1 ------ 

CHP heat  8934.8 ------ 2274.1 ------ 

Boiler 3112.8 ------ 3.4 ------ 

Total 
electricity  15633.3 -309.3 10898.4 -2648.4 

Total heat 12047.6 ------ 2277.5 ------ 

 
Consequently, the installed capacity efficiency of the 
combined heat and power plant amounted for 10.52 %. 
This decrease was determined by low heat demand 
characteristic to this season. In June, boiler has 
produced only 3.4 MWh of heat.  
The total electricity input amounted for 1.1 GWh, and 
output – for 2.65 GWh of the power system under 
consideration.The total power generated in June by 
simulated RPS in compensation for power fluctuation in 
wind power farm amounted for 10.9 GWh, which is 
equal to 80.4 % of the electricity needed by the energy 
system under consideration. 
In summary of research results, during cold weather 
season, the combined heat and power plant sufficiently 
efficiently compensates for power fluctuations in wind 
power plants however in summer time, due to reduced 
heat demand, its ensured compensation is not sufficient. 
In June, the increased power generation by solar power 
plants poorly serves for compensation of fluctuations in 
power generation by the regional power system, making 
it necessary to find additional ways for balancing power 
generation such as integration of electro mobiles or 
hydrogen production via electrolysis [6].  

 
5. Conclusions 

 
1. It was estimated, that in January, the simulated RPS 

in compensation for the power fluctuations in wind 
power farm, has produced 98.1 % of the total 
electricity needed by the system, out of which 
56.0 % has been produced by the combined heat and 
power plant. 

2. It was estimated, that in June, the simulated RPS in 
compensation for power fluctuations in wind power 
plants, has generated only 80.4 % of the electricity 
needed by the system, out of which 26.7 % has been 
produced by the solar power plants. 

3. The combined heat and power plants are suitable for 
compensation of power fluctuations in wind power 
plants only in cold weather season, however in 
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summer time they turn out to be inefficient due to 
reduced heat demand.  

4. Our research found that the increased power 
generation by solar power plants in hot weather 
season poorly serves for compensation of 
fluctuations in power generation by wind power 
plants. 
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Abstract: Power conversion processes in the small-scale 
grid-tied photovoltaic power plant are analysed in the 
paper. Methodology for determination of the DC 
chopper inductor’s inductance and capacity of power 
storage capacitor is presented. Mathematical model of 
the photovoltaic power plant power conversion system 
is comprised on basis of MATLAB/SIMULINK library 
SimPowerSystem. Impact of the inductor’s inductance 
and capacity of power storage capacitor to operation of 
the power conversion system is investigated. Results of 
the investigation are presented in the conclusions and 
curves obtained by means of simulation. 
 
Keywords: PV system, DC chopper, inductor, power 
storage capacitor, grid-tied inverter.  
 

1. Introduction 
 
Electronic converters for the grid integration of small-
scale power systems based on the renewable energy 
sources continue to be one of the main objects of 
investigation in the field of power electronics. It can be 
ascertained by looking over the titles of scientific papers 
in the journals of power electronics and renewable 
energy [1, 2, 3 and many other]. Unmitigated majority 
of the scientific prognoses predict further rapid 
development of renewable power systems in upcoming 
decades. Development of microgrids [4] and hydrogen 
power systems also will give additional impulses which 
will have positive impacts to the increase of cumulative 
number and capacity of converters used in small-scale 
power systems including stand-alone systems in remote 
regions [5].  
In this paper we continue investigation of the grid-
connected power converter which includes the grid-tied 
inverter and the DC chopper (or a number of DC 
choppers connected in parallel). The DC choppers are 
installed between the primary power source and input 
terminals of the grid-connected inverter. The primary 
power source(s) can be the primary energy converters 
(PV array, wind turbine, FC), a power storage system or 
any other DC power source of relevant capacity. So, this 

converter may have one or more inputs through the DC 
choppers and one output through the grid-connected 
inverter. The DC choppers and their number in the 
converter could be installed as changeable modules of 
different parameters and supplied according to the 
requirements of customer. 
Results of preceding investigations of the mentioned 
above converter were published in a number of papers – 
[6, 7, 8] and other. Results of construction of the 
methodology for determination of the DC chopper 
parameters and investigation of the impact of inductor’s 
inductance and capacity’s of power storage capacitor to 
operation of the power conversion system are presented 
in this paper. 
 

2. Object and goals of the research 
 
Object of research of this paper is a small-scale 
renewable power system with grid-tied converter, which 
includes DC chopper, is depicted in Fig. 1. The DC 
chopper is used for stepping up the input voltage.  
Power circuits of the proposed small-scale grid-tied PV 
system consist of the three main units: the PV array, the 
step up DC chopper and the grid-tied inverter. The PV 
array has 30 PV modules E1-E10, E11-E20 and E21-E30 
connected in parallel and shunted by the diodes V1-V30. 
The step up DC chopper consists of the shorting 
transistor Vt, the inductor Ld and flyback diode Vat. The 
main elements of the inverter are the transistors V1-V4 
with FR diodes Vat1-Vat4 and two reactors Lf1-and Lf2. 
Control pulses for the inverter (ICP) and control pulses 
for the DC chopper transistor Vt (SCP) are generated in 
the control unit, which is not shown in Fig. 1. Electric 
load of the PV power system is controlled over the 
transistor of shorting circuit Vt. DC chopper converts the 
variable output DC voltage of photovoltaic array to the 
DC voltage suitable for the grid-tied inverter [6, 7]. The 
grid-tied inverter transfers energy produced by the 
photovoltaic array to the grid. Such system has some 
positive peculiarities [6, 8]. It can be exploited in any 
power sources having variable DC voltage in the input 
of the converter. 
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Fig. 1. Simplified electrical scheme of the small scale grid-tied PV power system 
 

Goal of the study is investigation of impact of energy 
storage elements’ parameters, i. e. inductance Ld and 
capacitance Ck, on the operation quality of the converter 
and developing of the methodology for calculating of 
the inductance and capacitance values. Mathematical 
description of the PV power circuits will be made by 
using one-line equivalent scheme for average values of 
the system. Adequacy of the received equations was 
checked by means of mathematical modelling and using 
MATLAB/SIMULINK programme package.  
 

3. Parameters of the LC chain 
 
Operation quality of the PV converter significantly 
depends on the parameters’ of energy storage inductor 
and capacitor. Mathematical description of the PV 
converter circuit can be simplified by using the one-line 
equivalent scheme for average values, i. e. neglecting 
PW operation of inverter circuit (Fig. 2). 
Operation of the power converter depends on the DC 
chopper operation and consists of two intervals: short-
circuiting, i. e. energy accumulation in the inductor Ld 
(switch S1 is ON) and energy transferring from inductor 
Ld to the inverter input (switch S1 is OFF). The amount 
of accumulated energy can be changed by changing 
duty cycle of the DC chopper. The duty cycle of DC 
chopper is expressed as follows: 
 

 
cT

  , (1) 

 

 
 

Fig. 2. Equivalent scheme of the small scale grid-tied PV 
power system 
 
where  - duty cycle,  - the time interval when 
transistor Vt conducts, Tc – the chopping period, fc=1/Tc 
– the chopping frequency. As it is shown in Fig. 2, three 
contours here can be marked out dependently on the 
switch S1 state. First and third contour operates 
independently one from another when switch S1 is ON. 
Mathematical description for the first contour can be 
expressed as follows: 
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inductor can be calculated by using the approach 
methodology based on repeated computations. Minimal 
values of the inductor inductance and capacity of the 
capacitor can be calculated by using the following 
formulae:  
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where Psmax is the maximal power value of PV source, 
Ismax – the maximal current value of PV source, Uab – 
the DC voltage on the inverter input. 
 

More detailed analysis and investigations have to be 
performed on purpose to formulate more convenient 
methodology for calculation of the mentioned above 
parameters. 
The mathematical description for the third contour can 
be expressed as follows: 
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where ug0 – the rectified no load voltage of the grid, 
Ck. accumulating capacitor, ri  rg+rf – the active 
resistance of the inverter circuit, rg – the active 
resistance of the grid, rf – the active resistance of the 
filter, Li  Lg+Lf – the inductance of the inverter’s 
circuit, Lg – the inductance of the grid, Lf – the 
inductance of the filter, m – phase of the modulation 
voltage. 
 

The following equations are received taking Laplace 
transform and considering that ug0 = ksi ·Ug0fm· cos(m): 
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Solutions of the equations set can be expressed as 
follows: 
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where  = ri/2Li is the decrement factor, kiCL12
0  –  

natural radian frequency and parameters b0, b1, b2 have 
to be expressed in this way: 
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Roots of the nominator polynomial A(s) can be 
calculated as follows: 

 Ds   2
0

2
2,1 . (9) 

 

Three cases are available depend on the value of 
discriminant D: the root of the nominator polynomial 
will be real negative numbers when D>0; it will be only 
one root when D = 0; and the root will be complex 
numbers when D<0. 
Current ig(t) and voltage uc(t) as the time functions can 
be deduced taking the inverse Laplace transform. The 2, 
5 ÷ 7 equations are valid for 0  t   = γ·Tc, i. e., during 
the interval of short-circuiting.  
Second and third contours operate when switch S1 is 
OFF. The energy is being transferred to the inverter 
input. Mathematical description for this interval is more 
complicated and can be expressed as follows: 
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Operation of the scheme (Fig. 2) in the interval of 
inverting is similar to the operation described above for 
the III contour; however the power flows from the 
inductor into the third contour in this case. The LC 
chain operates in the same manner as it was described 
above. 
Impact of the LC chain parameters to the quality of the 
system operation will be carried out by using the library 
SimPowerSystem of digital simulation programme 
package MATLAB/SIMULINK where models of real 
power electronics’ devices are presented. 
  

4. Mathematical model of the grid-tied PV power 
system 

 
Mathematical model of small-scale grid connected PV 
power plant is worked out on the grounds of authors’ 
previous investigations [6–8, 9]. Minimal values of the 
DC chopper inductor inductance Ldm and capacity of the 
power storage capacitor Ckm are calculated according the 
formulas (3) and (4). The recommended values of the 
same parts of the DC chopper (Ldr and Ckr) are 
calculated according the following formulas given 
below:  
 
   dmdr LL 2.22.1  , (11) 

 
   kmkr CC  165.5 . (12) 
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Scheme of the PV power system model is depicted in 
Figure 3. The elaborated model of the PV system has 
the same units as the real PV system: models of PV 
array, grid-tied inverter and electric grid, which has its 
component models of the grid no load voltage Ug0, 
equivalent resistance and inductance of the grid – Rg 

and Lg. The model of the PV system also has devices 
Ig, ~Ug0, ~Ug, P and Q for measurement parameters of 
the system. Results of simulation are being recorded 
into the Workspace. Virtual oscilloscope (Scope) is used 
for the expeditious watching of the system’s parameters.  

 
Fig. 3. Scheme of the grid-tied PV power system model 

 
5. Results of the research and discussion 

 
The main results regarding the PV power plant 
operation quality dependently on the value of capacity 
of power storage capacitor and the value of DC chopper 
inductor’s inductance Ld, which was kept constant, are 
reflected in the presented below curves (Fig. 4 – Fig. 6) 
received by means of simulation.  
Figure 4 shows that size of the capacity of power 
storage capacitor does not have significant impact to the 
DC power on the terminals of the inverter and active 
power supplied to the grid from the PV power plant. 
However, DC voltage on the inverter input terminals 
strongly depends on the capacity of power storage 
capacitor. Therefore value of the capacity should be 
properly chosen in order to avoid unnecessary 
potentially harmful overvoltages. 
Figure 5 shows, that size of the capacity of power 
storage capacitor has considerable impact into the THD 
of the grid voltage and inverted current as well. THD of 
the grid voltage has a clear minimum at the value of the 
capacity of power storage capacitor 0.5·10-4 F. But THD 
of the inverted current at the same point is high (about 
20 %). This aspect shows that capacity of the power 
storage capacitor and inductance of the DC chopper 
inductor as well has to be determined taking into 
consideration all possible positive and negative 
consequences and impacts for the efficiency of power 
conversion system operation.  
 

 
 

Fig. 4. DC voltage and power on the inverter terminals, active 
power supplied to the grid versus capacity of the capacitor 
when inductor’s inductance Ld = 0.015 Hn 
 
Figure 6 shows that efficiency of the converter depends 
more on the capacity of capacitor at the low values of 
the capacity. Efficiency of the converter at the high 
values of the capacity is not sufficiently good. But there 
are some possibilities to correct the efficiency of 
converter by means of adjusting the angle of the inverter 
modulation voltage what will be disclosed in further 
discussion of the simulation results. 
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Fig. 5. THD of the grid voltage and inverted current versus the 
capacity of capacitor when inductor’s inductance Ld = const. = 
0.015 Hn 
 
Figure 7 shows that adjusting of the angle of the inverter 
modulation voltage can give some positive results. The 
DC voltage on the input terminals of the inverter can be 
significantly decreased at the proper values of the angle 
of the inverter modulation voltage (> 18 degrees). It 
allows making more favourable operation conditions for 
the converter. Meanwhile impact of the inverter 
modulation voltage angle to the DC power and active 
power supplied to the grid is less significant because the 
operation of MPPT in the model. 

 
 

Fig. 6. Efficiency of the converter versus the capacity of 
capacitor when inductor’s inductance Ld = const. = 0.015 Hn 

 
 

Fig. 7. DC voltage and power on the inverter terminals, active 
power supplied to the grid versus the angle of the inverter 
modulation voltage when inductor’s inductance Ld = const. = 
0.015 Hn and capacity of capacitor Ck = const. = 0.0002 F 
 

 
 

Fig. 8. THD of the grid voltage and inverted current versus the 
angle of the inverter modulation voltage when inductor’s 
inductance Ld = const. = 0.015 Hn and capacity of capacitor 
Ck = const. = 0.0002 F 
 
Figure 8 shows impact of the angle of the inverter 
modulation voltage to the THD of the grid voltage and 
inverted current. Curve of the grid voltage THD allows 
finding that distortion of the grid voltage can be 
significantly reduced by choosing proper values of the 
inverter modulation voltage angle. THD of the inverted 
voltage is less dependent on the inverter modulation 
voltage angle. 
Figure 9 confirms that the efficiency of the power 
converter depends on the inverter modulation voltage 
angle and this dependency can be used for the 
correction of the converter efficiency. 
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Fig. 9. Efficiency of the power converter versus the angle of 
the inverter modulation voltage when inductor’s inductance Ld 
= const. = 0.015 Hn and capacity of capacitor Ck = const. = 
0.0002 F 
 
The performed simulations confirmed that quality of the 
power conversion system operation depends on the DC 
chopper inductor’s inductance and capacity of the 
power storage capacitor. Proper choice of these 
parameters paves the way to the qualitative operation of 
the power conversion system. The quality parameters of 
the power conversion system operation also can be 
improved by the proper adjusting of the angle of 
inverter modulation voltage. 

 
6. Conclusions 

 
1. The methodology is proposed for determination of 

the minimal and recommended values for the DC 
chopper‘s inductor inductance and capacity of the 
power storage capacitor.  

2. Mathematical analysis of the grid-tied PV power 
system’s equivalent scheme (third contour) 
disclosed that periodic and exponential modes of 
operation of the grid-tied inverter are possible. 
Further researches by means of simulation 
revealed that more qualitative operation of the 
converter is received in case of the periodic mode.   

3. As it was disclosed by the simulation (Fig. 4), 
when the capacity of power storage capacitor 
increases, the DC voltage on terminals of the grid 
inverter increases very considerably; however this 
shortage can be effectively removed by means of 
adjusting the angle of the inverter modulation 
voltage in respect of the grid voltage phase angle 
what is shown in Fig. 7. 

4. Results of researched PV power conversion system 
confirmed the possibility of achieving proper 

parameters of the system operation quality by 
means of adjusting the angle of the inverter 
modulation voltage in respect of the grid voltage 
phase angle (Fig. 8, Fig. 9.).  
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Abstract: Multi-electrode corona systems are often used 
in electric field technologies, such as heat and mass 
exchange processes and charge transfer procedures. 
Results of computer modeling of the field in three-
electrode corona system represented by two parallel 
plane electrodes and a wire between them are discussed 
there. The area of electric flux related to the wire and to 
the one of plates is occupied by corona field and there is 
the electrostatic field without the space charge in the 
rest area. In the first stage of an analysis the solution of 
the electrostatic field in all the area is determined by the 
method of complex potential and the equation of 
separatrix dividing the field into the area with the flux 
between the wire and the plate and with the flux 
between plates is derived. In the second stage the first 
area is simulated as corona field and the second one is 
represented as electrostatic field. Results of modeling 
are presented in table and graphical form. 

 
Keywords: separatrix, electrostatic field, corona field. 

 
1. Introduction 

 
Two-electrode systems consisting of ionizing electrode, 
such as wire, needle or the other one with small radius 
of surface curvature, and a non-ionizing electrode are 
often used in many applications of corona field. Multi-
electrode systems of more complicated structure are 
used too, and more complex methods are needed for 
their analysis. 
An original numerical method is proposed for solving 
the differential equations that describe the corona field 
with ionized and non-ionized areas [1]. The procedure 
is based on the use of a special approximation algorithm 
for non-linear differential operators. It enables the 
computation of the spatial distribution of the electric 
field and of the charge density in the electrode system 
consisting of cylinder, a grounded plate and an emitting 
wire between them. The assumptions made for the 
derivation of the mathematical model are similar to 
those commonly employed for the study of plain corona 
fields. 

A cylindrical triode charger for unipolar diffusion 
charging of aerosol particles is designed, constructed, 
and evaluated in [2]. Analytical dependence of 
discharge current on the voltage and dependence of 
particle charge on their diameter are derived. This 
charger has low diffusion and space charge losses due 
to the short column charging zone, and is a low 
complexity and inexpensive system. 
The field of corona triode consisting of a set of parallel 
wires, a grounded plane electrode and parallel rods 
between them is analyzed in [3] using the finite-element 
and boundary element method combined with the 
method of characteristics. The distribution of field 
strength, space-charge density and current density, also 
the discharge current can be controlled by changing the 
grid voltage and configuration of electrode system. 
Publications [4] and [5] are the further development of 
ideas given in [1]. The boundary-element method is 
employed for analyzing the electrostatic field 
distribution generated by a typical arrangement, 
consisting of a wire-type corona electrode and an 
ellipse-profile non-ionizing electrode [4]. The computed 
results pointed out the effect of various parameters on 
the uniformity of the electric field near the ionizing 
element and at the surface of the grounded rotating roll 
electrode. Results of field computation are represented 
by field-line plot consisting of two areas: the area with 
the space charge around the corona wire, and the area 
without the space charge in the rest part of computation 
area. These areas are separated by separatrix, i.e. by the 
line of zero field strength. Our main idea is the 
following: if we have two areas (one with electric flux 
related to the wire and another with the flux between 
two other electrodes) and if the separatrix between these 
areas is determined we use this information to compute 
corona field in the first area and electrostatic field in the 
second one. This idea is based on the assumption that 
the space charge of corona field does not change the 
position of separatrix. Assumption employed there isn′t  
so strict as the Deutsch′s assumption used by numerous 
researches [6]. 
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2. Procedure of numerical analysis 
 

An object of our analysis is electrostatic and corona 
field in the electrode system “the wire between two 
parallel plane electrodes with different potentials” (Fig. 
1). 

 
 

Fig. 1. Configuration of the electrode system under study. 
Distances are given in cm 
 
Analysis of electrostatic field in the system is performed 
using the method of complex potential [7]. 
Equipotential and field lines shown in Fig. 1 correspond 
to the following values of parameters: distances from 
the centre of wire to the upper and the lower planes are 
10 mm and 40 mm, radius of the wire is 0,025 mm, 
values of electrode potentials are u1 –10000 V, u2  0, 
u3 –5000 V. There are two areas in the field: area 
occupied by electric flux related to the wire and the area 
with the flux between plane electrodes. An equation of 
separatrix which is a boundary line between these two 
areas is derived there. 
An algorithm of the field computation is described in 
[8]. Finite-difference method is proposed to solve the 
system of equations in the first area and Laplace's 
equation in the second one. Polar system of coordinates 
is used to compute the corona field in the first area 
because the field is strongly inhomogeneous, and 
Cartesian system of coordinates is employed to compute 
the Laplacian field. Equality of potentials of the polar 
and rectangular grids in the nodes of separatrix is 
established by solving the system of equations 
consisting of the equation of separatrix and equations of 
grid lines as it is shown in [9]. 
System of corona field equations [8] 
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0,div
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is solved iteratively by reducing it to the Poisson's 
equation and the equation of continuity [10]: 
 

 udivgrad , (2) 

 .gradgrad 2   u  (3) 
 

Procedure of iterative numerical solution of corona field 
equations (2) and (3) and of Laplace's equation is based 
on the Kaptzov's assumption [5] stating that corona 
field strength on the surface of the wire electrode is 
equal to the value determined from the Peek's formula 
and space charge density on the wire surface is being 
varied until this requirement is met. 
 

