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Abstract: During the recent years in Lithuania there has 
been a growing demand for high quality office 
premises, public and administrative buildings equipped 
with the most comfortable microclimatic conditions. 
The article deals with the analysis of the issues, 
regarding the latest Building Management Systems 
(BMS) in relation to the microclimatic parameters, their 
functions and possibilities. The analysis of the 
publicised literary resources indicate, that in modern 
buildings there are widely applied automated BMS, 
produced by the following companies, namely Siemens 
Desigo Insight, TAC, Vista, Honeywell, Regin. The 
level of the engineering systems management in 
buildings and the level of their reliability depend on the 
amount of how much and what kind of information is 
received from the sensors and the way the control 
program reacts on to the received information. 
 
Keywords: Microclimate of buildings, parameters, 
management system, algorithm, functional scheme, 
characteristics. 
 

1. Introduction 
 

Building Management System (BMS) is the 
informational, control and management system based on 
the usage of the latest technologies. With the help of the 
system it is possible in real time to manage engineering 
installations equipped in the building, supervise and 
automatically archive the most necessary information, 
send messages in relation to the changes of the existing 
operational systems and the application of the energy 
resources. With the assistance of the system, together 
with the climatic conditions management, heating, 
ventilation, air conditioning, lightning and inter-come 
systems, it is possible significantly reduce the 
maintenance costs of the buildings. 
The potentialities of such a system are vast and 
comprehensive, besides that, the systems are regularly 
expanded and upgraded. One of the major aspects of the 
system is complete competence and proficiency during 
the sequence of its proper application. In the scientific 
literature there has not been presented enough 
information on the structure of systems, operational 
algorithms, and programs. 

In Lithuania, the JSC ”Yglė” specializes in designing, 
installations and technical maintenance of BMS. The 
company has established a mobile laboratory targeted to 
measure various parameters and evaluate the conditions 
of the microclimate in buildings. The following 
companies such as JSC ,,Fima”, JSC ,,Eltalis” and other 
companies have already introduced the latest modern 
engineering technologies of the building management 
systems. 
The adequate microclimate of the premises ensures the 
working capacity of the personnel in the building and 
good health. The parameters of the comfort 
microclimate are defined in the following Hygiene 
Norms of Lithuania HN 98:2000 [1], HN 69:2003 [2], 
HN 42:2009 [3] and in the other standardized 
documentations. 
The requirements for heating, ventilation, air 
conditioning systems in buildings are presented in the 
following Technical Regulations of Construction i.e. 
STR 2.09.02:2005 [4]. 
The objective of the work is to analyse the efficiency of 
the currently implemented systems of microclimate 
management in buildings, their role and perspectives. 
 

2. The functions and possibilities of home 
automation regarding the microclimate management 

systems 
 
The current technological systems of microclimate and 
engineering installations management in buildings are 
operating significantly more rapidly, are more reliable, 
possess better potentialities and are more customers 
friendly. The major functions of the BMS are the 
following [5]: 
 Automated on/off of the equipment. The function 

could be related to the day and night hours, days of 
the week and/or to the weather conditions; 

 Supervision of the conditions and status of the 
equipment. The personnel is supplied with the 
information of emergency cases or failures; 

 Energy saving possibilities. Together with the 
requirements for high quality structures and the 
effective heating – ventilation – air – conditioning 
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installations there are saved a large amount of 
electricity and thermal energy; 

 Management of the facilities and services in 
buildings. There has been foreseen a great variety of 
documentation and information such as summaries, 
records, reports to be collected and accumulated 
then to be supplied to the customers; 

 Possibility for centralized remote surveillance and 
monitoring. Thus, it allows to easy the maintenance 
of the engineering facilities of the building, because 
the connection link is available from a rather remote 
and distinct location point; 

 Possibility to be integrated into the additional 
systems of the building and in allows to increase the 
efficiency of the operation of the whole 
management system, the productivity of the 
personnel keeping regular maintenance on the 
installations and facilities as well as it is possible to 
reduce the costs. 