3. Results of analysis 
 
Distribution of the electric field strength on the axis of 
symmetry (y  0) is given in Fig. 2. The field is an 
electrostatic one in the interval –40 mm ≤ x ≤ –10 mm, 
and it is of corona field mode in the interval –10 mm ≤ 
x ≤ +10 mm. It is equal to 0 in the point x  –10 mm as 
shown in Fig. 1. Value E  211,32 kV/cm (modulus) in 
the point x  r0  0,025 mm corresponds to that 
determined from Peek's formula (E0  210,9 kV/cm). 
The strength of corona field in the point x  r0  0,025 
mm, y  0 equals to 211,32 kV/cm. The value of the 
electrostatic field strength in this point determined by 
formulas of [7] is 545,61 kV/cm. Corresponding 
quantities for the point x  h1  10,0 mm, y  0 are 
11,84 kV/cm and 2,45 kV/cm. These results 
qualitatively prove the conclusions made for wire-to-
plane electrode system in [11] where analysis of the 
field is based on the use of Deutsch's assumption: 
corona space charge reduces the field at the surface of 
emitting electrode (the wire), and amplifies the field at 
the surface of non-emitting electrode (the plate). This 
corona field property is emphasized by the fourth 
equation in (1). 
 

 
 

Fig. 2. Distribution of the field strength E(x) on the axis of 
symmetry 
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Distribution of the potential function u (x) on the axis of 
symmetry (y  0) is presented in Fig. 3. Potential 
function equals to –5000 V at the x  –h2  –40,0 mm, 
approaches to 0 at x  ±r0  ±0,025 mm, and equals to –
10000 V at x  h1  10,0 mm. 

-u, V

 

Fig. 3. Distribution of the potential function u(x) on the axis 
of symmetry 
 

Distribution of the field strength E(y) on the surface of 
the upper plane electrode (u1 –10000 V) is given in 
Fig. 4. Similarly as in Fig. 2 corona field corresponds to 
the interval 0 ≤ y ≤ 16,45 mm (see Fig. 1), and for all 
values in the interval 16,45 mm ≤ x ≤ 40 mm the field 
has no space charge. Coordinate y  16,45 mm denotes 
the position of separatrix point on the surface of this 
plane electrode. 
Distribution of the field strength E() and space charge 
density ρ() on the wire surface is shown in Fig. 5 and 
6. Values of the functions E() and ρ() are presented 
in Table 1 because of small variation of these functions 
with the angle. The value of 1,3  for variation of the 
field strength on the surface of the emitting electrode 
corresponds to the mentioned Kaptzov's assumption. 
 

 
 

Fig. 4. Distribution of the field strength E(y) on the surface of 
plane electrode x  10 mm  const 

 
 

Fig. 5. Distribution of the field strength E() on the surface of 
the wire 
 
Current density J can be determined from the fourth 
equation of the system (1) by using the values of E and 
ρ (Table 1). Linear current density I0 can be determined 
as an integral 
 

 0I     .d2 π
00  Jr  (4) 

 
Obviously, current between the wire and the lower 
plane electrode is equal to zero due to zero value of 
electric flux between these electrodes. 
 

 
 

Fig. 6. Distribution of the space charge density ρ() on the 
surface of the wire 
 

4. Conclusions 
 
1. Area of the field occupied by the electric flux related 
to the electrode with small radius of surface curvature 
and determined by electrostatic approach corresponds to 
the area of corona field with distribution of current 
density vector. 
2. Coordinates of points on the upper plane electrode 
and on the axis of symmetry with zero field (points of 
separatrix) strength coincide with that determined by an 
electrostatic approach. 
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3. There is no current between the wire and the third 
electrode. This electrode can be used as control 
electrode managing the discharge current between the 
wire and the first electrode. 
 
Table 1. Distribution of the field strength and charge density 
on the surface of the wire 

 

, deg E, kV/cm , C/m3

0 211,32 9302,10 
15 211,09 9225,99 
30 210,86 9149,88 
45 210,63 9073,77 
60 210,4 8997,66 
75 210,17 8921,55 
90 209,94 8845,44 
105 209,71 8769,33 
120 209,48 8693,22 
135 209,25 8617,11 
150 209,02 8541,00 
165 208,79 8464,89 
180 208,56 8388,78 
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Abstract: Currently, manufacturers rarely provide motor 
parameters, but they are needed for designing electric 
drive control systems. Thus it is necessary to be able to 
identify them. This paper presents an approach of DC 
motor model parameter identification from start and 
stop transient processes of DC motor. 
 
Keywords: DC motor, identification. 
 

1. Introduction 
 
Various types of electric drives are one of the key 
elements in mechatronic systems. The main requirement 
for such drives is a simple control of electric motor. DC 
motors have many advantages such as high efficiency, 
linear torque and speed characteristics, low cost. 
Control of DC motors is also simple and does not 
require complex hardware [1]. 
In order to make electric drive control systems, motor 
parameters are one of the key elements, but nowadays 
manufacturers rarely provide all the necessary motor 
parameters, especially when buying cheap or using old 
motors which are already out of production and the 
motor data could be no longer obtained. 
The aim of this paper is to present the method of motor 
parameter identification by DC motor speed and current 
starting transient processes. This method requires 
simple and ordinary hardware. First of all transient 
processes of motor start-up speed and current are 
measured. The data is then transferred to the computer 
and preprocessed. The main unknown motor parameters 
are obtained by calculating optimization problem. 
 

2. Mathematical models of DC motor 
 

In this section a linear model of direct current motors 
with permanent magnets is presented. 
The DC motor model can be constructed based on its 
electrical and mechanical characteristics. The equivalent 
circuit for a DC motor connected to DC voltage supply 
is shown in Fig. 1. 
 

 

Fig. 1. Equivalent circuit of DC motor 
 
The armature coil can be described with a resistance Ra, 
inductance La series and an induced back electromotive 
force (EMF) voltage ea. Back-emf voltage is generated 
by the rotation of the electrical coil through the flux 
lines of the permanent magnets inside the motor. [1] 
The electrical part of DC motor can be described from 
Fig. 1. using Kirchhoff’s voltage law. These can be 
written as:  

 

 ;a
a a a a

di
U R i L e

dt
    (1) 

 
ea – back electromotive force and is equal to:  
 

     
.a ee k 
 

(2)
  

Assuming there is no viscous friction the mechanical 
part of motor can be expressed very similar to electric 
part by [1]: 
 

 ;em L

d
T T J

dt


   (3) 

 
where: 
 

 
.em m aT k i  (4) 

 
With influence from viscous friction (3) becomes:  
 

 .em L

d
T T J B

dt

     (5) 

The derivatives of current and speed expression have 
the forms: 
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di R i k U

dt L L L
     (6) 

and: 
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i

dt J J

    (7) 

 

Using (6) and (7) the state space model of DC motor 

can be obtained [2]: 
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 (8) 

 
In this case the state vector is described as x=[i, ω]T. 
According to given motor equations it becomes possible 
to assemble a DC drive model in Matlab Simulink 
environment. Such model is presented in Fig. 2. 
 

 
 

Fig. 2. Matlab Simulink model of DC drive 
 
This model consists of DC power supply, DC motor 
along with motor load and main motor parameter 
monitoring blocks. Expanded DC drive block provided 
in Fig. 3. 
 

 
 

Fig. 3. DC drive block in Matlab Simulink 
 
The block is assembled using standard Matlab Simulink 
transference functions. The motor model consists of two 
transfer functions, one of which describes the motor 
electrical and other mechanical parts. 
 

3. Parameter identification 
 
There are a lot of techniques for identification of DC 
motor. Some of them are described in papers [3] – [5].  
The object of identification is described by equation (8).  
When marked: 
 

 
1
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a e
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R k
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A B

k B

J J



              

  (9) 

 
the equation (8) can be rewritten: 
 
 .BuAxx   (10) 
 
After integration expression (10)  yields: 
 

  
0 0 0

.
T T T

x Ax Bu dt A xdt B udt        (11) 

 
If none of the motor parameters are known objective 
function is constructed in the form of: 
 

 
2

0 0 0

, , , , , ;
T T T

a a e m mI R L k k B J x A xdt B udt dt
 

   
 
    (12) 

 
here: xm – measured value of the state variables. 
Since the armature resistance Ra and armature moment 
of inertia J is often known from the manufacturer's 
catalog and are easily measured values, the number of 
variable parameters can be reduced by rewriting (12) 
expression in the form of: 
 

  
2

0 0 0

, , , .
T T T

a e m mI L k k B x A xdt B udt dt
 

   
 
    (13) 

 
Thus, the identification problem comes down to the 
optimization objective, the purpose of which - varying 
parameters La, ke, km and B to minimize (13) expression 
of the objective function I(La, ke, km, B). 
 

4. Simulation of DC motor 
 
DC motor simulation in Matlab was done using 
parameters shown in Table 1. 
 
Table 1. DC motor parameters [2] 
 

DC motor parameter Value 
Supply voltage, U 10 V 
Armature resistance, Ra 0.5 Ω 
Armature inductance, La 1.5e-3 H 
Torque constant, km 0.5 
Back-emf constant, ke 0.05 
Inertia, J 0.00025 kg·m2 
Friction constant, B 0 

 
Simulation results of DC motor transient process of 
current is shown in Fig. 4 and motor speed in Fig. 5.  
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Fig. 4. Transient process of motor current 
 
As seen from the Fig. 4 and Fig. 5 simulated transient 
processes have no noise thus using this data for motor 
parameter estimation would give great results, but the 
results would be incorrect from engineering standpoint. 
Typically experimental transient processes of DC motor 
have mid to high noise to signal ratio due to 
commutation and other factors such as measuring 
device tolerance. So at first simulated transient 
processes was disturbed using white noise. Results are 
shown in Fig. 6 and Fig. 7. 
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Fig. 5. Transient process of motor speed 
 

 
 

Fig. 6. Disturbed transient process of motor starting current 
 
 
 
 
 
 

 

Fig. 7. Disturbed transient process of motor speed 
 

5. Identification of DC motor parameters 
 

In this paper DC motor parameter identification was 
approached using transient processes which were 
obtained using simulation with influenced disturbances.  
The friction coefficient is taken equal to zero in order to 
simplify the problem and turn it into a three-
dimensional optimization problem.  
Many nonlinear optimization methods could be applied 
ranging from classical Newton’s method to more 
sophisticated optimization using neural networks. Main 
purpose of optimization program is to change La, ke and 
km motor parameters so objective function becomes 
minimal, according to some algorithm. Minimizing this 
function means that the error between real transient 
processes and solution of the systems equations of witch 
parameters are varied is minimal.  
In this paper optimization was done using one of 
Matlab’s Optimization toolbox’s functions which 
utilizes Nelder – Mead optimization algorithm which is 
common choice for zero-order optimization search 
tasks.  
During investigation of the influence of noise level to 
precision of identification several simulation series with 
different noise levels were produced. The precision of 
identification was characterized by relative error which 
was calculated using expression bellow: 
 

 %;100
e

ie
x x

xx 
  (14) 

where xe – exact value of x, xi – identificated of value x, 

δx – relative error of identification.  

First of all the identification was made using raw 
simulation data, i.e. without noises. In this case 
according to (14) calculated relative error is much less 
than 1 %.  
Relative errors of parameter identification in the case of 
noisy signals are random variables. To evaluate the 
maximal value of that error ten cycles of simulation and 
identification were made. Identification results when the 
current and the velocity channels are influenced by 
white noise with amplitude of up to 10% of maximum 
signal values are shown in Table 2. 
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Table 2. Estimated parameters with 10 % disturbance 
 

Estimated parameters 
Accuracy of 

estimation, % 

La ke km La ke km 

1.53e-3 4.99e-2 0.495 1.9 0.1 1.1 

1.47e-3 4.97e-2 0.498 2.2 0.5 0.3 

1.57e-3 4.99e-2 0.501 4.7 0.3 0.2 

1.52e-3 4.99e-2 0.495 1.3 0.2 1.0 

1.50e-3 4.98e-2 0.511 0.1 0.4 2.1 

1.40e-3 4.97e-2 0.508 6.4 0.7 1.7 

1.53e-3 5.01e-2 0.493 1.9 0.3 1.3 

1.45e-3 4.99e-2 0.501 3.1 0.2 0.2 

1.62e-3 5.01e-2 0.511 8.1 0.2 2.3 

1.58e-3 5.03e-2 0.496 5.1 0.6 0.8 
 
The first three columns contain the set of La, ke and km 
values acquired during the identification, while the 
others – identification accuracy. The maximum 
identification error for variable La is about 8%. ke and 
km were determined more accurately, the maximal errors 
are approximately 1% and 2%. Since the identification 
of the maximum error does not exceed the engineering 
standard of 10 %. 
Identification results when the current and the velocity 
channels are influenced by white noise with amplitude 
of up to 20% of maximum signal values are shown in 
Table 2.  
 
Table 3. Estimated parameters with 20 % disturbance 
 

Estimated parameters 
Accuracy of estimation, 

% 

La ke km La ke km 
1.62e-3 4.97e-2 0.498 7.8 0.6 0.4 
1.62e-3 4.97e-2 0.504 7.8 0.6 0.9 
1.50e-3 4.97e-2 0.489 0.0 0.6 2.2 

1.70e-3 5.06e-2 0.513 13.5 1.1 2.5 
1.71e-3 5.05e-2 0.507 14.1 1.0 1.4 
1.40e-3 5.00e-2 0.494 6.6 0.0 1.2 
1.54e-3 5.01e-2 0.495 2.9 0.2 1.0 
1.76e-3 4.98e-2 0.502 17.1 0.3 0.3 
1.51e-3 5.09e-2 0.493 0.9 1.7 1.4 
1.73e-3 5.03e-2 0.498 15.5 0.6 0.4 

 
It was established that ke and km variables are identified 
more accurately than La as the maximum error of La 
identification accuracy was 17%, while identifying ke 
error does not exceed 2%, while km - 3%. It was also 

noted that 200 iterations is too little for such a noise 
level as the identification error 4 times out of 10 
exceeds the engineering standard of 10 %. Table 3. 
In future this algorithm will be tested using 
experimental transient processes of real life DC motor. 
 

6. Conclusions 
 

From the test results, it is seen that the application of 
proposed method for the motor identification is very 
useful for engineering purposes. Especially good results 
were obtained when the noise of transient processes is 
low.  
In summary, relative error of armature inductance 
identification is close to the noise to amplitude ratio in 
measurement channels. 
It was found that, regardless of the noise level, 
identification error of constants ke and km is about four 
times smaller than the identification error of armature 
winding inductance La. 
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Abstract: The transformation and accumulation of solar 
energy in a biological form has direct relationships with 
food, biomass energy and climate change problems, 
which can be addressed as the processes of the 
exchange of energies in the plant. The analysis of these 
processes helps understand the factors affecting the 
process of the plant’s energy exchange. Biomass can 
only release the amount of energy equal to the radiant 
energy assimilated by it from the Sun in the process of 
biomass production. Solar energy accumulation in 
biomass is highly inefficient as a mere 2 % of the 
provided energy is used. The remaining share of energy 
is emitted to the environment. The regulation system of 
plant leaf temperature may be one of theoretical 
presumptions for the efficient cooling of microchips. 

 
Keywords: solar energy transformation, temperature, 
cooling of microchips. 
 

1. Introduction 
 

In the period of state-of-the-art technologies the energy 
sector relies on the use of concentrated primary energy 
sources (including biomass) for heat and electricity 
production. The Sun supplies Earth with one of best 
forms of energy in the form of rays. Biological process 
taking place in vegetation predetermining the process of 
biomass (alternative energy source) creation are directly 
relating to energy exchange in plants. Irrespective of the 
intended purpose of use of biomass produced by a plant 
(for food or energy), biomass cannot emit a larger 
amount of energy than the amount of the radiant energy 
taken by it from the Sun during the process of biomass 
production. Consequently, the development of the use 
of biomass, as a source of renewable energy, is directly 
dependent on the possibilities of the assimilation 
process to satisfy demand for biomass. A global 
increase in demand for biomass is related not only with 
a growing demand for food but also with the increasing 
use of biomass for energy. Currently there are around 
0.115 ha of arable land and the same area of forest lands 
per capita on the Earth. EU states show concerns about 
a future balance between biomass supply and demand 

taking into account the planned development of biomass 
use. Currently an annual forest increment amounts to 
around 900, felling – 500 million m3[1, 2]. 
Theoretically, the utilisation rate of the solar energy 
absorbed by plants for the production of organic matter 
could represent around 20 to 25% [3, 4]. In practice 
hardly 2% of the absorbed solar energy are utilised for 
photosynthesis. Visible light absorbed by plants 
accounts for 80 to 85 %, reflected light – 10% and light 
conducted through leaves – 5 to 10% [5, 6]. According 
to the Law of the Minimum (limiting factor) applicable 
in the world of plants, vital processes, including yield, 
depend on the factor in the minimum under other 
conditions being identical. Consequently, evaluation of 
environmental factors and of the importance of 
metabolism requires a theoretical evaluation of energy 
exchange between the plant and the environment. 
From another standpoint – a plant is a unique, cheap 
and particularly complex laboratory. The plant is 
capable of utilising non-concentrated radiant energy 
from the Sun and creating the most precious asset on 
Earth – organic matter, absorbing the major part of 
pollutants emitted into the atmosphere by a modern 
technological Man and supplying oxygen to the 
environment by creating conditions for life on Earth. 
Over a year the terrestrial globe’s vegetation assimilates 
around 640 billion tonnes of carbon dioxide and 
releases around 500 billion tonnes of free oxygen, thus 
reducing environmental pollution [3, 4] and transpires 
around 65,200 km3 of water.  
The share of the absorbed solar energy representing 98 
to 96% in the plant leaf is converted into energy in the 
form of heat. 
The solar energy converted into heat in plant leaves 
either has to be released to the environment or 
accumulated in plant tissues by raising their 
temperature. The maximum temperature of live plant 
tissues is limited. If plant tissues are impetuously heated 
over a temperature of 58 oC proteins coagulate in cells, 
cell membranes decompose and the tissues are exposed 
to the lethal termination [8, 9, 10]. Due to a small mass 
and biologically limited maximum temperature of plant 
tissues, thin plant leaves are not always able to 
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accumulate released heat. Therefore, the solar energy 
converted into heat in plant leaves has to be released to 
the environment as a metabolite. Heat released to the 
environment by a plant is of little value and low 
temperature. 
In terms of energy exchange, the plant and its 
surroundings form an unbroken and undivided system. 
An important factor in the analysis of the processes of 
solar energy transformation and accumulation in 
biomass is a plant organ’s temperature. Developments 
in the plant leaf temperature may be analysed 
experimentally or theoretically, as an expression of the 
dynamic balance of energies [4, 11, 12]. 

 
2. The methods of research 

 
The work employed the method of the balance of 
energies in a plant. The leaf temperature of a plant 
growing in natural environmental conditions was 
measured by thermocouple temperature sensors made of 
Cu-CuNi (copper-constantan) wires with a diameter of 
0.05 mm. In order to have the same resistance of the 
sensors, only wires of equal length were used. The 
measurements were recorded with an instrument 
ALMEMO 2590-9 having a microprocessor data 
processing and accumulation system. Temperatures 
were recorded by necessity taking a maximum of 100 
measurements per second. This enabled us to observe 
short-term dynamic processes of temperature changes. 
Temperature sensors for all temperature measurements 
were laid in observance of the requirements to be met 
by temperature measurements (in respect of the plant 
and its environment). 

 
3. Results of investigation 

 
Plant leaf temperature and the difference of 
temperatures between the plant and the environment are 
those factors that can generate (or intensify) driving 
forces for energy exchange between the plant and the 
environment. The local temperature of a plant leaf 
depends on the local balance of energies in the plant 
leaf. In terms of energy, the whole plant, like its every 
organ or part of the organ, has individual contact with 
the surrounding environment. Since layers resulting 
from plant organs’ exchange with the environment and 
the pulsations of plant energy exchange processes 
emerge, individual organs of the plant or parts thereof 
can experience a different exchange of energy with the 
environment. Thus, the balance of energies in each 
organ of the plant or part thereof may be different at a 
given moment. The influence of individual members of 
the balance of energies in the plant is rather diverse. 
This results not only from biological processes within 
the plant (organ) but also from the specific energy 
environment of the habitat. 
Measurements of the temperature difference between 
the plant and the environment show that the difference 
in temperatures between the plant and the environment 
during the sunny period of the day in natural 
environmental conditions reaches up to 6.5 0C. Ambient 
air temperature at the top and the bottom of the plant 
leaf is different (Figure 1).  

Plant tissues release the solar energy transformed into 
heat to the environment in the form of heat and water 
vapours. During the sunny period of the day 
transpiration is that factor that reduces plant tissue 
temperature and protects plant tissues from thermal 
overheating and destruction. Therefore, it is important 
to know the maximum plant leaf temperature in natural 
environmental conditions upon transpiration 
termination. When a plant leaf does not evaporate water 
transpiration. 
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Fig. 1. Temperature change in the plant leaf plate (curve 1) 
and air (curves 2 and 3) respectively at the top and at the 
bottom of the leaf during the sunny period of the day under 
natural conditions. Wind speed v vid = 0.5m/s 
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Fig. 2. Fluctuations in the difference between plant leaf and 
ambient temperature during the sunny period of the day under 
natural environmental conditions. Wind speed v vid = 1.1 m/s  
 
In that case the total flux of solar energy absorbed by 
the plant q1 will be released to the environment by a 
convective heat transfer. This case is represented by 
equation (1). 
 
   t ttaq  22 011  . (1)  

 
Equation (1) may be used to identify the difference of 
temperatures between plant leaf temperature t1 and the 
temperature of its environment t0: 
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2

1aq
t  ; (2)  

 
where ∆t – difference of temperatures between the plant 
leaf and its environment oC; 

t1 – plant leaf temperature oC; 

t0 – ambient temperature oC; 
a – rate evaluating the share of the absorbed solar 

energy converted into heat in the plant, in  or shares (a 
 0.960.98); 

 – heat transfer rate W/(m2K). 
 

These equations (1) and (2) have a theoretical 
importance and they make it possible to identify the 
maximum temperature increase t in natural 
environmental conditions when plant leaf transpiration 
is terminated. Depending of heat transfer rate  and the 
absorbed integral flux density of solar radiation qsp, the 
dependencies of an increase in plant leaf temperature 
are presented in Fig. 2. The Figure shows that in the 
presence of intensive solar radiation transpiration is the 
key factor that protects the plant against thermal 
destruction. As data given in Fig. 2 show, where solar 
radiation is intensive, on a windless day, i.e. where the 
values of the heat transfer rate  are low, a plant can be 
exposed to thermal effects resulting in the lethal process 
in plant tissues. 
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Fig. 3. Theoretically possible increase in plant leaf 
temperature t in the event of transpiration termination 
depending on heat transfer rate  and the flux density of 
integral solar radiation qsp 

 
4. Discussion and conclusions 

 
The presented data on temperature measurements 
suggest that exchange of energies in the plant in a 
natural environment is continually changing. The 
dynamics of the balance of energies between the plant 
and the environment is in particular vivid during the 
sunny period of the day. Continually changing air 
parameters in the environment lead to energy changes in 
the local balances of energies of plant organs. All 
energy changes are reflected in the local plant leaf 
temperature, regardless of what causes them. 
During a long way of its evolution the plant has adapted 
to the factors of a physical environment of its habitat 

and exists as an open system of the exchange of 
energies maintaining a continuous dynamic balance of 
energies. The processes of energy exchange in plants 
are very diverse. The plant’s physiological response to 
changes in environmental energy exchange is displayed 
by the distribution of energy fluxes among the main 
members of the balance of energies: solar energy, 
transpiration and convective heat exchange [4, 11]. It is 
convenient to analyse solar energy transformation 
processes in h-x (enthalpy – air humidity) diagram. 
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Fig. 4. The chart of energy exchange with the environment by 
a plant leaf transpiring during the sunny period of the day in 
diagram hx. The temperature of a plant leaf is higher than the 
ambient temperature (t1 > t0). 0-1 – The process of plant leaf 
energy exchange 

 
The minimum air amount G1min participating in the 
process of energy exchange that can absorb 1 kg of 
moisture evaporated by plants can be determined when 
knowing the values of air humidity x1 and x0 using the 
equation:  

 

 
01

min1

1

xx
G


 .  (3) 

 
The minimum heat amount J, consumed in the process 

of transpiration for ambient air heating pašQ min2 , when the 

plant evaporates 1 kg of moisture is determined using 
the equation: 
 

  
01

01
01min1min2 xx

tt
cttcGQ pp

paš




 . (4) 

 

The heat amount J used for plant leaf transpiration by 
evaporating 1 kg of water ( 1w  ) is determined using 
the equation: 
 
   min1min1313 GhGhhrwrQ tr ; (5) 

 
where htr increase in air enthalpy due to the increase of 
air humidity from x0 to x1, resulting from the process of 
transpiration, kJ/kg.  
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The analysis of solar energy transformation and its 
distribution in the plant highlights the lability the energy 
exchange between the plant and the environment. 
Biological and energy processes occurring in the plant 
form the system of the exchange of energies of the plant 
together with external energy sources participating in 
the exchange of energies between the plant and the 
environment. For the performance of vital functions in 
the plant’s tissues a live organism uses temperature 
difference, potential difference, concentration difference 
and other gradients describing the direction of 
movement and the speed of change. This enables plant’s 
adaptation to unfavourable surrounding conditions and 
creation of the optimum conditions for the process of 
assimilation. Since the plant is a live organism having 
formed over a long period of evolution, it has developed 
a system for the regulation of energy exchange factors.  
In the course of evolution the plant has created a 
biological system for leaf temperature regulation-energy 
exchange with the environment. The plant leaf plate, 0.2 
to 0.3 mm thick, has a specific gas exchange and leaf 
ventilation system. It consists of micro-, macro- and 
nano-channels in the leaf mesophyll (on the bottom part 
of the leaf) that interact with the environment via 
stomata. A plant leaf surface of 1mm2 has around 400 
stomata. The area of a stomata opening represents 0.5 to 
5% of the leaf surface area. Therefore, the actual area of 
leaves (mini-, macro- and nano-channels) participating 
in the energy exchange is by 10 to 30 times larger than 
the external leaf surface [3]. Such anatomic structure of 
the plant leaf enables the process of accumulation and 
biological regulation of the exchange of energy between 
the leaf and the environment to take place. 
Observation of the processes of plant energy exchange 
and their comparison with technological solutions show 
that following creation of energy transformation devices 
(channels) in around 1900 the first steam turbines were 
produced. In the meantime vegetation assimilated 
analogous energy transformation channels many years 
ago. An opening in the plate connected with the 
environment by a channel acts as a thermal engine of 
nano-quantities when exposed to a changing heat flow. 
The nano-engines of such basic structure exist in 
vegetation. The generated mechanical energy is used for 
the intensification of the processes of exchange with the 
environment. Recently the utilisation of mini-, micro- 
and nano-channels has received an increased attention 
[13-15]. Consequently, the system for the regulation of 
plant leaf temperature analysed in this work may serve a 

theoretical assumption for the development of an 
efficient system for microchip cooling. 

 
5. References 

 
1. Europos aplinka: Būklė ir perspektyvos. 2010m. 

apibendrinimas. EEA, Copenhagen, 2011, 222p. 
2. Dzenajavičienė E. Pedišius N. Škėma R. Darni 

bioenergetika. Lietuvos energetikos 
institutas.Kaunas, 2011. 136p. 

3. Šlapakauskas V. Augalų ekofiziologija. Kaunas 
2006. Latutė. 413 p. 

4. Iлькун, Г.М. Енергетичний баланс рослин. Киeв 
1967, 234 с. 

5. Fitter, A.; Hay, R.. Environmental physiology of 
Plants. S.D., S.F., N.Y., B., L., S., T., 
2002.Academic press, 367s. 

6. Šlapakauskas V.,Duchovskis P. Augalų 
produktyvumas.2008. IDP Solutions, 254p. 

7. Brazauskienė, D.M. Agroekologija ir chemija. 
Kaunas, 2004. 207 p.  

8. Stašauskaitė, S. Augalų vystymosi fiziologija. 
Vilnius, 1995. 226 p 

9. Ellwagner, T.; Bingham, Jr.; Chapell, S. We and 
Tolin SA. Cytological effects of ultra-high 
temperatures on Corn. Weed Sciennce, 1973, N 21 
(4),p. 299-303. 

10. Levitt, J. Response of plants on environmental 
stresses. Academic Press. New York,1980. Bd 1. 

11. Sirvydas, A.; Kerpauskas, P.; Kučinskas, V. Augalų 
energinė apykaita. Lietuvos Žemės Ūkio 
Universitetas, 2011. Akademija, 224 p. 

12. Sirvydas, A.; Kučinskas,V.; Kerpauskas, P.; 
Nadzeikienė, J. Theoretical modeling of temperature 
pulsations in plant leaf which are caused by leaf 
swing with respect to the sun. Journal of 
Environmental Engineering and landscape 
management. 2011. Vol. 19(3). p. 251–259 

13. Ide, H.; Kariyasaki, A.; Fukano, T. 2007. 
Fundamental data on the gas - liquid twophaseflow 
in mini-channels. Int. J. Therm. Sci. 46 (1): 519-530 

14. Sajith, V.; Haridas, D.; Sobhan, C.B. 2011. Reddy 
Convective heat transfer studies in macro and mini 
channels. International Journal of Thermal Sciences 
50: 239-249 

15. Sobhan, C.B.; Garimella, S.V. 2001. Comparative 
analysis of studies on heat transfer and fluid flow in 
microchannels. Microscale Thermophys. Eng. 5: 
293-311 

 

147



 

The 8th International Conference on 
Electrical and Control Technologies 
May 2–3, 2013, Kaunas, Lithuania 

 

 SYNCHRONOUS INTERCONNECTION OF BALTIC POWER SYSTEM TO THE 
GRID OF CONTINENTAL EUROPE: REALITIES AND VIEWS 

 
 

Sigitas KADIŠA, Virginijus RADZIUKYNAS, Arturas KLEMENTAVIČIUS, 
 Neringa RADZIUKYNIENĖ, Algimantas LEONAVIČIUS 

Lithuanian Energy Institute, Lithuania 
 

 
 
Abstract: The paper analyses the possibilities and 
conditions of Baltic Power System for the synchronous 
connection to Continental European Network (CEN) 
under asynchronous interconnections with Nordic Grid 
and IPS/UPS Grid. The real situation is analysed in 
comparison with the similar practices 
(CENTREL/UCTE, Burshtynskaia island) and 
feasibility studies (Turkey/CEN) related to 
interconnection of other regions. The analysis focuses 
on the specific challenges for Baltic Power System and 
presents views on synchronous integration with CEN, 
including n-1 incident, sufficiency of load-frequency 
reserves, operational trials and total transfer capacities 
of Baltic-CEN cross-border links. 

 
Keywords: power system, synchronous interconnection, 
Continental European network, generating unit, primary 
control reserve, cross-border link, secondary control 
reserve, total transfer capacity, tertiary control reserve. 
 
Abbreviations:  
BtB – back-to-back (station) 
CEN – Continental European Network 
KL – Kaliningrad (region)  
NPP – nuclear power plant  
PS – power system 
TSO – transmission system operator 
TTC – total transfer capacity 
WPP – wind power plant 

 
1. Introduction. Without hesitations for synchronous 

integration 
 

According to opinion of European Economic and Social 
Committee, the Baltic States (Lithuania, Latvia and 
Estonia) are still energy islands vis-à-vis the EU since 
their networks are still entirely dependent on their 
former "exclusive" partner, Russia (to a lesser extent, 
Belarus). Connection of these islands should be a part 
of European energy integration process. It is indeed a 
paradox that while the three Baltic States are an integral 

part of the political union, they do not reap the benefits 
of intra-European integration and solidarity in the 
energy sector. How can we accept that they continue to 
depend on a third country, moreover a WTO member 
now, which does not respect European standards 
regarding access to networks, has not signed the Energy 
Charter, and does not facilitate the improvement of 
interconnections between Central and Eastern European 
countries? [1] 
Lithuania, Latvia and Estonia are developing and 
implementing electricity interconnection projects 
(LitPol Link, NordBalt and Estlink 2) with other EU 
countries, in particular Poland. These projects are 
required, inter alia, by Baltic Energy Market 
Interconnection Plan (BEMIP) [2] which paves an 
integration way for Baltic market to NordPool Spot and 
Continental European markets. At the same time, the 
three Baltic countries are working towards fully-fledged 
integration into the European energy system combining 
electrical power systems with the CEN for synchronous 
mode (currently undergoing a feasibility) [1].  

 
2. Waiting for technical integration road map 

 
Basing on such a clear political background as referred 
to Section 1, we can read a new message: the 
synchronous connection of Baltic systems is modus 
vivendi of integration. It replaces the former view of 
European Commission/Parliament foreseeing 
LitPol Link as asynchronous project in its TEN 
programme [3].  
On the whole, any synchronous integration is 
technically complicated and, to certain extent, unique 
procedure. Technical integration refers to technical 
requirements, which are meant, firstly, as general rules 
common for all cases since they reflect physics of 
system operation. Such rules are laid down in Grid 
Codes or similar regulations. 
On the other hand, technical requirements also are 
meant as individual rules, i.e. pointing to the specific 
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needs of interconnection in question. Such rules are 
compiled into Catalogue of Measures. 
As regards the Baltic case, the general rules are 
currently the former UCTE Operational Handbooks 
playing  a role of ENTSO-E rules. The handbooks 
stipulate the standards and guidelines for a PS operating 
in a synchronous area. Despite of being confirmed 
rather recently they are “at expiry threshold” since the 
UCTE as organization does not exist and merged with 
others into ENSTO-E. The latter is drafting a new 
ENTSO-E grid code, at least 2 years as yet. [4]. 
The on-going feasibility study as mentioned in Section 
1 
(carried out by international consortium) and the new 
ENTSO-E rules will lay down both major principles 
and tasks for Baltic/CEN interconnection. Further step 
is most likely the preparation to Catalogue of Measures 
providing roadmap for the technical integration. 
Finding themselves in the area of interests for 
synchronous Baltic/CEN integration, the authors  
present below their preliminary views and estimations  
on technical feasibility of  such an integration. 
 

3. Some aspects of Baltic/CEN interconnection 
 

The Baltic PS will enter the CEN synchronous zone as 
one control area (control block) with one value for each 
type of load-frequency control reserve (primary, 
secondary and tertiary).  
We suppose the on-going feasibility study should 
determine the maximum power flow to be transferred 
over the synchronous cross-border links in both 
directions with respect to technical considerations and 
simulations of a large number of probabilistic 
operational situations. 
Dynamic behavior of the Baltic and Poland systems 
should include analysis of behavior of the load-
frequency control, analysis of transient stability due to 
short circuits and outages) and, if possible, 
identification of probable local or inter-area oscillations. 
The study should give reasoned answers to the 
questions of utmost importance: what are possibilities 
of Baltic PS to operate in island mode? What incidents 
could be assumed (in CEN and Baltics) which may lead 
to the  disconnection of Baltic PS from CEN? 
Finally, principles of system defence and restoration 
plans should be outlined.  
 
Agreeing on a lot of uncertainties for the situation 
development up to 2020, we suggest the following 
eventual synchronous integration scenario for Baltic PS. 
 

2014-2016 –construction of LitPol Link, (2x400 kV, 
2x750 MW) and Alytus BtB station (500 
MW)  

2014-2016 –construction of Alytus-Kruonis HPP line 
(2x330 kV, 2x700 MW) 

2014-2016 –1st stage extension of 400 kV network in 
North-Eastern Poland 

2016    –start-up of asynchronous operation of 
LitPol Link  

2017-2020 –construction of linking transformers in 
Alytus substation (2x400/330 kV, 
2x1000 MVA) 

2018-2020  –2nd stage of extension of 400 kV network 
in North-Eastern Poland 

2017-2019 –construction of Narva BtB station for 
asynchronous interconnection with Russia 

2020    –start-up of synchronous operation of 
LitPol Link (2x400 kV, 1500 MW) 

2020 –start-up of LT-BY asynchronous 
operation via Alytus BtB station (500 
MW) and Alytus-Grodno cross-border 
link (1x330 kV, 700 MW) 

2020  –simultaneous start-up of EE-RU 
asynchronous operation via Narva BtB 
station (most probable 500 MW) and 
Narva-Kingisepp cross-border link 
(330 kV).  

 
4. Baltic primary control reserves: too small to be a 

problem 
 
Baltic primary control reserve will be determined by 
mandatory contribution of each control area in response 
to the loss of 3000 MW of generating capacity in the 
CEN area [5]. 

Pprim=(PBaltic/PCEN) x 3000   (1) 

The calculation results in accordance with (1) are 
presented in Table 1, with the breakdown to national 
reserve contributions.  
 
Table 1. Primary control reserve of Baltic Power System for 
the time horizon 2025 
Area System 

peak,MW 

Participation in 
CEN peak 

Reserve 
contribution 

Baltic 
control 
area 

LT: 2370 
LV: 1515 
EE: 1786 
KL: 901 
Baltic: 6572 

0.37  
0.24  
0.28  
0.14  
1.02  

11 MW 
7 MW 
8 MW 
4 MW 
30 MW 

CEN 643000 100  3000 MW 
 
Being such small in size, the reserve seems to be easy 
attained.  
The insensitivity range of primary controllers should 
not exceed ±10 mHz. The time for starting the action 
this control is a few seconds after the incident, the 
deployment time for 50 % or less of the total Pprim is at 
most 15 seconds and from 50 % to 100 % the maximum 
deployment time rises linearly to 30 seconds. The 
minimum duration for the capability of delivery for 
primary control is 15 minutes. The cycle for 
measurements of the system frequency for control area 
observation must be in the range of 1 second (strongly 
recommended) to at most 10 seconds [5]. 
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5.  Baltic secondary and tertiary control reserves: 
how to cope with n-1 problem? 

 
The secondary control reserve is assumed to replace the 
primary reserve Pprim, to compensate load-generation 
fluctuations and to replace the loss (outage) of area’s 
biggest generating unit. The latter component of reserve 
is far more bigger than first two ones, and is commonly 
named (n-1) reserve. The ENTSO-E rules stipulate that 
n-1 category covers not only the biggest operating 
generator, but also generation set (generators connected 
to one point) and HVDC link [5].The inventory of 
potential Baltic (n-1) units is presented in Table 2.  
 
Table 2. Potential Baltic (n-1) units for the time horizon 2020 

 

(n-1) 
category 

(n-1) unit 
on national scale 

Capacity 
MW 

(n-1) on Baltic 
scale,MW 

Biggest 
generator,
MW 

LT: Visaginas NPP  
LV:Riga CHP 2 
LT: Lithuanian PP 
EE: Auvere 

1350 
450 
455 
300 

1350, probable 
450, existing 
455, existing 
too small 

Biggest 
WPP, MW 

LT: Šilutė WPP 
EE:Hiiumaa-
Saaremaa WPP, off-
shore 
LV: to small for 
consideration 

250 
2000 

too small   
600*, the latest 
vision 
 

Biggest 
HVDC 
link, MW 

LT: NordBalt; 
LT-BY: Alytus BtB 
EE: Estlink 2 
EE-RU: Narva BtB 
 

700 
500 
650  
500 
1000 

700, projected 
500, projected 
650, probable 
500, probable 
1000, hardly 
probable  

* 30 of WPP nominal capacity is assumed to be replaced by 
Psec n-1.as a forecast error.  
 
Table 2 suggests that Baltic (n-1) unit is Visaginas 1350 
MW unit followed by Narva BtB station (1000 MW) 
and NordBalt HDVC link (700 MW). 1350 MW is 
really a very big capacity on Baltic scale. It was found 
to be fully compatible with a pre-dermined steady-state 
and dynamic operational modes of Baltic PS [7]. Hence 
assuming the loss of this capacity, we conducted 
identification of Baltic secondary and tertiary control 
reserves for operation in transit mode (Table 3) and 
export mode (Table 4). Here the tertiary reserve is 
assumed to be mobilized in 12 h replacing all the 
secondary (n-1)-specific reserve, i.e. 

Ptert  Psec n-1.,    (2) 

Consequently the total demand of both reserves would 
be very high 
Ptert + Psec n-1.,  1350 +1350 2700 MW 
 
The Tables 3 and 4 give essential information for the 
discussion. Under normal loading conditions, Baltic 
power system has sufficient amount of secondary and 
tertiary reserves provided the export to other system is 
zero (Table 3). Nevertheless, when export is on a high 
level (Table 4), the system will be subjected to small 
deficit of secondary reserve but to sharp deficit of 
tertiary reserve (as some units are taken from tertiary 
reserve and run for exports).  

 
Table 3. Own reserve availability of Baltic PS for n-1 event  
(loss of Visaginas NPP) under big transit via the Baltic PS, 
winter 2020, normal demands 
Parameter Baltic PS 

(without 
KL) 

LT LV EE 

Demand, 
MW 

4820 2014 1288 1518 

Gene- 
ration,  
MW 

all: 4820 
wind: 630 
 

all: 2710 
wind: 250 
Visaginas  

unit: 1350  

all: 1045 
wind:170 

 

all: 1065 
wind: 210 

 

Transit, MW 1300 LT-SW: 400 
LT-KL: -300 
LT-BY: 300 
LT-PL:-1000 

 EE-
RU:100 
EE-FI: 
500 

Sec. control 
reserve, 
MW 

1580 610 900 70 

Tert. control 
reserve, 
MW 

1265 965 225 75 

 
Table 4. Own reserve availability of Baltic PS for n-1 event  
(loss of Visaginas NPP) under big export from Baltic PS, 
winter 2020, normal demands  
Parameter Baltic PS 

(without 
KL) 

LT LV EE 

Demand, 
MW 

4820 2014 1288 1518 

Gene- 
ration,  
MW 

all: 6020 
wind: 630 
 

all: 3540 
wind: 250 
Visaginas  

unit: 1350  

all:1415 
wind:170 

 

all: 1065 
wind: 210 

 

Export, MW 1200 LT-PL: 500 
LT-SW: 300 
LT-KL: 0 
LT-BY:0 

 EE-FI:400
EE-RU: 0

 

Sec. control 
reserve, 
MW 

1280 610 600 70 

Tert. control 
reserve, 
MW 

365 135 155 75 

 
The deficit tertiary reserve will amount to as much as 
985 MW (1350 MW-365 MW, see Table 4). This 
deficit could mitigated by purchasing from CEN tertiary 
reserve providers (see Section 6).  
As a part of system defense and restoration plans, 
secondary control system will provided with a new 
functionality – frequency leader. After a severe 
disturbance with a frequency deviation higher than the 
maximum permissible or in case of system split, the 
frequency leader shall be chosen within each 
synchronous area. As a default the transmission system 
operator with the highest K-factor under operation 
within its control area will be appointed as the 
frequency leader [6]. 
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6. Is cross-border capacity sufficient for Baltic 
system? 