 
3. BMS functional scheme and the sampled  

cases of the programs 
 
Siemens Desigo Insight is considered to be a 
sophisticated system suitable not only for the 
maintenance of heating, ventilation, air conditioning or 
sanitation units as well as lightning, electrical energy 
supply, fire protection automation and security systems 
[6]. Fig. 1 presents the functional scheme of such a 
system and the levels of management. 
Central computer with the system of controllers is 
connected to TCP/IP protocol. The sensors are 
connected to the controllers, which measure various  
 

 
 
Fig. 1. BMS functional scheme and levels of management 
 
parameters of the microclimate and send information 
assisting the operational process of the engineering 
systems. The surveillance system accrues the obtained 
information in the form of diagrams and compiles the 
data base of the previous incidents. The diagrams 
performed in the form of the curves, present the 
simulations of the changes of the observed parameters 
as well as their values within certain periods of time. 
In Fig. 2 there is presented the case dealing with the 
BMS controllers. 
The signals from the sensors and engineering 
installations are being supplied on to the control panels 
with the controllers installed in them. The control panels 
have the installed modems in order the obtained data 
could be observed by the remote control method.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

                              
Fig. 2. BMS controller management program sample 
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Firstly, the data of the sensors are checked and the 
status of the equipment is investigated. In case, there are 
no disorders, the BMS of microclimate parameters 
execute the program in accordance with the algorithm.  
The particular BMS modulus is compiled of three main 
elements, namely a sensor, a controller and an execution 
unit. The structure of the BMS is compiled of the set of 
the above mentioned elements together with 
communication networks. 
 

4. The calculation of thermal parameters  
for buildings 

 
When compiling the BMS, it is sometimes necessary to 
calculate the required thermal capacity for the building. 
The thermal capacity for the whole building depends on 
the characteristics of heat transmission via the external 
surfaces of the building. The heat transmission norm is 
calculated in the following way [7]: 
 

                 )( outin TTHTCN  ;                    (1) 

 

where HTC is heat transmission coefficient; inT is the 

indoor temperature; outT  is the outdoor temperature. 

Air heating could be performed by means of electricity, 
hot water or steam. The thermal energy of the supplied 
heated air depends on the temperature differences: 
 

 = ( )p out inH L c t t  ; (2) 
 

where   is the density of the supplied air, kg/m3; pc  is 

the specific air volume, J/kg0C; L is air flow, m
3/s; outt is 

the temperature of the water from the heat exchanger; 

int  is the temperature of the water supplied into the heat 

exchanger. 
The required flow of the heated air is calculated in the 
following way: 
 

                       
)( xhp ttc

L






; (3) 

 
where   are the own heat losses of the building, kW; th 
is the temperature of the heated air; tx is the initial 
temperature of the air. 
The calculated, according to expression (3), the flow of 
the heated air, has to ensure the required parameters 
regarding the thermal environment and thermal comfort 
of the premises. Then there is calculated human 
noticeable temperature (the replacement temperature) 
when air velocity is higher than 0,2 m/s, as the average 

of the indoor air temperature at  and thermal radiation 

temperature ht  [2]: 

 

                       har tAAtt )1(  .                     (4) 

The values of the coefficient A depend on the velocity 
of the air motion in the premises. 
Then followed the analysis of the automated heating and 
ventilation system [8]. 
 