 
As physically determined, the candidate area (system) 
can participate in parallel operation with the accepting 
synchronous area only through the cross-border links. 
Their transfer capacity should be sufficient to transmit a 
load flow to support the deficient area. 
The expiring UCTE rules [5,6] do not stipulate anything 
directly related to the transfer capacities of integration-
enabling cross-border links. Thus a minimum threshold 
of these capacities is no more than a case-specific or 
even optional parameter. 
The following cross-border capacities were identified in 
the precedents of synchronous integration to (former)  
UCTE – see Table 5: 
 
Table 5. Cross-border total transfer capacities (TTC) of the 
implemented synchronous integration projects 

 

 CENTREL [8] Bursht. island [9] 
Peak, MW 42900 1050 

Year 1995 2002 

Physical 
cross-border 
links 

PL-DE:1x380 kV (900 
MW); 2x220 kV (600 
MW); 2x220 kV (600 
MW) 
CZ-DE:2x380 kV (1800 
MW); 1x380 kV (900 
MW); 2x220 kV (600 
MW);  
SK-AT: 1x380 kV (900 
MW); 
HU-AT: 1x380 kV (900 
MW) 

Bursht-HU: 1x380 
kV (900 MW); 
1x220 kV (300 
MW); 1x220 kV 
(300 MW); 1x750 
kV (1000 MW)* 
Bursht-SK: 1x380 
kV (900 MW) [] 

TTC of all 
links, MW 

7200 3400 

TTC/peak 
ratio 

0.17 3.24 

* estimate made assuming that 1 transformer, 750 kV, is 
connected to the 750 kV link Zakhidnoukrainska- Albertirsa 
 
Similarly, Table 6 presents estimates of cross-border 
capacities for candidate systems.  
 
Table 6. Cross-border total transfer capacities (TTC) of the 
potential synchronous integration projects 

 Turkey [10] Ukraine, Moldova*
Peak, MW 36120 30525 

Year 2011 2012 

Physical 
cross-border 
links 

BL:1x400 kV (995 
MW); 2x400 kV 
(1510 MW); 
GR: 2x400 kV 
(1510 MW) 

UA-PL: 1x220 kV 
(300 MW); 1x750 
kV (2000 MW); 
UA-RO: 1x750 kV 
(2000 MW); 
MV-BL: 1x400 kV 
(900 MW) 

TTC of all 
links, MW 

4015 5200 

TTC/peak 
ratio 

0.11 0.17 

* estimates of Lithuanian Energy Institute (as results of on-
going Ukraine, Moldova/CEN study are still unavailable) 
 

Likewise, Baltic capacities are presented in Table 7 
 
Table 7. Cross-border total transfer capacities (TTC) of Baltic 
PS  synchronous integration  

Peak, MW 6572  (Baltic  PS, including KL region) 

Year 2025 

Physical 
cross-border 
links 

 
LitPol Link: 2x400 kV, 2x750 MW 

TTC of all 
links, MW 

1500 

TTC/peak 
ratio 

0.23 

 
The LitPol Link’s ratio 0.23 (Table 7) is really high and 
overruns those found for CENTREL, Ukraine and 
Turkey (Burshtynskaya case with 3.24 is an extremity 
and cannot be used for benchmarking).  
As for neighbouring power systems, the Rules [5,6] 
stipulate  few legal provisions on cross-border links 
(“tie lines” in terminology of the Rules).  
The TSO of neighbouring systems can agree on transfer 
margin for reserve exchange. Namely, the secondary 
control reserve can be exchanged border-crossing 
provided that 66 % of the needed reserve are kept 
geographically within the control area. In addition a 
fixed share of 50 % of the total needed secondary 
control reserve plus tertiary control reserve must also be 
kept inside the control area [5].  
As regards critical contingencies (overrunning those 
handled with secondary and tertiary reserves), the TSOs 
are supposed to provide maximal assistance through tie 
lines in case of an emergency situation experienced by 
neighbouring TSO [5]. Nevertheless, this provision 
does not specify the amount of transfer margin. 
If a critical contingency is a severe disturbance with a 
frequency deviation higher than the maximum 
permissible one, the Rules [5] lay down only that a 
transfer margin of tie lines (in export in case of under-
frequency situation, in import in case of over-frequency 
situation) should be considered. Thus, no standard 
values of safety margin is set. 
Accordingly, concerning the safety margin of 
LitPol Link for secondary and tertiary reserves, the total 
reserve margin is allowed to reach 50 % of total reserve, 
i.e: 2700x50 % = 1350 MW. It would take practically 
all the TTC (1350/1500=90 %). It could be seen as 
purely theoretical case. 
Baltic need for the purchase of tertiary reserve is 
985 MW (see Table 4) and would correspond to 66%. It 
also would be severe case, but, to some extent, realistic. 
To mitigate the situation, we would suggest to diminish 
this huge purchase by 300-500 MW calling for imports 
via four aformentioned HVDC links. 

 
7. What operational trials should be passed? 

 
Operational trial is a “field test” for power system to 
prove its smooth operation with the accepting 
synchronous area. 
In general, three major types of trials could be 
distinguished: 

151



 

1 type. “island” mode; 

2 type. autonomous operation; 

3 type. synchronous operation. 
Rationales of the trials would be to examine the 
candidate system’s capabilities: 

1 type. to cope with load-frequency regulation in 
“island” mode, i.e. using own resources only. It refers to 
system which intends to switch from one synchronous 
area to another; 

2 type. to “ride through” the test conditions, e.g. 
outages of equipment or losses of generating units or 
loads, working separately, i.e. in autonomous mode. It 
refers mostly to candidate synchronous areas, to whom 
the load-frequency regulation was inherent function; 

3 type. to comply with requirements for parallel 
operation with the accepting zone, and, first and 
foremost, to contribute to the load load-frequency 
regulation. 
The expiring UCTE rules [5] stipulate/does not stipulate 
the trial of first/both types.  
We suggest the following findings of the review of the 
precedents with respects to the trials: 
 
1) CENTREL/UCTE [8]: 
 no 1st type trial (as the CENTREL system was  a 

synchronous area, not a part of it); 
 2nd type trial: two weeks from September 13, 1995; 

4 planned outages of generation or load (200-300 
MW), one in each system (PL, CZ, SK, HU); 
satisfactory results for system performance under 
unplanned outages and normal operation 
(effectiveness of primary and secondary control in 
each system; voltage control on-cross-border links, 
operation of Power System Stabilizers in PL and HU 
power systems;  

 1st year of 3rd type trial (started on October 18, 1995) 
 2nd year of 3rd type trial (started on October 18, 

1996)  
 
2) Burshtynskaya island/UCTE, the smallest candidate 
system [9]: 
 no 1st and 2nd type trial; 
 3rd type trial: 2 weeks of parallel operation (April 6-

20, 2002); good preliminary results for response to 
frequency deviations in UCTE, to deviation of 
cross-border exchanges; good preliminary 
estimation of secondary load-frequency regulator in 
Lviv; 

 3rd type trial: one year of parallel operation (July 1, 
2002 – June 30, 2003); the same trial methodology 
as used for Centrel/UCTE integration; effectiveness 
of primary and secondary load-frequency regulation; 
response to sudden changes (both scheduled and 
unscheduled) of load or generation; voltage control 
on-cross-border links;  

 
3) Turkey/CEN [10]: 
 no 1st type trial (as the Turkish system was not a part 

of a synchronous area, but actually a separate 
synchronous area); 

 2nd type trial: two 2-week trials undertaken; first trial 
(January 11-24, 2010) was to examine operation 
under high load conditions; second trial (March 22-
April 5, 2010) – under low load conditions; 

 First Phase (September 18, 2010) of 3rd type trial 
which can be called Stabilization Period (when no 
scheduled cross-border exchange between Turkey, 
Bulgaria and Greece was allowed); 

 Second Phase (July 2010 - June 2011) of 3rd type 
trial which can be called Physical Exchange Period 
(non-commercial cross-border exchange was 
allowed);  

 Third Phase (June 2011 - September 2012, 
prolonged until autumn 2013) of 3rd type trial which 
can be called Commercial Exchange Period (limited 
commercial cross-border exchange was allowed); 

 
Attempting to summarize this experience for Baltic PS, 
we suppose that the precedent of Burshtynskaya island 
cannot be applied to Baltic system and the system 
should be subjected to operational trial in island mode 
(1st type trial). Nevertheless, the system should be 
exempted from challenge to withstand n-1 incident in 
island mode as loss of 1350 MW would be too difficult 
to ride through without cross-border support in the first 
minute after the incident. 

 
8. Conclusions 

 
1. The European Commission recently declared the 

sound and technically justified viewpoint on power 
system control: who controls synchronicity of a 
power system operation, actually controls such a 
system in essence. This viewpoint is crucially 
applicable to Baltic system. 

2. Baltic power systems should be considered as one 
control area or one control block vis-à-vis 
neighbouring Poland system (i.e. CEN) as regards, 
at least, frequency regulation, mutual support in 
emergency cases and use of cross-border transfer 
capacities. 

3. The Baltic PS integration into CEN synchronous area 
via LitPol Link will be tighter in terms of cross-
border capacities than that of CENTREL, Ukraine 
(with Moldova) and Turkey, with the ratio of total 
transmission capacity and peak demand as high as 
23 %. 

4. The safety margin of LitPol Link seems to be an open 
question. The huge size of n-1 unit (1350 MW) may 
require of significant purchases of tertiary reserves 
outside the system. To diminish n-1 unit’s impact on 
reserve purchase via LitPol Link, a part of tertiary 
reserve could aquired via HVDC links. 

5. The Baltic PS has huge secondary control reserve 
capable to replace n-1 unit (1350 MW) in zero-
export operational mode. 

6. Burshtynskaya island precedent cannot be applied to 
Baltic PS and the system should be subjected to 
operational trial in island mode (1st type trial). 

7. Baltic PS the system should be exempted from  
challenge to withstand  n-1 incident in island mode 
as loss of 1350 MW would be too difficult to ride 
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through without cross-border support in the first 
minute after the incident. 

8. Baltic secondary control system will be provided 
with a frequency leader to cope with the system 
defense or restoration. The transmission system 
operator (LT, LV or EE) with highest K-factor has 
most chances to take such a responsibility. 

9. The paper presents preliminary estimate values of 
Baltic secondary and tertiary control reserves. The 
comprehensive evaluation of these reserves will be 
provided by the on-going feasibility study which 
expectedly will be sufficient for preparation of 
Catalogue of Measures  for Baltic/CEN integration. 
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Abstract: The transformer theory based on impedance 
inverter with inductances is well known and quite 
successful in describing electrical properties of power 
as well as RF transformers. Any circuit theory textbook 
has at least several pages on transformers modelled with 
mutual inductances i.e. impedance inverter. In many 
cases up to 10% of the student book is devoted to 
transformers and mutual inductances. Thus writing 
about a new model of transformer is quite surprising 
and may be annoying. But there are some aspects of the 
existing theory, which are not consistent with the 
transformer physical properties. In the paper basic facts 
on magnetic field distribution and its relation to 
transformer model are given. And first of all a new 
model of transformer based on admittance inverter 
consisting with inductances is presented. 

 
Keywords: transformer, magnetic coupling, impedance 
inverter, admittance inverter. 

 
1. Introduction 

 
A transformer is a device that transfers energy between 
its magnetically (inductively) coupled windings. A 
varying current in the primary winding creates varying 
magnetic flux in the transformer core and consequently 
varying magnetic flux through the secondary winding. 
As a result one can observe varying voltage and current 
in the secondary winding. A long list of great 
researchers contributed to the discovery, design and 
theory of transformers staring from Michael Faraday [1] 
and Joseph Henry and ending with Karoly Zipernovsky, 
Otto Blathy and Miksa Deri (ZBD) [2], William Stanley  
[3] and Charles Proteus Steinmetz [4]. The discovery of 
electromagnetic induction and development of 
transformers as well as development of their theory 
were done in nineteen century. Nowadays transformers 
range in size from thumbnail-sized units hidden in 
microphones to units weighing hundreds of tons used in 
the power grid. A wide range of transformer designs are 
used in electronic and electric power applications. 
Transformers are essential for the transmission, 
distribution, and utilization of electric power. The 
Steinmetz circuit includes an ideal transformer thus a 

non-existing element. The ideal transformer is a useful 
tool in circuit modelling of many structures and 
systems. It has a very simple chain matrix that 
corresponds to real transformer properties: isolation 
between windings, transformation of voltages and 
currents. The ideal transformer parameters are constant 
in frequency and time. They do not depend on 
magnitude thus describe a perfect, linear element. The 
ideal transformer shown in Fig.1 belongs to the class of 
abstract models. Its chain matrix is as follows: 
 











p

p
A

0

0/1
   (1) 

 
where: transformer turns ratio p (p=Ns/Np, number of 
turns in secondary and primary winding) is defined as: 
 

p
U

U
/1

2

1                 (2) 

 

p
I

I


2

1    (3) 

 

 
 

Fig. 1. An ideal transformer 
 
For the ideal transformer the ratio of input voltage to 
output voltage and ratio of input current to output 
current are independent from both source resistance RG 
and load resistance R. In real transformers such ratios 
depend on load resistance and source resistance. 
Moreover the transformer parameters depend on 
frequency and signal level. Due to non-physical 
properties the ideal transformer is a reference model 
used to compare and classify other linear transformer 
models. In this paper the models of linear transformer 
based on inverters are considered. The model of 
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transformer employing impedance inverter with 
inductances (i.e. mutually coupled inductances) is well 
known and commonly used.  The new transformer 
model employing admittance inverter with inductances 
is introduced. The properties of both models are 
compared and discussed.  
 

2.  Mutually coupled inductances  
 
A most popular linear model of the transformer is based 
on mutually coupled inductances. Mutually coupled 
inductances are in fact an impedance inverter. The 
transformer circuit with mutually coupled inductances is 
shown in Fig.2.  
 

 
 

Fig. 2. Model of transformer based on mutually coupled 
inductances 
 
When inductances are coupled the obvious circuit is 
assumed with parallel mutual inductance M introduced 
between inductances L1 and L2 resulting in T-type 
circuit. The same model drawn with impedance inverter 
is presented in Fig. 3.  
 

 
 

Fig. 3. Model of transformer based on impedance inverter. 
Diamonds with arrows are current controlled voltage sources 
 
S. B. Cohn introduced immittance inverters in 1957 [5]. 
He used them for design of microwave direct-coupled 
filters. Inverters are closely related to the gyrator [6]. 
Inverters are used to describe couplings between 
resonators and transmission lines. The circuits with 
inverters are very convenient in creating their 
immittance matrices. The circuit in Fig. 3 can be 
described with the following equations defining the 
impedance matrix parameters: 
 

2111 MIjILjU     (4a) 

 2212 ILjMIjU      (4b) 

 
It is convenient to define the coupling coefficient k and 
leakage coefficient .  
 

21LL

M
k     (5) 

 

21 k    (6) 
 

Additionally one can remember that turns ratio p is 
related to inductances of primary and secondary 
winding as follows: 
 

2

1

L

L
p     (7) 

 
Let us compare the chain matrix (1) with the chain 
matrix of the model in Fig.3 given below. 
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The ABCD matrix (8) transformed according to (7) is 
somehow similar to (1) but its off diagonal elements are 
not zero. 
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             (9) 

 
Even assuming that k =1, it is clear that mutually 
coupled inductances are not equivalent to ideal 
transformer because it is impossible to specify first 
 = 0 and then M infinite. These two conditions 
contradict each other. They are non-physical. Anyway 
the transformer model based on impedance inverter is 
used all over the world. 
By changing the load resistance RL between 0 and 
infinity it is possible to obtain ratio of currents and 
voltages on primary and secondary windings. For short 
circuit (RL=0): 
 

12 I
p

k
I               (10) 

 
For open circuit (RL=): 
 

12 kpUU         (11) 

 
The short circuit condition applied to the secondary 
winding results in strange behaviour of magnetic flux in 
the transformer core and disagreement between the 
model and observations.  As can be seen in [7] and in 
many papers on computations of electromagnetic field 
distribution in the transformer core [8-9] the magnetic 
flux tends to zero in the area of short-circuited 
secondary winding. In [7] measurements show that in 
the core on primary side the magnetic flux is high, 
while in the core on the secondary side the magnetic 
flux is small. Certainly this is different than theory 
resulting from equations given e.g. (4a). Under short-
circuit condition (4a) produces U1 close to zero (I2 = I1, 
and M = L1 for a transformer with p = 1) while it is not 
observed in reality. The problem of magnetic field 
(magnetic flux) distribution is know from twenties of 
the previous century [10-11] but finally neglected and 
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underestimated [13]. Now when electromagnetic 
modelling is common one can analyze transformer 
behaviour completely.  

 
3. New model of transformer 

 
It is possible to create another models of a transformer. 
Let us consider a transformer as a transducer, which 
converts input current into output current. In such a way 
one can use admittance inverter [5,14] to model 
transformer properties. The admittance inverter should 
base on inductances because the transformer operates 
due to magnetic fields. The new transformer model 
based on admittance inverter is shown in Fig. 4. In the 
model Ls denotes coupling inductance. Other 
parameters are the same as in the classical model. 
 

 
 

Fig. 4. Model of transformer based on admittance inverter. 
Double-line diamonds with arrows are voltage controlled 
current sources 
 
The circuit in Fig. 4 can be described with the following 
equations defining the admittance matrix parameters: 
 

21
1

1
11

U
Lj

U
Lj

I
s

   (12a) 

 2
2

12
11

U
Lj

U
Lj

I
s 

   (12b) 

 
It is convenient to define the coupling coefficient kS.  
 

S
S L

LL
k 21    (13) 

 
The leakage coefficient  is defined according to (6) 
 

21 Sk    (14) 

 
and transformer ratio p is the same as (7).  
The ABCD matrix of the new model is as follows and it 
has again the off diagonal elements different than zero. 
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Even assuming that kS = 1, it is clear that admittance 
inverter is not equivalent to ideal transformer because it 
is impossible to specify first  = 0 and then LS = 0. 
These two conditions contradict each other. They are 
non-physical. But this time the model agrees with the 
magnetic flux distribution in the transformers core.  
By changing the load resistance RL between 0 and 
infinity it is possible to obtain ratio of currents and 

voltages on primary and secondary windings. For short 
circuit (RL=0): 
 

12 I
p

k
I     (16) 

 
For open circuit (RL=): 
 

12 kpUU     (17) 

 
The basic properties of the new transformer are the 
same as in the ideal transformer and mutually coupled 
inductances cases. The short circuit condition applied to 
the secondary winding does not results in a strange 
behaviour of magnetic flux in the transformer because 
U2 is equal to zero and there is no influence of the 
secondary winding on primary side. Zero voltage means 
zero of the magnetic flux, which is in agreement with 
observations and simulations. 

 
4. Comparison of models 

 
A comparison of basic parameters of transformer 
models presented above is given in Table 1.  Both 
models predict the same ratio of currents and voltages. 
When one assumes ideal coupling i.e. coupling 
coefficients equal to 1 the ratio of currents and voltages 
is the same as in ideal transformer. The only, but quite 
important, difference between impedance inverter and 
admittance inverter is in input impedances. For short- 
circuited secondary winding the input impedance of the 
transformer modelled with impedance inverter is zero 
(k=1). For short-circuited secondary winding the input 
impedance of the transformer modelled with admittance 
inverter I equal to impedance of the primary winding. 
For open-circuited secondary winding the input 
impedance of the transformer modelled with impedance 
inverter is equal to impedance of the primary winding. 
For open-circuited secondary winding the input 
impedance of the transformer modelled with admittance 
inverter is infinite (kS=1). 
 
Table 1. Comparison of transformer models 
 

 model with 
impedance inverter 

model with 
admittance 

inverter 
ratio of voltages 
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k
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short circuit at 
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winding 

 

)1( 2
1 kLjZwe    

 

1LjZwe   

open circuit at 
secondary 
winding 

 

1LjZwe   )1( 2
1

S

S
we

k

kLj
Z





 

 
The models are different. They have the same 
characteristic parameters except input impedances. In 
some cases especially at radio frequencies the measured 
impedances are closer to the model with admittance 
inverter. Both models ca be easily appended with losses, 
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although it is somehow easier to calculate influence of 
lossy windings in the model with admittance inverters. 
The circuit model with impedance inverter can be 
presented in the form of a T-circuit comprising mutually 
coupled inductances. The circuit model with admittance 
inverter can be presented in the form of a -circuit. But 
it should be stressed that a transformation of the T-
circuit corresponding to the impedance inverter into its 
-circuit representation employing Star-Triangle 
transformation produces different -circuit than that 
representing the model with the admittance inverter.  

 
5. Conclusions 

 
In the paper a new model of a transformer is presented. 
The new model is based on admittance inverter. The 
reason for introducing the new model is to find better 
agreement between magnetic flux distribution in the 
transformer core and the circuit description of 
transformer. Although the circuit and equations are 
different the obtained model has basic parameters the 
same as a traditionally used model with mutually 
coupled inductances. The difference is in the input 
impedance of the transformer. The new model presented 
is simple and easy to comprehend it can be advantages 
over other more complicated transformer models e.g. 
[15].  
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Abstract: Modern power systems are well but not fully 
automated. Therefore, dispatchers are needed for 
reliable power system operation in any conditions. 
Training in emergency management promotes the 
development of skills that are very important, but do not 
come with experience. Efficiency of training depends 
on the level of realism and on the assumptions made in 
the model. In fact, the most realistic model - a complete 
copy of the original system. The way from the simplest 
model to more realistic model has certain feasibility 
limits in model development. The more realistic model 
is less available because the more difficult to make it in 
the right way. "Very realistic model" has another 
drawback - a time-consuming data preparation for the 
exercises. In this article we will try to describe how to 
build a relatively simple system for TSO (Transmission 
System Operator) dispatcher training based on a power 
flow calculation program and on a SCADA 
(Supervisory Control And Data Acquisition) system 
display emulator.  

 
Keywords: TSO dispatcher training; power flow; cross 
reference; emulator; calculations. 

 
1. Problem definition 

 
None problem can be solved if it was not defined in 
proper way. Suppose we are planning to train TSO 
dispatchers for rare operational conditions. What we 
need in and there we will go?  
TSO dispatchers work with SCADA system in most 
cases. Therefore, first of all, we need in working place 
very similar to original SCADA workstation. Of course, 
dispatcher can study on completely different system. 
But, in case of very similar operational environment, 
dispatcher trains not only “What to do?” but also learns 
“the correct button to push”. It will be very useful in our 
opinion, if TSO dispatchers will train unusual 
conditions with usual operational environment.  
 The second, we must have the study system. Study 
system, of course cannot be the real, except “the field 
tests”. We assume the study system is the model of the 
real transmission system. What are the prerequisites to 
the model for TSO training? The model must display all 

information necessary for operations, must reproduce 
all changes in real life close to original and must 
support the proper response time for loop command-
action-result.  
The third, the study system must be connected with 
operational environment in order to reflect time-related 
changes in power system model and in order to control 
equipment remotely. This can be done in two ways. The 
common data base is the first way; the way of data links 
with conversions is the second.  
There are two types of model available: physical model 
and mathematical model. Physical model is the copy, in 
most cases scaled copy, of the system studied. Physical 
model is most accurate, but extremely expensive, 
therefore only the small system can be modeled at the 
reasonable cost. Mathematical models can be based on 
special digital hardware; there each power system 
element can be modeled, with connection to real control 
equipment, or can be based on calculation programs. 
The second way is more acceptable for TSO because 
simplicity and very low cost, in comparison with digital 
hardware. Of course, model build on digital hardware is 
more accurate, but it is very problematic way to create 
the system dimensioned for TSO based on this 
approach. Calculation programs perform power system 
dynamics calculations or power flow calculations. 
Power system dynamic more applicable if the system 
subjects to large changes in case of faults. Power flow 
calculations much more simple and work better if the 
system is stable with relatively small changes. It is 
impossible to simulate the power system behavior 
during the transients with power flow model.  
It appears from mentioned above, abilities of training 
simulator strongly depends on the model of real system. 
The physical model is needed for equipment studied, if 
we want to check the relays or PMU (Phasor 
Measurement Units). The power system dynamic model 
is needed, if we want to study transients and generator 
excitation systems [11]. We are very happy in our case, 
because the human is the slowest active element in 
electric power system control and cannot find the 
problem and respond in time less than one second. The 
several seconds measurement data refresh step is typical 
for SCADA system. We must obtain response time for 
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loop command-action-result less than half of data 
refresh step in order to perform realistic model behavior 
from the operator point of view according to Nyquist-
Shannon-Kotelnikov sampling theorem. Therefore, we 
can try power flow calculation program in order to 
create the model for TSO dispatcher training as a good 
approach if we can sample this model close to the real 
system state in each step.  
Our task is to create automated power flow calculations 
on power system model with possibility of control 
equipment remotely by operator via usual operational 
environment. We need in calculation program with 
connection to working place of dispatcher. We also 
need in fast performance. 

 
2. Automated power flow calculations 

 
We use MUSTANG [1], [3] under Windows [developed 
by V. Ivanov, V. Rimarev] industrial program for power 
flow calculations in our Operational Planning 
Department. The program has so called “black box” 
mode in order to make calculations faster. “Black box” 
mode means only ASCII (The American Standard Code 
for Information Interchange) file packet data can be 
used for data input, output and case control with no 
other (tabular or graphical) user interface. This allows 
program be loaded in memory and not perform 
unnecessary disk operations.  
ASCII file packet data are in form KEY; ID; VALUE. 
Idea of this data representation is clear, if we imagine 
unlimited rectangular table with rows and columns, 
there program puts all the data and controls. In our case, 
KEY – the number of column, ID – the number of row 
and VALUE – is value to get or to put. Each line in this 
file corresponds to one value or command in most 
cases. Program has directory for input data and stencil 
file for output data. Packet data exchange is not so 
compact, but simple, powerful and very flexible.  
Power flow calculations are “bus oriented”, but dispatch 
operation is “breaker oriented”. As a rule, programs use 
special logical commutation elements in order to adjust 
power flow calculation for dispatcher needs. Program 
MUSTANG hasn’t “breaker oriented” model, because it 
can calculate load flow even if some branches have very 
small reactance (e.g. about 0.00001 Ohm). User can 
easy connect buses with small reactance branches in 
closed loops, or chains, or how he wants. Therefore, the 
full-topology model can be created without “logical” 
breakers. In fact, program MUSTANG works without 
numerical instability in case of very small reactance, but 
not in case of extremely small reactance less than one 
micro Ohm (such small reactance, seems, has none 
physical sense in load flow calculation). It is, of course, 
impossible to control different voltages at buses 
connected with “zero impedance” line. Algorithm for 
calculation of “very short wires” (i.e. breakers) in 
MUSTANG load flow model was written by V. Ivanov 
about fifteen years ago. Author considered analogous 
method must-have of each industrial power flow 
calculation program. We hope this already done in 
many programs, but no information available for us 
about it. Therefore, this data may be useful also for load 

flow calculation program developers. Advantages of 
full-topology model of control area creation inside “bus 
oriented” load flow model are possibility to see the flow 
via breakers and absence of temporary buses in case 
after bus split. As disadvantage we can note bus count 
increase in case, but this is not critical. In whole, we can 
gain time for calculation based on above mentioned 
approach. 

 
3. SCADA system display emulation 

 
We have SCADA system from General Electric in our 
Dispatch Department. This system allows develop 
customer’s own programs in order to increase SCADA 
abilities and meet each customer’s requirements. This 
very positive feature made it possible develop 
[developed by M. Korshunov] the program in order to 
get original displays from SCADA system and show the 
real time data, or historical data, or text formatted data 
for SCADA users in local network outside the SCADA 
system. Why we need in this program? This program 
works on Windows computer in local network and the 
SCADA system not feel any load in this case. This 
program works fast and secure and provides more 
functionality in comparison with genuine SCADA tools. 
Our program can also read and write ASCII data in 
form ID; VALUE; TLQ. In this case, ID – the 
measurement or signal identifier, VALUE – is value to 
get or to put, TLQ – is the quality code (good, bad, etc.) 
of information. In fact, our SCADA system display 
emulator also supports packet data exchange.  
SCADA system display emulator works also inside the 
SCADA system, but not installed in real time SCADA 
in order to avoid the possibility of remote control 
execution to ASCII file by accident. 

 
4. Automated data exchange and handling 

 
Both our programs are ready for automated data 
exchange. But we need, additionally, in time going, in 
values changing and in definition what is what if we 
want to link power flow calculation data and SCADA 
data. Decision for third program development was taken 
in our case. This program has ASCII file packet data 
exchange (from file to file) with MUSTANG in 
MUSTANG form and ASCII file packet data exchange 
(from directory to file/files) with SCADA system 
display emulator in emulators form.   
Initially, the program [developed by V. Rimarev] 
performs mapping of values according to cross 
reference (or X-reference) table. This idea is the typical 
approach to data mapping problem and used, for 
instance, in SCADA system from General Electric.  
Let a – the n-dimensioned column vector from the 
“Black box” model space and b – the counterpart n-
dimensioned column vector from the the SCADA data 
space. Then the coordinate system transforms can be 
done according (1a) and (1b): 
 

b = D×a ,           (1a) 
a = D-1×b .         (1b) 

 

159



 

There D is n×n diagonal matrix with all dii elements are 
predetermined constant rational numbers in our case.  
This can be written for instance in ASCII file with n 
rows, there each row consists of bi; dii; ai, there bi – the 
SCADA data (measurement or signal) identifier, dii – 
the multiplier in order to perform scale adjustments for 
different measurements, ai – the power flow model 
information type with the data identifier. This mapping 
allows determine the other value adjusted in the “Black 
box” model or in the SCADA display emulator if only 
one of the counterpart values was set. 
Also, the program has its own internal clock. This clock 
not only shows the time, but performs the scheduled 
changes in terms of SCADA values. In case, if the 
values are mapped, the power flow program performs 
necessary calculations in order to recreate the scheduled 
changes on model. Schedules have a 24 hour loop with 
one minute step. Instructor can start the study system 
from any time. The program has the time multiplication 
accelerator in order to simplify the check of schedules 
on study system during preparation for training.  
Then the above mentioned functions of data exchange 
were developed, it became clear, that the data handling 
will make the program more powerful. The build-in 
calculation module RTC (Real Time Calculations) was 
developed in order to perform instant or time dependent 
calculations in terms of SCADA system data.  
Typically, each y datum calculated in RTC has the own 
function. This can be expressed as (2). 
 

y=F(yt=0, yt=Δt, x1 ,…, xn, t/Δt);          (2) 
 
where, yt=0 , yt=Δt - the initial and the target values of y; 
x1 ,…, xn - the other data values and constants; t/Δt – per 
unit time value based on Δt – calculation lifetime. 
 
Each RTC function has its own lifetime or no lifetime 
(simple calculation formula). The lifetime starts, if the 
function is triggered by definite data change and goes 
synchronous with the internal clock until Δt, in this case 
the calculation ends, or until next trigger, in this case 
the lifetime restarts again. The y value gradually 
changes during RTC function process from initial value 
to final depending on the time value. Note, the data 
values not mandatory the real SCADA points and can 
be also special calculation points.    
Then the data comes from and goes to SCADA system 
display emulator, they pass through calculations. 
Gradual transitions or relay actions can be modeled in 
this way. Moreover non-electrical values, for example 
water inflow and flow rates for hydro power plants or 
ambient temperature, can be calculated.  
Simplified data exchange and handling process is 
shown in “Fig. 1”. Data exchange stages in terms of 
power flow program are drawn with filled arrows. Data 
exchange stages in terms of SCADA values are drawn 
with blank arrows. Power flow data are mapped. 
SCADA values can be mapped or used in RTC module. 
Therefore some SCADA points can be idle and not be 
used for SCADA display emulators. Than the mapped 
value goes through cross reference, it changes the data 
loop. User can participate in data exchange process 

even with unmapped values or put the commands in 
“black box”. Moreover, user can calculate on external 
module, if he, for instance, is not satisfied with RTC or 
with power flow model in parallel or instead the process 
stages. Note, that data for data exchange is, typically, 
the small part of the data used by programs. 
 

 
 

Fig. 1. Simplified data exchange and handling process 
 

5. Conclusions 
 

There are many things to do along the way of 
development the own system for TSO dispatcher 
training. However, the way, described above, is 
practically good and realistic. This is predicated upon 
our current stage. System works and we see, how to 
improve it. For instance, it is possible to organize 
transition via fault by dynamic calculation in case of 
eventual problems infeasible by means of power flow 
calculation program.  
Question is: “Why we try to develop the system for 
TSO dispatcher training by ourself? There are so many 
systems on the market!” Actually, solving the problem 
by do-it-yourself development method has only one 
disadvantage if it based on standard components: 
problem can be infeasible, i.e. it can be impossible to 
reach certain quality of solution at reasonable time and 
money. On the other hand, we have two advantages, 
especially, if we can solve the problem. First, the 
experience learned. We will know that we want better 
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because the better understanding the problem. Second, 
as a result, our system can be more economical because 
the right choice and free support and more usable 
because absence of redundant modules and capabilities.  
Of course, if you must check the relays, you will need 
to buy the industrial training simulator like RTDS [7]. 
You will not find any software alternative in this case. 
On the other hand, if you plan use mathematic model 
for simulation and do not need in data refresh more than 
one time per second, you can start from simple model 
and develop your system step by step without additional 
powerful hardware.  
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Abstract: Electric vehicles (EVs) are currently one of 
the active topics being discussed in transportation 
sector. In everyday use the EV would be staying for the 
longest in home parking space and it is also rather 
convenient to use the electric network supplying a 
household for charging the EV. This means rather high 
additional load for the residential network. Based on the 
literature survey, this paper presents an overview on the 
expected impacts to the residential distribution 
networks. Expected network loading is described and 
power quality aspects related to high loading, such as 
voltage drop in the point of common coupling (PCC), 
voltage unbalance and harmonics are discussed. This 
paper aims to summarize research carried out up to date 
and gives general guidelines for evaluating the EV char-
ging effects in the low-voltage distribution networks. 

 
Keywords: Electric vehicle, distribution network, power 
quality, voltage drop, voltage unbalance, harmonics. 

 
1. Introduction 

 
A modern vehicle with internal combustion engine uses 
on the average only 12,5% of primary energy contained 
within fuel. For an electric vehicle (EV) that is charged 
using power produced in thermal power plant, the 
primary energy utilization rate of 23,1% [1] shows 
significant improvement. This means also that using the 
EVs the CO2 emissions of the transportation sector 
would be significantly lower. EVs could provide further 
reduction of emissions if charged from power plants 
utilizing renewable energy sources. 
Promoting the EV use and EV market breakthrough, the 
likely share of EVs on the roads has been discussed in 
many studies [2]. Optimistic estimates for USA have 
assumed as much as 1,5 million EVs on the roads by 
2016 and 50 million by 2030 [3]. EVs expected market 
share would be at 10% in 2015 and with rise predicted 
from 2015 onwards to reach even 50% in 2025 [4]. A 
more realistic note estimating 300 thousand vehicles to 

be sold annually in USA by 2017 [5] seems more 
achievable. In Europe, Belgium is expected to have 
30% of EV penetration by 2030 [6], which could be 
realistic given the EU priorities in energy efficiency. 
Similar plan for Germany [7] targets 1 million EVs for 
2020 and 5 million EVs for 2030.  
In order to provide an efficient and comfortable use of 
EVs, the EVs would need the batteries charged after 
every longer trip. For the most of the week the EV 
would be used for daily commuting, so the end point of 
the trips is most likely home [8]. Here the EV is most 
likely to be recharged, presenting also a healthy load 
increase for the residential distribution network. EV 
charging is different from other residential loads as the 
power utilized is significant and it takes rather long to 
charge the EV. Thus the probability for simultaneous 
charging is rather high, compared to other everyday 
appliances [9].  
The residential grids are planned keeping in mind that 
the load has a steadily increasing trend. For developed 
countries the load growth rate is rather slow, indicated 
at percent [11] or few percent annually. Some powerful 
loads like the addition of heat pumps [12] and air 
conditioning can however make the power demand 
growth rather fast. The single-phase EV charging 
presents load comparable to air conditioner [3] or a 
water heater [13]. Still, in some areas the network can 
be rather loaded during intense heating or cooling 
seasons, with only little headroom for added EV 
charging load. 
The electrical utilities are required to provide 
continuous supply of power that meets the 
characteristics set in the electric supply standards (e.g in 
Europe the utilities are following characteristics 
provided in EN50160 [10]). The added EV charging 
load can bring excessive voltage drop in the point of 
common coupling (PCC), increased level of harmonics 
and voltage unbalance that could lead to violations of 
the supply standard from the utility side. Increased 
harmonics and unbalance present more stress to 
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distribution transformers and network cables, but also to 
customers’ appliances. This would decrease both the 
utilities and customers devices’ life expectancy but 
could also lead to power outages. These topics are 
addressed in present paper and have to be considered by 
the electric utilities prior to making the conclusions on 
distribution networks’ (especially low-voltage net-
works) capabilities of supporting the EV charging. 
 

2. EV characteristics, usage and charging 
 
In context of present paper the electrical vehicles 
considered are those with 1) significant on-board energy 
storage and 2) ability to use the mains power supply for 
charging the energy storage. Typical such vehicles are 
battery electric vehicles (BEVs) and plug-in hybrid 
vehicles (PHEVs). Due to similar characteristics of the 
charging process and the on-board battery chargers, 
there would practically be any differences for the distri-
bution networks depending on the particular vehicle 
type. Therefore, within this paper, all such vehicles are 
referred to only as electric vehicles (EVs).  
In essence, the EVs could be divided into groups as 
proposed in [14], with 4 classes of EVs by their size, 
presented in Table 1. 

 
Table 1. EV classification and battery capacities 

 

Classification 
Battery 

size, kWh 
Energy usage Wh/km 

microcar 8 … 12 230 
economy 10 … 14 266 
mid-size 14 … 18 356 
light truck / 
SUV 

19 … 23 510 

PEV-10 4.85 (Range 16 km / 10 miles) 
PEV-40 16.6 (Range 64 km / 40 miles) 
 
Other basis for classification could be the electric range 
[15], with PEV-10 and PEV-40 (see Table 1) standing 
for the all-electric range in miles respectively. The 
battery maximum capacity is not the sole factor deter-
mining the charging characteristics. The energy 
required for a recharge is directly and most strongly 
dependent on daily actual energy usage, based on 
driving patterns. Other factors influencing the electric 
range can be listed as driving habits, terrain type, 
weather conditions [17] and many more.  
From vehicle traffic investigations there is quite much 
information available on driving patterns. It is expected 
that the EV will not provide a significant change in 
drivers’ habits. Driving patterns are highly stochastic; 
however, the average trip of 42 km per day [3] could be 
indicated. This can vary based on location, for example 
if observing rural and urban areas [11]. Daily recharge 
energy required can be found basically using driven 
range multiplied by energy required per km. 
Battery charger of an electric vehicle can be a rather 
powerful load, reaching typically from 500 W until 
100 kW. Quite powerful chargers are required, if the 
EV battery with high energy capacity should be charged 
in a time convenient for the owner, that is, in limited 

number of hours. Most typical power ratings for 
chargers have been listed in Table 2 [18] [19]. Standards 
applicable for chargers have been laid out in [20]. 
 
Table 2. EV charger classification and expected costs 

 

Charging 
level 

Power, kW 
 

Approximate 
cost, USD 

Basic / 
opportunity 

1.4 … 1.9 
(Single-phase, onboard) 

500 ... 800 

Primary 3.5 … 6 (1-phase);  
8 … 19.2 (3-phase) 

1000 ... 3000 

Fast 50 ... 100  
(DC charging stations) 

30 000 ... 
160 000 

Ultrafast 200+  > 1 000 000 
 
The home-owners’ typical capabilities would be mainly 
using the EV on-board chargers. The single-phase 
charging would be especially popular as it uses the 
same power as provided by each common mains socket. 
Three-phase charging would be the solution appropriate 
with larger cars or if faster charging is needed. Still, the 
three-phase charging is expected not to be as popular 
for the house-owners as the single-phase charging. 
When more power or better connection to grid is 
available, it can be assumed that the EV could be 
charged also faster. Still the faster DC charging stations 
are likely to remain out of reach for a typical home-
owner as the expected price for establishing such a 
charging point can be quite high. The most basic 
charging set-up is expected to cost 500…800 USD [18] 
and three-phase charging equipment 1000…3000 USD 
[17]. Considering the price, EV usage and charging 
patterns, faster DC charging stations capable of half-
hour full charging and “ultrafast” stations capable of 
full charging in less than 10 minutes [19] are likely to 
remain enclosed with the service stations.  
The most common charging method would still be 
single-phase charging, which will bring additional 
power electronic load to the distribution grid. As a 
result, different power quality issues can emerge in the 
low-voltage residential networks which have had 
relatively low load up to now. The question arises – 
how many EVs home charging could the network 
support in a manner that the other customers are not 
affected? 
 

3. Expected network load 
 
It is expected that the EV charging load alone will not 
be significant enough to cause the deficiencies in power 
production nor shortage of transmission capacities once 
the initial EV charging load is introduced [13]. For 
example, additional energy production for supplying 
1 million EVs in Germany is estimated roughly at 
20 TWh, that is 0.3% of energy annually produced in 
Germany [22]. The first of the major questions therefore 
would not be the overall power production for the 
supply of EVs even at relatively significant penetration 
levels.  
The electrical engineers in charge of power supply 
management will more likely see the issues arising from 
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distribution networks. For the network operation 
planning, it should be first defined where and when the 
EVs are likely to be charged. An EV behavior model 
presented in [23] provides the vehicles most likely 
whereabouts during the daytime. These are driving, 
parking at home, parking at work, parking at shopping, 
parking elsewhere. The most convenient of these 
selections for charging is while parking at home, after 
arrival in the end of the working day (4 pm – 6 pm). 
Some of the EVs are likely also to be charged during 
the working time, there are estimations of charging start 
during lunchtime [4] [24]. For the distribution network, 
office charging is not considered as stressful as home 
charging. Latter poses higher simultaneity and the 
intense charging is expected to occur during the same 
time as the evening power peak (between 5 pm and 
10 pm). Additional load during this time means more 
expensive peak power production [21], affecting the 
price of electric energy. 
The amount of load added by the EV charging is also 
dependent on the charging management level. For the 
nature and management of the EVs, three control levels 
could be identified: uncontrolled or dumb charging, 
controlled or shifted charging and smart(er) charging 
[25]. The evolution of level of management and 
flexibility expected for the EV charging in the near 
future is laid out in [17] and [26].  
 
3.1. Uncontrolled charging 
 
The simplest charging scenario is uncontrolled 
charging, which can be defined as charging immediately 
when the EV is plugged in or in another case after a 
fixed delay set by user [27]. The issue of convenience 
here is that customers most likely expect that the EV 
would be charged as fast as possible after connecting 
the EV. Taking into account the lack of control 
functions from the grid towards the customer available 
at this time, it is likely that this charging scenario will 
be the initial one. Question from the network side 
would be that how far the EV penetration could reach 
before some other charging scenario would be needed.  
For the elimination of failures due to overload caused 
by uncontrolled EV charging, the probable worst cases 
would need to be addressed and there are some studies 
available describing these situations. Analysis has 
generally presented tolerable EV penetration up to 
20 ... 25% [28] [29] as no-problem range for the 
simplest charging scenario. Above this level the 
network components are very likely to suffer from 
overload. 
 
3.2. Controlled charging 
 
Charging with load shifting, compared to uncontrolled 
charging provides the EV owners less control of the 
process. There are two main methods proposed. The 
first is load shifting by the control of the network 
operator and price incentives, and the second one is 
household individual load shedding. Charging control 
could benefit from the presence of smart meters that are 
able to communicate with the distribution network 

operator. Using this, control commands would be sent 
to each EV [16] to start charging, when there is a 
surplus of power delivery capacity.  
Price incentives can be rather motivating to customers 
[31] [32] for load shedding and shifting the EV 
charging to off-peak periods. Local management with 
specifying household each load either as controllable or 
uncontrollable [33] or priority systems could be used. 
Simple examples of simpler prioritization of local loads 
are available from Finland [12]. When sauna stoves are 
turned on, space heaters are turned off to relieve the 
power usage.  
There are several case studies, pointing out the peak 
power load decrease due to charging control and the 
gained benefits. Described in [30], the charge shifting 
for time between 4 pm and 8 am is observed while 
3.5 kW charging power is used. In this case 
uncontrolled charging, peak demand is reported over 3 
times higher than in case of diversified (time shifted) 
EV charging. This means that significantly higher EV 
penetration could be reached without network overload. 
It has been presented in [34] that using controlled 
charging at 46% penetration level could allow reducing 
peak power to previous daily peaks. In [11], 
possibilities to reduce the overload by half, presuming 
100 % EV penetration, have been presented. It has been 
also pointed out that if the charging occurred at off-
peak, the power grid in USA as it is now could handle 
84% EV penetration [35]. 
 
3.3. Smart charging 
 
To further improve the network operation intelligent 
charging control could be implemented. For realizing 
the smart charging control, more complex aspects of 
network operation are observed and two-way 
communication is a perquisite [33]. Furthermore, there 
should also be a charging agent present, this is a 
computer system responsible for giving priorities, 
providing the charging commands and using a scenario-
based management algorithm to reach the goals of the 
smart charging process. Although in theory the smart 
charging applicability and success could be proven, the 
consumers may want or need to charge their EVs as fast 
as possible [14], therefore it might not be acceptable 
when the user has only littlest control on the charging 
schedule. Charging could be controlled from the 
network operator side, but also local agent options have 
been proposed. One of such is presented as a concept of 
local energy hub, described in [36], which would bring 
the control of the charging closer to the customer. 
Smart charging algorithms could target load leveling for 
avoiding highest power peaks and for leveraging the 
effect to the networks, by limiting usage of power that 
the chargers can provide [32] [37]. Another target could 
be highest utilization of renewable resources for 
charging the vehicles [21]. A proposal to use smart 
charging algorithms to avoid charging with highest 
transformer temperatures has been presented in [38]. 
The smart charging management has been shown to 
provide better results than for example, the tariff-based 
charging control incentives [32]. It is yet difficult to 
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estimate the most likely scenarios adopted, as the wider 
deployment of smart meters and devices capable of 
smart control in the grid is yet in the future. 
 

4. Voltage drop and voltage in PCC 
 
Charging load is expected to provide higher currents 
and additional voltage drop is expected on the 
transformers and cables. By EN50160 [10] voltage 
deviations of 10% are tolerated up to 95% of the total 
time. This will be problematic for the customers furthest 
from the supplying substation, who would also like to 
use the network for the EV charging. This means that 
attention should be on the weakest node and worst case 
scenario [39]. The closer the customer is to the 
substation, the higher would the allowed power for the 
charger be.  
Analysis considering limit line length and expected 
voltage drop has been presented in [22] observing both 
urban and rural networks. An estimate is provided on 
how long section of distribution line would accom-
modate specific number 2 … 8 of charging EVs. The 
lengths have been identified as 700 m down to 300 m 
respectively, correlating with the suggestions of the 
previous analysis.  
The winter and summer load in Central European 
conditions and added EV charging load effects have 
been presented in [16]. Analysis is focusing on the 
different power demand time-frames and power peaks 
associated with them. It is presented that the maximum 
voltage deviation is likely to remain well under 10% in 
case of EV penetration levels of 10 and 20%. The 
simulations present that the voltage deviation is likely to 
reach 10% for EV penetration level of 30% or slightly 
above. Similar conclusions have been drawn in [30] 
where several different scenarios are presented for the 
voltage drop analysis. Results of 16 A charging in a 
230 V network (3.5 kW) are indicating that EV 
penetration level around 28% would provide 10% 
voltage drop in the end of the line. 
In some cases the voltage drop can be observed with 
stricter levels. Results of analysis using 5% voltage 
level tolerance have been presented in [27]. It is 
concluded that the tolerable range for EVs would be 
less than 15%, as this penetration level would provide 
voltage drop of 6%. This assumption is using the 
chargers with lowest power rating, however for more 
powerful chargers the voltage drop is expected to be 
even more significant. 
The voltage drop and voltage deviation analysis 
discussed above was observed in scope of uncontrolled 
EV charging load. These studies are presenting similar 
results to network overall loading discussed with the 
uncoordinated charging case. It could be concluded that 
EV penetration up to 30% would probably not cause 
significant violations in voltage level limits. 
 

5. Voltage unbalance 
 
Most likely type of EV chargers to be deployed would 
be the single-phase chargers found onboard the EV. In 
general, it can be expected for a larger number of 

customers and three-phase system, the current of single-
phase loads would be distributed evenly among the 
three phases. However, the EV charging differs from 
other single-phase loads due to longer charging times 
and higher coincidence [9]. Given the stochastic 
characteristics of the EV owners, there is a good 
possibility that at some time instances the charging 
current in one phase is significantly higher. The current 
imbalance will in turn cause voltage unbalance on the 
distribution transformer, leading to high currents in the 
neutral conductor. 
The unbalanced voltage in three-phase network can be 
observed as a sum of positive, negative and zero 
sequence voltage components. The voltage unbalance is 
commonly observed as negative sequence unbalance, a 
relation of negative sequence voltage to positive 
sequence voltage 
 

 %100%
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2
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U

U
u ;    (1) 

 
where U1 is the positive sequence voltage and U2 is the 
negative sequence voltage of frequency 50 or 60 Hz. 
The compatibility levels in LV networks have been set 
by standard at 2% [40]. However some authors have 
also been using stricter numbers as 1.3% [41]. A 
common residential area expected unbalance, without 
EV charging, is likely at 1% or even over this limit [9].  
The unbalance that could occur in the network when EV 
charging is added is dependent on the charging current. 
A comprehensive analysis has been presented in [9], 
observing network with 200 customers supplied by 
400 kVA transformer. Using random single-phase load 
placement with 1000 different variations introduced, it 
is presented that while the expected unbalance for the 
equipment with 5 A load currents is quite low, multiple 
single-phase loads having 20 A load current are likely 
to cause unbalance over 2%.  
Voltage unbalance sensitivity definition has been used 
in analysis in [8]. With the sample load configuration 
used, it is reported that there is almost 0.9% voltage 
unbalance in the beginning and over 1.8% unbalance in 
the end of the feeder, without charging load. For similar 
stochastic scenario with Monte Carlo method used, a 
likely distribution of voltage unbalance in the furthest 
feeder is presented. The EV penetration of 30% is 
assumed in the network utilizing chargers with 20 A 
load current during the simulation. Average voltage 
unbalance is presented as 1.89%, however it is 
presented that for 34% of occasions the 2% voltage 
unbalance would be exceeded in the end of the longest 
feeder. 
It is rather difficult to estimate what is the resulting 
voltage imbalance for a defined EV penetration rates. 
From the results of the studies it is likely that the EV 
charging would cause exceeding the standard limits.  
 

6. Harmonic currents and voltages 
 
Every non-linear load in the network produces non-
sinusoidal current waveform. Such current can be 
represented using a sum of different sinusoidal voltage 

165



 

and current components having different harmonic 
frequencies. The amount of harmonic voltage and 
current components, compared to the mains frequency 
sinusoidal component, is presented with the total current 
harmonic distortion THDi, calculated as 
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2
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where h is the harmonic order number, H is the highest 
number of harmonic observed, Ih is the RMS-value of 
the current h-th harmonic component and I1 is the mains 
frequency current component RMS value. Similarly, the 
total voltage harmonic distortion THDv is calculated, 
but with the current values in (2) replaced with 
respective voltage values. 
The harmonics associated with the EV charging are 
directly related to charger topology. EV battery requires 
DC for charging and the simplest approach is to use a 
single-phase full-bridge rectifier, for higher power 
ratings three-phase diode rectifiers could be 
implemented. Shortcoming of all the uncontrolled 
rectifiers is the high current harmonics provided to the 
AC power networks. Measurements of different first-
generation chargers have been presented in [42], 
revealing uncontrolled or low-control rectifiers with 
average THDi of 50%. Modern EV chargers, based on 
controlled fast power electronics, could provide THDi 
well below 5% at load range 50…100% of rated power 
[43]. Measurements of modern commercial EVs [44] 
[45] present charging THDi of 11.6, while also lower 
THDi has been indicated in [46] at around 4.5%. 
The harmonic currents can cause presence of significant 
harmonic voltages. The standard [10] limits the 
permissible THDv to 8%, however in many cases lower 
limits could be set. Worst-case study of residential 
network harmonic voltages has been presented in [47] 
where a smaller LV network with 15 kVA supply 
transformer is observed. Using highest permissible 
limits for a commercial charger set by standard [48], 
worst-case current waveforms were constructed, 
resulting in charger THDi of 17.3%. The network was 
also loaded with typical household appliances for 
balance, with background THDv of 1.5%. It is reported 
that with all households having EV (penetration 100%) 
the THDv is expected in range from 2.6% to 5.2%. 
However, a case is also presented for lower penetration 
of 50% where THDv is not increasing due to addition of 
EV charging, but remaining at 1.5% level. This kind of 
variation in harmonics levels can be expected, as 
different loads can provide the harmonic cancellation 
[49] effects. This effect occurs when harmonics with 
different phase angles provide a sum in the magnitude 
that is smaller than the individual harmonics magnitudes 
together. Though mentioned in several papers, there is 
actually quite little practical research on the rate of the 
harmonics cancellation associated with EV charging 
and normal household loads.  
A worst-case simulation presented in [50] observes the 
network not as a lumped model but the effects of cables 

have been included. This way, the THDv, dependent 
also on the harmonic voltage drop on the cables, due to 
the harmonic current present in the cable, can be 
analyzed for the consumer furthest away from the 
supplying transformer.  
Prediction of voltage distortion levels has been analyzed 
in [51], taking into account the probabilistic nature of 
the EV charging currents. The worst case scenario is 
observed as the time with least residential linear load 
available during nighttime. EV penetration of 50% is 
assumed and voltage distortion is calculated for 
individual buses. The method presented gives a 
probabilistic output, revealing the expected probability 
of a voltage distortion above allowed value. This 
method has its virtue in the fact, that the modern power 
supply standards [10] state the requirements fulfillment 
for a specified portion of time. The probabilistic method 
could be used to determine the probability of each bus 
to exceed or meet the requirements. 
 

7. Conclusions and discussion 
 
Observing the results provided in the studies discussed, 
it could be assumed that the EV penetration rate of 
20…25% would be tolerable to present distribution 
networks. This figure seems to apply for both overload 
as well as power quality issues. It should be kept in 
mind that expected lifetime of the network components 
is such that the new networks planned today might have 
to face substantially high EV penetrations. Therefore, 
some new approach on network planning would be 
beneficial considering the future. 
Especially the expected voltage unbalance and 
harmonic levels are rather unpredictable and depend on 
several stochastic factors. In essence high levels of 
voltage harmonics and unbalance are possible even with 
low EV penetration. It would need more research to 
determine the likely levels associated with everyday EV 
charging to ensure that even present networks would be 
capable of providing support for the first breakthrough 
of EVs. 
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Abstract: This paper presents the results of the research 
performed to assess the distribution of voltage unbal-
ance between different voltage levels due to the connec-
tion of 25kV AC electric railway system. Typically this 
type of AC railway system is connected to the high 
voltage electrical network between two phases and 
therefore can be considered as a significant source of 
voltage unbalance. In the paper a discussion on the 
influence of the voltage unbalance distribution between 
high voltage and low voltage networks is given. More-
over, the results of the research provide indication that 
there is a straightforward relation between the electric 
railway system and low voltage residential electricity 
network. The paper covers the electrical network and 
traction system modeling aspects and presents the re-
sults of the case study. 

 
Keywords: Power quality, power system analysis, 
PSCAD, traction power supplies. 

 
1. Introduction 

 
AC electrified railway systems are common around the 
world and there are substantial amount of research re-
sults available about the problems concerning interac-
tions between electrified railway systems and power 
grids [1]-[5]. These studies and existing practice show 
that adding AC fed railway system to the grid has nega-
tive impact on power system due to the relatively high 
proportion of unbalanced load.  
The development of electrified railway systems in Eu-
rope has been parallel with the overall development of 
the power systems and therefore most of the problems 
were solved or taken into account during the design 
phase of the new transmission networks [1]. However, 
in different counties there are different technical solu-
tions to mitigate problems which rose with connection 
of AC fed railway and also different traction system 
design principles are implemented [1].  
In the Rail Baltica project, the most probable approach 
to consider, regarding the possible connection, in the 

future is the 50Hz AC powered electrified railway sys-
tem [6]. Based on the available information it is im-
portant to assess the influence of the planned railway 
system because the current system configuration and 
design principles used have not considered this type of 
loads peculiarities. Due to this possible negative impact 
on the Estonian power system operation is uncertain. 
With this study, the authors are continuing the research 
of the voltage unbalance caused by the AC fed electric 
railway system on the basis of Estonian power grid 
example. Similar study is also performed in Finland 
where existing electric railroad traction system impact 
on transmission network is analyzed [2].  
Studies [2]-[5] describe voltage unbalance and affected 
power quality issues caused by traction system spread-
ing to the distribution network and it can be assumed 
that as a result the consumers connected to the low 
voltage distribution network are influenced. 
In this paper, electric railway systems influence to the 
residential electrical installations is analyzed. The study 
is performed using models created in PSCAD software. 
The results of the analysis are applicable to be used as 
an input for study scenarios and to provide input for the 
Estonian power system development plans. 

 
2. Overview of the transmission system model 

 
Authors’ previous studies have concentrated on the 
influence of electrified railroad traction systems load to 
the transmission system. The interest has been to deter-
mine the disturbance level and its accordance with the 
transmission system operator (TSO) power quality 
standards [7]. 
In [3], the transmission system model was compiled to 
determine the voltage unbalance level caused by electric 
railway system and its distribution between the trans-
mission network substations. In the second paper [4] the 
combined heat power plant model was incorporated to 
the transmission network model in order to determine 
its influence on voltage unbalance in transmission sys-
tem level. 
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Transmission network PSCAD model used in this study 
is further developed version of the model in [4]. Com-
pared to the previous studies the power supply condi-
tions outside of the selected transmission system frag-
ment have changed. Because of that the model dynam-
ics and overall electrical strength has changed compared 
to models in [3] and [4].  
Additional model tuning has been made in order to 
obtain appropriate voltage unbalance factors. The influ-
ence of the PSCAD model calculation time step was 
analysed and it was determined that corresponding 
value should be less than 4.5 µs. The specified voltage 
unbalance factors in transmission network level are 
presented in section 4. 
The short-circuit power values which describe the 
transmission network strength are provided in Table 1. 

 
Table 1. Transmission network substation short -circuit power 

 

Substation Short – circuit power (MVA) 
SS1 (110kV) 920 
SS2 (110kV) 450 
DS1 (110kV) 655 
DS2 (110kV) 190 
DS3 (110kV) 705 

 
Simplified scheme of the modeled transmission network 
with combined heat power plant, distribution network 
and consumer residential electrical installation is pre-
sented in Fig. 1. The transmission network fragment 
loads are at the same level in distribution substations as 
in [4]. 
 

 

 
 

Fig. 1. Principal diagram of the modeled power system 
 
 

2.1. Combined heat power plant model (CHP) 
 

The combined heat and power plant model used in this 
study corresponds to those plants which have been built 
in Estonia. The modeled maximum electrical power of 
the CHP is 25 MW and thermal power is 50 MW. More 
detailed description of the CHP is provided in previous 
study [4]. 
Model of the combined heat and power plant is con-
nected to the distribution substation 2 as seen from 
Fig. 1.  

 
2.2. Electric railway traction system model 

 
The approach for traction system model is the same as 
in [3], [4]. The up and down contact lines are fed from 
separate transformers which allowed to use simplified 
representation of traction system model in the PSCAD. 
The general scheme of the modeled system is presented 
in Fig. 2. In order to represent two rail track system the 
traction system is modeled consisting of two parallel 
center fed contact feeder lines. 

 

 
 

Fig. 2. Principal diagram of the traction system 
 

The contact feeder line system is modeled in PSCAD as 
PI segments with longitudinal impedance 
(0.169+j0.432) Ω/km and with a shunt capacitance of 
0.011 µF/km at 50 Hz. These PI section values are very 
approximate representation of electric railway contact 
line system. 
The traction system load was modeled consisting of 
three trains each with rated power 5.5 MW and power 
factor of 0.8. The trains are modeled as fixed lumped 
loads to represent their movement with stable speed and 
while using maximum rated power. The modeled trac-
tion system load parameters are similar to the ones used 
in [2]. 

 
3. Distribution network model 

 
In the study the voltage unbalance and power quality 
issues caused by traction system connections are ana-
lyzed on the consumer level. Accordance with the aim 
of this study the simplified theoretical distribution net-
work model is incorporated to the transmission network 
model.  
The model does not cover full distribution network, it 
only covers selected radial feeder lines as seen on Fig.1. 
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For this study the lines are selected to represent the 
consumers which are electrically farthest from transmis-
sion system. 
The parameters used for modeling these feeder lines are 
presented in Table 2. 
 
Table 2. Distribution system line parameters 

 

Line R (Ω) L (mH) 
L6 5.06 6.00 
L7 2.53 3.00 
L8 3.795 4.5 

 
The Distribution substations lumped loads were redis-
tributed so that introduced residential network load did 
not change the overall distribution substation load.  
The low voltage simplified network model consists of 
lumped load and longest low voltage feeder line model. 
The line supplies private consumer electrical installation 
with maximum current load of 3x10A. The low voltage 
network consists of small cross-section aluminum wires 
with TN-C voltage system. This system is representing 
the installations which were built many decades ago 
using GOST standards. These electrical installations are 
considered to be more sensitive to disturbances and 
voltage unbalance than modern electrical installations.  
The small distribution transformers in Fig. 1 were mod-
eled using typical parameters corresponding to common 
values of these type of transformers.  
The total load value on the low voltage side was select-
ed to be equal to distribution transformer rated power. 
The loads were modeled with PSCAD standard library 
load models with fixed dP/dV and dQ/dV characteris-
tics to exclude any effects caused by the load models. 

 
4. Simulation results 

 
The analysis of voltage unbalance distribution in trans-
mission system and between different voltage levels 
was carried out according to TSO requirements for 
power quality [8]. The requirements limit maximum 
allowable voltage unbalance factor for single connected 
load to 1% and overall voltage unbalance in transmis-
sion network to 2%. Equation (1) is most commonly 
used for calculating voltage unbalance factor (VUF) [8]: 
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where ka is unbalance factor, U2 is voltage negative 
sequence component and U1 is voltage positive se-
quence component. 
Alternatively equations (2) and (3) can be used to assess 
VUF [2; 5]: 
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where UAB, UBC, UCA are measured line to line voltage 
values. 
In this study Equation (1) is used due to the possibility 
to compose this in PSCAD using only standard library 
components. Detailed description of the measuring tool 
used in this study is provided in [3]. 
Due to further development and optimization of model 
new baseline results are established for the transmission 
network level. To provide comparable results with [3] 
and [4] the simulation was carried out in two stages, 
with and without CHP connected to the grid. 
The results of the baseline simulation to determine the 
voltage unbalance caused by introducing AC electric 
railway system to existing transmission network are 
provided in Table 3.  

 
Table 3. Transmission network VUF by substations 

 

Substation Unbalance factor 
without CHP (%) 

Unbalance factor with 
CHP (%) 

SS1 (110kV) 1.54 1.34 
SS2 (110kV) 1.20 1.00 
DS1 (110kV) 2.13 1.93 
DS1 (35kV) 2.13 1.93 
DS1 (10kV) 2.13 1.93 
DS2 (110kV) 1.95 1.75 
DS2 (10kV) 1.95 1.75 
DS3 (110kV) 1. 91 1.71 
DS3 (10kV) 1. 91 1.71 

 
In the Table 3 the indexes SS1, SS2, DS1-DS3 corre-
spond to system substation 1 - 2, distribution substation 
1-3 according to Fig. 1.  
The results presented in Table 3 outline that traction 
system causes unacceptable level of voltage unbalance 
in transmission network according to TSO established 
power quality requirements for 110V networks [8]. 
CHP capability to mitigate VUF is 0.2% as seen from 
results in Table 2. 
Compared to the previous studies [3]-[4] the results of 
VUF’s in the current study are higher. This is due to the 
improvements made with model optimization and tun-
ing. Results of model tuning outline that compiled mod-
els sensitivity to calculation time step which may cause 
inaccuracy in VUF measurement. Compared to the 
similar study conducted in Finland [2] the results for 
Kainuu transmission network are in the similar range. 
The Finnish results range from 2.1% to 1.1% for the 
Kainuu 110kV network and in the current study the 
VUF results range from 2.3% to 1.2%.  
From the established baseline the transmission system 
the VUF in the residential electrical installation is de-
termined. The simulation results with distribution net-
work model are presented in Table 4. 
In the Table 4 the indexes DS1-DS3, RS1-RS3 corre-
spond to distribution substation 1-3 and residential area 
substation accordingly as seen on Fig. 1. The REI 1-3 
symbolizes residential electrical installation 1-3. 
Simulation results presented in Table 4 indicate that 
voltage unbalance from transmission system level dis-
tributes directly to the distribution network and from 
there to residential electrical installations.  
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Table 4. Distribution network VUF by substations 
 

Measurement point Unbalance factor (%) 
DS1 (10kV) 2.13 
RS1 (10kV) 2.26 
RS1 (0.4kV) 2.26 
REI1 (0.4kV) 2.30 
DS2 (10kV) 1.95 
RS2 (10kV) 2.02 
RS2 (0.4kV) 2.02 
REI2 0.4kV) 2.06 
DS3 (10kV) 1.91 
RS3 (10kV) 1.98 
RS3 (0.4kV) 1.98 
REI3 (0.4kV) 2.01 

 
The voltage unbalance from higher level of power sys-
tem causes lower levels to operate under unbalanced 
condition. Because of that the VUF increases in distri-
bution network and in REI. By comparing voltage un-
balance in DS, RS and in REI measurement points it 
can be easily observed that most of the VUF increase 
takes place in the distribution network. Comparing 
results presented in Table 3 and Table 4 indicates that 
transformers with different vector groups do not affect 
the VUF as the results in primary and secondary side 
are the same. 
 On the basis of these results it can be concluded that 
voltage unbalance caused by 25kV AC electric railway 
system affects all other consumers connected to this 
transmission network. 
The unbalanced voltage in REI causes current in the 
neutral wires. The traction system caused neutral cur-
rents in consumer electrical installations are presented 
in Table 5. 

 
Table 5. Measured REI neutral currents 

 

Measurement Point In (A) 
REI1 (0.4kV) 2.10 
REI2 (0.4kV) 1.90 
REI3 (0.4kV) 1.77 

 
Measured neutral currents from the model are noticea-
ble for the old Soviet era electrical installations where 
TN-C voltage system is applied. Assuming that residen-
tial electrical installation was built with small cross-
section aluminum wires with maximum rated current of 
10 amperes, the neutral currents would cover range 
from 17.7% to 21% of the maximum allowable current. 
Due to continuous nature of the voltage unbalance this 
may lower the electrical installation capability to handle 
additional disturbances. Also the neutral currents would 
contribute additional heat to the cables and create safety 
risks in the electrical installation.  
The neutral current assessed in this case should not pose 
direct electrical safety issues if the electrical installation 
is maintained and has a good grounding system. With 
weak or unreliable grounding system or lack of mainte-
nance it can be contributing factor to other disturbances 
in the low voltage network. The neutral current in com-
bination with other factors could cause electrical safety 

problems and financial losses through damages to the 
electrical installation and devices. 

 
5. Conclusions and future work 

 
This paper presents analysis results which show that 
voltage unbalance caused by electric railway system 
distributes from transmission network level to residen-
tial electrical installations. The voltage unbalance rises 
mainly in distribution network due to supply voltage 
unbalance which affects the distribution system loads 
and power losses. The results give basis to the assump-
tion that all consumers connected to the transmission 
system are directly affected by the voltage unbalance.  
The analysis of neutral currents in low voltage networks 
indicate that voltage unbalance causes neutral currents 
in the residential electrical installations. The neutral 
current level in this scenario may cause indirect electri-
cal safety issues and possible financial losses to con-
sumers through damaged devices and electrical installa-
tion. 
The simulation results in this paper indicate that in the 
future works has to incorporate more detailed distribu-
tion system model.  
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Abstract: efficient small-scale wind turbines in windy 
localities can be applied for power and heat supplying 
into the buildings and therefore demand of such wind 
turbines is high. Development of new advanced small-
scale wind turbines often involves modelling in the 
initiate stages of designing. Modelling was applied for 
the assessment of aeroelasticity and strength of wind 
rotor blades of small-scale vertical axis wind turbine 
and described in this paper. A picture of wind turbine 
blades profile deformation was made for the assessment 
of the applied modelling method reliability. The same 
deformations were determined from the wind turbine 
blades photos taken during the natural experiments. It 
was confirmed that results received by means of 
modelling are reliable enough.  
 
Keywords: wind turbines, blades, modelling of loads, 
deflection, strength, finite element analysis. 
 

1. Introduction 
 
Installation of small-scale wind turbines is steadily 
increasing as well as installation of the large-scale wind 
turbines. Development of small-scale wind turbines 
employment could be even more impressive in case of 
reduction of the expenses of their production and 
installation. Technical and economic efficiencies of 
small-scale wind turbines (WTs) are very different. 
Identification of small-scale WTs sometimes is 
problematic. Some of them have low technical 
efficiency and are very expensive. This is true for both 
varieties of WT – for the horizontal axis wind turbines 
(HAWT) and vertical axis wind turbines (VAWT). 
Therefore a criterion was suggested for preliminary 
assessment of technical and economic efficiency of a 
small WT in reference [1]. Advantages and 
disadvantages of HAWT and VAWT are analysed in 
references [1, 2]. Efficient, reliable and not expensive 
small-scale WTs can be successfully applied in the 
distributed energy systems for power and heat supplying 
into the buildings [3, 4, 5] and for power generation in 

the microgrids [6]. This is why interest in efficient 
small-scale WTs is very high.  
Experts from the International Science Panel on 
Renewable Energies (ISPRE) highlighted the main 
targets for improving of the WT and reduction of their 
prices during the coming years. The main problems to 
be solved include investigation of intelligent materials 
for WTs, reliability issues, advanced blades, 
investigation and application of new nano-materials for 
blades, incorporation of recyclable materials in the 
WTs, integral structural intelligence and other [7]. 
Solving of the mentioned above problems will pave the 
way for development of less expensive WTs produced 
from less expensive materials and components while 
maintaining high efficiency and reliability of the 
turbines. It will allow elaborating of updated small-scale 
WTs designed for the open and windy localities for high 
and medium wind energy resources, urban and 
periurban areas. The target to be achieved for the price 
index of small-scale WTs is considered about 
1000 €/kW. 
Modelling of the WT‘s wind rotor is often used in the 
initial stages of design for the evaluation of aeroelastic 
stability and strength of blades and other elements [8]. It 
allows significant reduction of the designing duration 
and expenses as well. It also provides possibility to 
change in a short time the materials and other initial 
data required for the designing.  
 

2. Object of investigation 
 

In this paper impact of the wind-caused acting forces to 
the blades of the wind rotor of the experimental VAWT, 
which rated capacity is 5 kW, was investigated by 
means of modelling. 
Laminar and turbulent air fluxes make various actions to 
the turbine blades during the wind turbine rotation in 
natural conditions. 
Wind rotor of vertical axis is rather effective for the 
generator’s shaft rotation torque development but, from 
other hand, it is very sensitive to the actions of strong 
wind-created air flow fluctuations. 
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It is practically known that small-scale vertical axis 
wind turbines exploitation show big rate damages 
caused by the strong wind because of the insufficiently 
correct wind rotor design and wrong choice of materials 
for its construction elements and fastening system. 
Damages of the wind rotor are not only the losses of 
materials, but also they can be harmful for the 
surrounding objects and people.  
A small scale wind turbine with synchronous generator 
capacity of 5 kW was designed for the simulation and 
investigation of the wind impacts to the main parts of 
wind rotor. Picture of the investigation object is 
presented in Figure 1. The main parameters of wind 
rotor and the maximal supposed outside load data are 
presented in Table 1. 
 

 
 

Fig. 1. Picture of the investigation object 
 
Calculation of maximal loads for wind turbine’s 
construction elements at the maximal wind speed was 
performed (see Table 1).  
If the wind speed exceeds the set maximal value, the 
automatic switch to the not hazardous state of wind 
turbine operation necessarily must be performed. The 
maximal rotational velocity of the vertical axis wind 
rotor is 145 rev./min. It can be got at the permanent 
wind speed 20 m/s. It is a typical storm wind speed in 
Lithuania.  
The variations of air parameters are not critical point for 
the modelling and investigations because of not 
important deviations in the dedicated area. Sometimes 
blades icing phenomena exists depending on the 
environmental conditions and this is included into the 
calculations and designed in the experimental wind 
turbine model. 
 

Table 1. Main parameters of the designed wind turbine and 
supposed maximal wind-caused loads 
 

Parameters Notation 
Parameter’s 

value 
Units 

Supposed max environmental conditions 
Wind turbine angular 
velocity 

ωv 15.177 rad/s 

Max supposed wind 
speed 

v 20 m/s 

Average air density q 1.23 kg/m3 
Average air viscosity γ 1.45·10-5 m2/s 
Air temperature T 15 0C 

Main parameters of the designed wind rotor 
Length of blade l 4 m 
Chord cy 0.33 m 
Surface area Sm 1.32 m2 
Weight of one blade  m 11.5 kg 
Number of blades n 3 – 

Wind turbine loads 
Aerodynamic load Fn 2362.41 N 
Centrifugal force Fi 5297.85 N 
Calculated load qsk 13141.75 N 
Blade torque Ms 203.48 Nm 
 
Wind turbine’s rotor has 3 blades. Each of them has 4 m 
length, 0.33 m width and weight 11.5 kg.  
 

3. The main acting forces 
 
Blades of the wind rotor and turbine’s design must 
withstand wind-caused forces with large enough reserve 
and ensure effective rotation of power generator. 
Simulation methods allow saving of time for designing, 
well understanding of different wind forces impacts for 
designer and help to choose right shapes of the wind 
rotor design, fastening system and materials. 
Autodesk Simulation Multiphysics software was used 
for determination of the wind created forces actions to 
wind rotor construction parts. Main forces acting to the 
vertical blade are described below. 
Aerodynamic force (creates the rotational motion of the 
turbine) distributed by the blade surface can be 
expressed as follows [9]:  
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where Cy – the resistance coefficient; ρ – the air density 
= 1.225 kg/m3; ω – the turbine rotation speed, rad/s; R – 
the turbine radius, m; Vmax – the rated wind velocity, 
m/s; S – the blade area, m2. 

 

Centrifugal force 
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where m – the blade‘s mass, kg; ω – the turbine’s 
rotation speed, rad/s; R – the turbine radius, m. 

 

Wind rotor’s steady state wind acting force [9] 
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where Cx – the resistance coefficient; vst – the storm 
wind speed, m/s. 
 

Wind rotor’s blade gravity force 
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where Fsm – the blade gravity force, N; neks = 1.5 – the 
overload factor; f  = 1.2 – the safety factor; Sm – the 
blade area, m2; cy – the blade chord, m. 
 

Vectors of the above mentioned forces are presented in 
Fig. 2 [10]. 
 

 
 
Fig. 2. Scheme of the one blade’s track and acting forces 
vectors of the vertical axis small scale wind turbine:  
Fk

 
– the lift force (perpendicular to the rotational velocity 

vector uv); Fp
 

– the resistance force (acts in parallel to 
rotational velocity vector uv ); Ft – the blades pull force, Fn

 
–  

the normal force acting to the wind turbine axis; A. c. – the 
aerodynamic center 

 
All these actions make impact to the wind rotor 
construction. Authors have a target to analyse week 
points of the vertical axis wind rotor design and to 
define its strength limit values by using the simulation 
method in order to suggest to wind rotor makers how to 
improve construction strength using the best suitable 
shapes and materials for the wind rotor parts and to 
avoid of possible particular wind rotor construction 
damage. Aerodynamic and centrifugal forces make 
impact to the wind turbine during the operation time. 
The steady state wind acting force acts when the turbine 
do not rotates (see Table 1). 

The main wind rotor’s parts laying under strongest 
impact of the wind forces are: 
 

 wind turbine blades; 
 blades fastening part; 
 fastening screws. 

 
4. Modeling of the mechanical wind turbine blades 

strength 
 
Design of the wind turbine’s blades was done using 
Autodesk Inventor Professional Suite 20121 software. 
Model for the blades strength investigation was created 
using Autodesk Simulation Multiphysics 20122 
software. Before blades strength model simulation 
design drawings data were corrected:  

 

 Auxiliary design planes, axes, lines, marking 
points were removed from the drawings; 

 Parameters and constants of materials of the 
main wind rotor construction elements, which 
were used for fabrication of the investigation 
object, were described; 

 Contacts between the wind turbine structural 
elements (walls spar components, used blade 
coating and fasteners design) were inserted into 
the simulation model;  

 Reasons of the finite element program choice 
for the wind rotor components are presented 
below. 
 

Maximal wind exposed load (see Table 1) was used for 
the investigation of parts of the wind turbine’s rotor 
construction. The main reaction forces to the wind rotor 
construction elements are presented in Figure 3.  
 

 
 
Fig. 3. Reaction forces to the wind turbine construction: Fn

 
–  

the normal force acting to wind turbine axis; Fi – the 
centrifugal force, acting from the mass of the element 
(reaction forces F1); Qx – the barred force and Ms – the 
rotational torque acting to the blade fastening elements 
(reaction forces F2). 
 

                                                            
1http://usa.autodesk.com/autodesk-inventor/ 
2http://usa.autodesk.com/adsk/servlet/pc/index?siteID=1
23112&id=13773836 
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FEA elements items menu explanation. Autodesk 
Simulation Multiphysics finite elements program was 
used for modeling of the wind turbine construction 
parts. First of all, various wind turbine construction 
parts have a different material structure and different 
physical shape as well. The different finite elements 
from the programme were selected in order to evaluate 
more strictly the wind action to all of them and 
approach maximally the model to reality.  
3D BRICK type element was selected for modelling of 
inner and outside fastening parts (see Figure 4). 
Properties of the mentioned above element allow 
adapting it to each wind rotor part specifics. Isotropic, 
plasticity, creep, viscoelastic, electrical and 
piezoelectric properties of the part structure may be 
evaluated [11]. 
As it was ascertained by investigation of strength of the 
wind rotor elements, the most reliable and least 
expensive parts of the construction can be made from 
the multilayer tubular materials.  
SHELL type finite element was selected for blade spar 
modelling. It is 3D finite element which allows 
including the thickness of the element to the model 
nodes and material properties used for investigated part 
of wind rotor construction. So, every node of the 
selected model may include isotropic, anisotropic, 
plasticity, hyper plasticity, creep, increasing stiffness, 
thermoplastic, viscoelastic, composite, large 
displacement and large deformation properties of the 
element and all deformation types can be evaluated 
[11]. 

 

 
 

Fig. 4. BRICK type finite element. It includes 21 nodes 
 

THICK COMPOSITE type finite element was used for 
the layered blade modeling. Every finite element of the 
blade model is composed from the multilayer elements 
interacting interdependently.  
The mentioned above structure of the element was 
chosen in order to include in the model strict design of 
the investigated wind rotor. Composite materials of the 
blades layers were included to the model accordingly 
with the recommendations of the simulation programme 
[11]. 
 

 
 

Fig. 5. Four layers THICK COMPOSITE finite element 
 

FEA meshing. Selected algorithms give possibility to 
create optimal enough finite element mesh of wind 
turbine’s rotor component. Wind turbine blade was 
made from multilayer composite material. 

 

 
 
Fig. 6. Picture of the samples: finite element mesh for wind 
turbine blade and fasteners, 3349031 units and 2214177 totally 
in the model 

 
Structure of composite material hypothetical 
periodically repeated layers was done using thick 
composite element for the modeling of blade. 
The thickness of the one composite layer is 0.27 mm. 
The filament orientation angle α of each material layer 
is included into the model as well.  
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Fig. 7. Picture of the composite material finite element mesh 
for blade and fasteners. Blade mesh composition: 695473 
nodes and 570312 elements Size of the blade element – 
7.50642 mm 
 

5. Results of investigation 
 
Analysis of the finite element models allowed accurate 
assessment of stress in the parts and construction. 
Figure 8 submits the stress distribution of various 
elements of the blade attachment which shows the 
strength requirement to the design and construction of 
the blade components.  
 

 
 
Fig. 8. Modeling result of the wind turbine blade and fastening 
element 

 
The knowledge of stress distribution allows right 
selection of suitable materials and manufacturing 
technology that guarantee strength of the components. 
Indirect investigation methods were applied as well. The 
investigation was done by taking pictures of the wind 
rotor parts deformation in natural conditions under the 
wind-caused forces. It was found that the simulation 
results well correlate with the natural deformations 
estimated from the pictures, which were taken during 
the natural experiments. 
The elaborated finite element model for the design of 
given wind turbine parts allow evaluate the strength in 
not destructive way and in short time. Maximum wind 
power load creates in the blade 343·106 Pa strain for the 
investigated model (see Table 1). Strain distribution of 
wind rotor different samples is shown in Figure 9. 

 

 
 
Fig. 9. Strain distribution in the fastening parts of blades at 
maximally loaded wind turbine (see Table 1) 

  
Picture of wind turbine blades profile deformation was 
made (see Fig. 10) for the reliability assessment of the 
applied modelling method. The results of modelling 
were compared with deformations determined from the 
photos of wind turbine blades taken during the natural 
experiments. Coincidence of the results received by 
means of modelling and natural experiments is about 
90 %.  
Modelling results show that all strains of the wind 
turbine blade adopt one of the key elements of the blade 
construction – spar. A special attention have to be paid 
to the walls of spar and interconnection characteristics 
of the spar elements in the analysis of wind turbine 
blade‘s spar construction in approach of fatigue. 
 

 
 
Fig. 10. Result of the symmetric airfoil blade spar resistance 
test (the outer side of blade) 
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Fig. 11. Result of the symmetric airfoil blade spar resistance 
test (the inner side of blade) 
 
 

6. Conclusions 
 

1. The worked out finite element model for design of 
experimental wind turbine’s wind rotor parts allows 
inexpensive evaluating of the blade strength in not 
destructive way during a short time. 

2. The designing of longeron of the experimental wind 
rotor blade was carried out using the approach 
method and seeking to reduce the price of the blade 
while maintaining the necessary strength reserve. 

3. The strength reserve of the designed longeron of 
the experimental wind rotor blade final specimen 
makes up 1.5. 

4. The elaborated model of small-scale wind turbine 
rotor allows designing of rotor elements which have 
low price and well enough strength to withstand 
storms and hurricanes. 

5. The elaborated model and modelling can be used 
only as a preliminary method for designing of wind 
rotor and it can not substitute the certified tests of 
new wind turbines and their parts according to the 
effectual standards. 
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Abstract: Fast growing quantity of electronic and 
microprocessor equipment in HV substations more often 
rises problems with static electricity. Staff static 
electricity discharge can rise up to a few kV and that 
can cause serious problem for equipment. That is why 
we need to research humidity variation limits and other 
circumstances. 
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1. Introduction 

 
HV substations are high-level and complex objects, 
because fail of power equipment can cause serious 
subsequences. To ensure steady work of HV substation 
we need to appreciate various factors and one of them is 
technical equipment electromagnetical compatibility 
(TEEC). TEEC is described by two components: 
interference resistance and electromagnetic environment 
in object. Usually in HV substations electromagnetic 
environment is characterized as hard and described as 
entire electromagnetic appearance and process. One 
component of electrostatic environment is electrostatic 
load which negatively affects work of electronic 
technical devices [1]. Problem of static electricity is 
actual in manufacturing where electrostatic loads can 
cause fire or explosion and detune technological 
processes.  

 
2. Electrostatic human environmment 

 
Often high speed digital components and digital 
interface elements fails during static discharge. Such 
load influence is especially danger for unprotected 
equipment nodes. That is why we need to take care of 
TAAC during any maintenance or tuning works. 
Electrostatic load in HV substation originates from 
friction or during direct human body contact with 
various stuff: chair, table, floor or clothing.  
Human body load  and energy  depends from 
capacity  and voltage  between body and earth: 

 
 

                                (1) 
 0,5                      (2) 
 
Human’s body electric capacity assesses by vertical 
conductor formula: 
 

 
/

;                       (3) 

 
where  – human height, m;  – waist diameter, m 
Without capacitance  is also rated feet capacitance: 

 

 
·

∑ /
;                 (4) 

 
where  – foot area, m2; i – footwear layer number;  
– „i“ layer thickness;  – „i“ layer dielectrical 
premittivity. 
If human stands, then his capacitance is 2 ; runs 

; walks 2 . 
Capacitance also changes if human sits on chair, puts on 
warm reflecting clothes: 
 

 
·

∑ /
;                (5) 

 
where  - sititng place area, m2. 
Practical measurements show those human body 
capacitances can various from 40 pF till 8000 pF. 
Voltage level which human body can charge depends 
upon grounding resistance. In this case load will be 
equal  and recharge time . If 
human walks on floor with synthetic carpet body can 
charge up to 15 kV and accumulate energy from 10 till 
35 mJ. When human approach to the grounded case 
spark discharge will rice, because almost every time 
condition 2 /  is realized. Dicharge process 
will be aperiodic and current steepness which describes 
disturbance level can reach till 100 A/ns. 
Human body is the main static load generator in 
working area, that’s why individual ESD tools are the 
main subsection of any antistatic program. It is 
considered that about 70% of electronic component fails 
by static electricity rises from unreliable grounding of 
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working staff. To ensure reliable ESD in working area it 
is essential to use antistatic materials and to use device 
to secure reliable grounding of all grounded elements. 
To remove dielectrics (materials which surface 
resistance is bigger than 1000 GΩ) from working area, 
because grounding through conductor to discharge the 
load it is inexpedient.  
 
Table 1. Parameters of objects in antistatic zone 

 

Parameters of 
objects in 

antistatic zone 

Transitional 
resistance till 

ground or 
antistatic zone 

grounding point 
 

Load discharge 
time when 

object 
resistance is 

greater than 10 
GΩ 

Floor material 

1 GΩ using 
working shoes as 

first or 
secondary 
grounding 

device, 
resistance from 
750 kΩ till 35 

MΩ 

- 

Working shoes as 
first or secondary 
grounding device 

 

From 50 kΩ till 
100 MΩ (pair of 

shoes)  
- 

Clothing - 

From 100 V till 
1000V not 

more than 2 
seconds  

Tools 1000 GΩ 

From 100 V till 
1000V not 

more than 2 
seconds 

 
Grounding of working staff like static load source and 
carrier can be realized: by help of wrist bracelet through 
1 MΩ resistor with grounding bus; like additional 
grounding network antistatic materials (chair, floor 
material) can help. 

 
3. Factors influencing electrostatic discharge 

magnitude 
 
 

Electrostatic discharges are short processes with minor 
energy level. The current of such short time discharge 
can make from 100 pA till a few μA and load size from 
3 nC till 5 μC. Not looking that these loads are short 
time and minor energy presumable that their influence 
can cause various problems for electronic devices [2]. 
Influence for electro technical devices can cause both 
current and discharge voltage. Every static electricity 
discharge conducts electric and magnetic fields. In 
distance till 10 cm electric field strength can reach 4 
kV/m and in distance till 20cm – up to 1 kV/m. 
Analogical magnetic field strength will be 15 A/m and 4 
A/m. 
Sometimes discharge current is made from very short 
impulses which compounds on basic long time current 
part. Picture 1 shows diagram of discharging current 
from human body, which carriers 8 kV potential.  

 
 

Fig. 1. Typical discharge current diagram from human body 
with metal tool in hands 
 
Preconceived short time current impulses usually 
originate from minor charge voltage. During discharge 
influence as disturbance source it is essential to know if 
there are preconceived current spikes. Picture 2 shows 
full spectrum discharge current composition. 
 

 
 

Fig. 2. Static electricity discharge diagram full spectrum 
composition; T – amplitude spread density; 1 – long time 
component; 2 – full impulse 
 
Short time component being is raising spectral density 
in high frequency range. Consecution from here these 
current components are very important, because mostly 
disturbance transmission is in high frequency range. If 
human body charge potential reaches coronal discharge 
coming voltage, then discharge impulse steepness 
outlined by object moving speed to discharge object [3]. 
If approach happens very fast then impulse current front 
has great steepness. Mostly static electricity discharge 
effect is reached when human hand holds metal tool 
(screwdriver, key, conductive wristband). In this case 
current steepness which outlines inducted disturbance 
origin can reach up to 100 A/ns. 
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Current influence in semiconductors can make local 
melt zone and in oxides 1 micron diameter spot hole can 
occur. Voltage influence could destroy semiconductor’s 
crystal surface or make dielectric blowhole [4]. Value of 
electrostatic load depends upon several factors; we will 
analyze analytic dependence, [5] which let us determine 
potentials of electrostatic load by indirect measuring:  
 
 
 

∑ ∑ ·  

 ·  ;   (6) 

 
 
 
where  – electrification current density, μA/m2; 

1/  ir 1/  s/m – comparative surface and 
volumetric material conductance; , ,  - cover 
measurements and its thickness, m. 
We can see from formula that potential of the load 
depends from: friction surfaces properties ( , , ), 
friction surfaces area, cover dimensions and thickness, 
solid parameters and contact method ( ). 
We should mention humidity between changing 
parameters. Resistivity (table 2) and electrostatic 
discharge potential (table 3) depends from humidity 
also.  
 
Table 2. Material resistivity dependence from humidity   
 

Medžiaga 
Surface resistivity, Ω 

Humidity  
0% 

Humidity 
100% 

Politetraftorethylene 5·1017 3,6·1012 
Polystyrene 5·1017 8,4·1011 
Polythene 5·1013 1,3·109 

Nylon 1012 3,8·109 
Drawn silica 1017 6,5·1010 
Aminoplast 6·1014 1013 

 
Table 3. Electrostatic discharge potential dependence from 
humidity    
 

Operation 
Potential kV,  

when humidity is 
10% 40% 55% 

Walking on 
carpet 

35 15 7,5 

Walking on  vinyl 
carpet 

12 5 3 

Movements on 
bench 

6 0,8 0,4 

 
Static discharge voltage dependence from relative 
humidity is shown in Picture 3 

 
 

Fig. 3. Static discharge voltage dependence from relative 
humidity 
 
Dependence of electrostatic discharge potential when 
walking on polyvinylchloride or rubber carpeted floor is 
shown in Picture 4. 
 
 

 
 
 

Fig. 4. Dependence of electrostatic discharge potential when 
walking on polyvinylchloride (1) or rubber (2) carpeted floor 
 
Dependence of electrostatic discharge potential from 
humidity in closed type substation is shown in Picture 5. 
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Fig. 5. Dependence of electrostatic discharge potential from 
humidity in closed type substation 

 
Dependence of electrostatic discharge potential from 
humidity in room with linoleum floor is shown in 
Picture 6. 
 

 
 

Fig. 6. Dependence of electrostatic discharge potential from 
humidity in room with linoleum floor 
 
Dependence of electrostatic discharge potential from 
humidity in room with parquet floor is shown in Picture 
7. 
 

 
 

Fig. 7. Dependence of electrostatic discharge potential from 
humidity in room with parquet floor 
 
 
 
 
 
 
 

Research outcomes show us essence of electrostatic 
discharge potential dependence from humidity and 
friction surfaces. During experiment in working 
substation were measured maximum potentials which 
can occur in substation and can influence requirements 
for electromagnetically compatibility: false floor 2.7 
kV, concrete floor 3.1 kV, linoleum 11.3 kV, varnished 
parquet 18.9 kV. 
Measured potentials are equated with disturbances of 
electrostatic discharge and that let us define if electronic 
equipment will work with no fail, or we need extra 
security implement. For power-stations and high and 
medium voltage substations it is defined such levels of 
electrostatic discharge: 6 kV – in contact discharge; 8 
kV – discharge through air. 
 

4. Conclusions 
 

Discharges of static electricity during maintenance of 
technical devices regarding to staff can reach up to 
several kV. During discharge current flow can easy 
reach device case that is why sensitive elements 
disturbance can occur. 
Potential of static electricity discharge is variable value 
and it depends from various parameters, if humidity will 
rise from 10% to 55% potential will change about 15 
times. 
In every case we need to define size of potential 
separately, during researches, analyzing humidity 
changing range, it also depends from staff shoes, 
clothing and other conditions.  
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Abstract: This paper analyzes the asymmetry voltage in 
distribution network. Voltage asymmetry is costly, 
potentially damaging and it is a serious power quality 
problem. Asymmetry affects and distribution network 
operators and customers. At the same time, the 
customers that are supplied with asymmetrical voltage 
are billed not only for the useful energy but also for the 
energy which may cause harmful effects on their 
equipment. In this paper, a new methodology is 
presented which part of distribution network has impact 
the emergence of asymmetry. The developed 
methodology is novel and it shown that overhead lines 
layout configurations on the pole has big evaluation the 
emergence of asymmetry in distribution network. In the 
same time the main mitigation techniques for this 
specific problem are briefly summarized. 
 
Keywords: Asymmetry, distribution network, overhead 
lines. 

1. Introduction 
 

In nowadays, reliability is and will be a very important 
in electric distribution network to supply electric energy 
with a competitive price, good quality, and sufficient 
quantity, secure and reliable. Reliability has a direct 
effect on the outage costs and even power outage is for 
several moments, may cause huge damage. 
The biggest parts in Lithuania medium voltage (MV) 
networks are built using overhead lines. The statistics 
shows that MV has the highest impact on reliability, 
because more than 90% of the customers experienced 
outages are due to faults in the MV networks. Most of 
the outages are unexpected disturbances or other 
interruptions in the MV (35kV) Lithuanian’s 
distribution network. 
Overvoltages, damages, lightning, not correct projecting 
overhead lines configurations, cable laying on the poles 
can be the main cause to emerge of asymmetry. 
From the fault resulting asymmetry effect MV 
distribution network reliability, security and efficiency 
of the power system equipment and consequently, on 
the supply quality and loading quality. Asymmetry can 
cause damages for customer’s equipments, line 
connected equipment. 

This part provides a comprehensive compilation of a lot 
of published information about voltage asymmetry in 
the distribution network and who has the biggest impact 
of it has is origin. Asymmetry mainly caused by the 
structural asymmetry of parameters of generators, 
transformers transmission and distribution lines, also is 
caused by the voltage drop on the system impedance by 
asymmetrical currents. 
Voltage asymmetry effects the economic benefits, 
strongly depend on the supply reliability, security, 
supply and loading qualities, energy losses. For sure it 
has to be mitigating, because the negative sequence 
voltage causes temperature increase, negative effects in 
power system. Furthermore, asymmetry reduction of 
life expectancy and so reduce efficiency. The main 
interest in this paper is to show that overhead lines 
layout on the pole has influence to occur of asymmetry.  
The main interest in this paper is asymmetry in MV 
distribution network. 
 

2. The asymmetry in distribution network 
 
Distribution systems are defined by an unbalanced 
loading or by an asymmetrical construction, frequently, 
both these features are present, more about this 
describing [1]. 
A three-phase power system is called balanced or 
symmetrical if the three-phase voltages and currents 
have the same amplitude and are phase shifted by 120° 
with respect to each other. If either or both of these 
conditions are not met, the system is called unbalanced 
or asymmetrical [2]. 
The 3-phase system is decomposed into a so-called 
direct or positive-sequence, inverse or negative-
sequence and homopolar or zero-sequence system, 
indicated by subscripts A, B, C. They are calculated 
using matrix transformations of the three-phase voltage 
or current phasors. The superscripts +, -, 0 indicate the 
different phases. The expressions here are formulated 
for the voltage U. Negative phase and sequence set of 
phasors given respectively by the two equations: 
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where a is vectorial operator exp(j2π/3). 
 
The phasor pU  and nU are each balanced, but the 

system imbalance is given by the ratio: 
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where: AU , BU  and CU  are the voltage phasors; 

U , U  and 0U  are the positive, negative and zero 

symmetrical systems sequence voltages. The inverse 
transformation is: 
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where: a – rotation operator which is given 

by: 1201a . 

The typical factor range is between 60% and 80%, 
compensating 100% network can be overcompensated. 
In the case of zero sequence components, there is no 
rotation between phasors [2]. The voltage unbalance 
can be quantified using the following definition: 

Unbalance factor: 



 

U

U
kU ;                (4) 

Asymmetry factor: 



U

U
kU

0
0 ;                (5) 

Total unbalance factor:  UUU kkk 0 ;                (6) 

Complex unbalance factor: 



 

U

U
kU ;              (7) 

Complex asymmetry factor: 



U

U
kU

0
0 ;            (8) 

Where U , U  and 0U  are the magnitude of positive, 
negative and zero-sequence voltage, respectively. 
The ratio of the negative – to the positive sequence 
component can be used to specify the percentage 
unbalance. This definition is used in Engineering 
recommendation [4]. According to standard IEEE, the 
percentage voltage unbalance factor (%VUF) /rate is 
defined as following: 
 

100*
.

.
%

componentUseqpositive

componentUseqnegative
VUF   

 
EN50160 standards require <2% voltage asymmetry 
limits when 95% of the sequence of valid 10 minutes 
values. period is one week  
 

3. Effect of Tower Design 
 
Voltage asymmetric in three-phase distribution systems 
regards the changing in the three-phase voltage differ in 

amplitude or displace from their normal 120° phase 

relationship or both. [4] and [5] papers describes the 
main causes leading to voltage asymmetry which’s are: 

 Asymmetrical or unstable utility supply. 
 Open delta or wye transformers. 
 Asymmetrical distribution systems, that are 

equipment and phase conductors, present 
different impedance values. 

 Different voltage drops due to differences in 
mutual impedances between phase conductors 
and between phase conductors and ground. 
This depends on the special configuration of 
conductors. 

 
In this part of paper we are comparing four overhead 
lines constructions of distribution network: flat, vertical, 
delta and inverted delta.  
The asymmetry of a line may be caused by the kind of 
laying the cables. [6] Article research about the feeder 
configuration which was modeled using the Alternative 
Transients Program and checked the impact of line 
geometry on voltage unbalance. It is not enough, the 
emergency of asymmetry depends and of tower high, 
feeder’s configuration on the pole. Fig. 1 shows the 
spacing distance between cables for overhead lines: 

 
Fig. 1. Overhead lines configuration: a) flat (b) vertical tower 
configuration, (c) delta tower configuration, (d) inverted delta  
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The most common effect of voltage asymmetry is to 
degrade the performance and shorten the life of 
distribution network equipment. 
 
4. Analysis of asymmetry mitigation in distribution 

network 
 
In this part of paper, the principle for a calculation of an 
asymmetrical network compensation degree show how 
much network should be compensated. 
Several methodologies have been proposed how to 
locate an asymmetrical fault [3].  
Using Stokvis – Fortescue theorem [2] was created 
experiment with MV distribution network overhead 
lines. Model was built using Matlab package. The 
supply system was modelled as an ideal 3-phase voltage 
source which produces symmetric waveforms of 
constant amplitude. 
First of all, this method shows stress of projecting 
overhead lines of distribution network. Second, if 
network we be compensated right, the network can 
avoid big damages, otherwise the end user can suffer 
and network can be overcompensated. 
Assuming that the 35kV network consist of overhead 
line with the configuration as shown in Fig. 2. 
 

 
Fig. 2. Model of distribution system 
 
The numerical experiment of asymmetry evaluation in 
distribution network was performed assuming that the 
distance a between wires is 3 m and the vertical 
distance between the upper wire and ground is 15 m. 
Different configurations of overhead lines towers were 
analysed. For the uncompensated network, the 
asymmetry of voltages is very small. Phasor diagrams 
of voltages at bus 3 for flat, vertical and inverted delta 
configurations when the network is compensated are 
presented in Fig. 2, Fig. 3 and Fig. 4. The diagrams 
show all the three asymmetrical phasors UA, UB, UC. It 
is obvious that asymmetries exist not only in the 
magnitude of the voltages, but also in the phase angles, 
as the 3 phasors are no longer separated by exactly 

120°, as with the symmetrical case. 

Results show what a big influence has the overhead 
line’s layout on the poles for spring up bigger or smaller 
asymmetry in the network. Asymmetry exists not only 
in the magnitude of the voltages, but also in the phase 
angles, as the 3 phasors are no longer separated by 

exactly 120°, as with symmetric case. 

 

 
Fig. 3. Phasor diagram of voltages at bus 3 (flat configuration 
of overhead lines towers)  
 

 
Fig. 4. Phasor diagram of voltages at bus 3 (vertical 
configuration of overhead lines towers) 
 

 
Fig. 5. Phasor diagram of voltages at bus 3 (inverted delta  
configuration of overhead lines towers) 
 
When network is not compensated, the data of voltages 
is presented in Table 1. Bus voltages for different 
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configurations of the compensated network with 
compatibility factor k=0.9 are presented in Table 2, 
Table 3 and Table 4. 
 
Table 1. Bus voltages in p.u. (flat configuration of overhead 
lines towers, uncompensated network) 

Bus No 1 3 6 7 12 13 
Phase A 1.1500 1.1491 1.1470 1.1501 1.1501 1.1198
Phase B 1.1500 1.1483 1.1462 1.1492 1.1492 1.1154
Phase C 1.1500 1.1492 1.1471 1.1502 1.1502 1.1118
 
Table 2. Bus voltages (flat configuration of overhead lines 
towers, compensated network) 

Bus No 1 3 6 7 12 13 
Phase A 1.1500 1.1492 1.1470 1.1501 1.1501 1.1236
Phase B 1.1604 1.1595 1.1574 1.1604 1.1604 1.1275
Phase C 1.1501 1.1491 1.1471 1.1502 1.1502 1.1084
 
Table 3. (vertical configuration of overhead lines towers, 
compensated network) 

Bus No 1 3 6 7 12 13 
Phase A 1.1500 1.1491 1.1470 1.1501 1.1501 1.1228
Phase B 1.1649 1.1639 1.1619 1.1649 1.1649 1.1307
Phase C 1.1591 1.1581 1.1562 1.1592 1.1592 1.1166
 
Table 4. (inverted delta configuration of overhead lines 
towers, compensated network) 

Bus No 1 3 6 7 12 13 
Phase A 1.1500 1.1491 1.1470 1.1501 1.1501 1.1159
Phase B 1.1500 1.1491 1.1470 1.1501 1.1501 1.1159
Phase C 1.1500 1.1491 1.1470 1.1501 1.1501 1.1159
 
Results show, that overhead lines layout configuration 
and diameters between lines, height from the ground 
has big effect to become of asymmetry. Also, to reduce 
asymmetry, network should be compensated. 
Compensate network with compatibility factor also 
should be regulated, otherwise network will be not 
enough compensated or overcompensated.  
 

5. Conclusion 
 
To strain after an effect electricity grid of good quality, 
economic and reliable work requires to monitoring the 
network, its operation, life time at the same time to 
evaluation of potential failures in order to avoid them. 

Electric energy reliability concern with appropriate 
equipment isolation, rapid response fault removal and 
reaching avoid all of this. Big influence of reliability 
has power lines arrangement on power line poles, 
grounding and properly compensated network given 
fault or given asymmetry. Voltage asymmetry affects 
the insulation and its aging process, equipment life time, 
equipment irretrievable. 
The asymmetry of a line may be caused by the kind of 
not good project laying the cables and the right height 
of the pole, at the same time paying attention to the 
amount of lines voltage. In this paper created method 
with MATLAB shows that asymmetry can reduce 
compensated network and good design of network.  
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