5. The diagrams of the air temperature back up in 
the premises of the buildings 

 
The heating and ventilation system is compiled of two 
fans /ventilators operating under two speed modes, a 
heater, a cooling section, a drum exchanger, two air 
filters, temperature sensors for supply and reversible air 
and pressure sensors. To the BMS there are connected 
outdoor and indoor air temperature sensors which are 
necessary for monitoring of the adequate operational 
work of the system. Thus, the air is heated by hot water, 
the circulation of which in the system is ensured with 
the help of the pump of the heater. The process of 
heating and ventilation is managed by the PI regulator 
(proportional – integral regulator), the adjustment of 
which is carried out by the BMS program, when 
changing the components, namely the proportional P 
and integral I.  
In accordance with the outdoor temperature the fans are 
able to operate on the mode of high and low velocities. 
In cases when the PI regulator is adjusted during the 
operation of the fans for high speed mode, then under 
the slow speed mode the system is unbalanced and the 
required temperature values are not sustained. That is 
why it is necessary to be aware of the influence of the 
change of the components P and I on to the rapidity and 
stability of the process. Therefore, there have been 
experimentally obtained and compared the curves of the 
air temperature changes for the premises, when the 
cases of regulator adjustment are diverse.  
In Fig. 3 there are presented the curves of the controller 
output signal and air temperature changes for the 
premises, when the fans are operating under the high 
speed mode and P=330C, then I=100 s. The same curves 
are presented in Fig. 4., only the integral component has 
been increased I=300 s. To control the fans there has 
been applied one PI regulator. 
 

 
 

Fig. 3. Curves of the controller output signal and temperature 
changes when P=330C and I=100 s 

11



 
 

Fig. 4. Curves of the controller output signal and temperature 
changes when P=330C and I=300 s 
 
The results show that the temperature variation in the 
room is the oscillating nature. However, after 10 – 15 
min, the temperature reaches the prescribed value and 
settles. 
Because PI regulator was adjusted in accordance with 
the fans operating under high speed mode, then when 
they switched on to the slow speed mode, the back up of 
the settled temperature is disturbed. The diagrams 
presented in Fig. 5 were received experimentally. The 
diagram indicates that change of the air temperature 
tend to range and a great period of time is required for 
the temperature to settle. Thus, in this case the system 
operates under the unbalanced mode, therefore the 
additional energy losses are obtained. 
The problem was successfully solved when there were 
applied two PI regulators, namely one for high speed 
fan mode the other for slow speed mode operation of the 
fans. The diagrams of the temperature changes are 
presented in Fig. 6, when two PI regulators are used in 
the management system.  
 

 
 

Fig. 5. Curves of the temperature changes, when the fans are 
switched onto the slow speed mode 
 
The curves indicate a higher stability of air temperature 
in the premises when the fans are switched from the 
higher speed mode into the slower speed mode. 
 

 
 

Fig. 6. Temperature changes when the fans are controlled 
separately by PI regulators under high and low speed mode 
 

6. Conclusions  
 

1. The analysis of the available published literary 
resources indicate that the most extensively applied 
latest microclimate management systems in 
buildings exhibit Siemens Desigo Insight, TAC, 
Vista, Honeywell, Regin and other companies. In 
Lithuania, there are operating the following 
companies JSC ,,Yglė”, JSC ,,Fima”, JSC ,,Eltalis”  
dealing with the BMS. 

2. The automated heating and ventilating systems for 
premises in buildings mostly consist of two fans 
operating under two speed modes and one PI 
regulator, but they do not ensure the required 
temperature values, besides that the energy 
expenditures and costs are increased. Better results 
have been received when the system has been 
managed with the assistance of two PI regulators. 

3. Although the BMS with two PI regulators is more 
expensive, but the obtained consumed energy losses 
are less and the quality of the microclimate comfort 
has been achieved to be higher. 
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Abstract: The “translator” vision for mute – deaf people 
is presented in this paper. The sign language recognition 
of deaf people is the main aim of this article. The 
proposed method works in real time. This technique 
creates his own database (dictionary), depending the 
users hand, and works like sign-to–voice languages 
translator. The Artificial Neural network is used for this 
technique. The solution of real time “dictionary” 
creation, makes the system work properly and flexible 
for all types of sign language culture (nationality) 
traditions. This technique, works in constantly changing 
environment, and makes very quick solutions. The 
system can store a large, and selective database (full 
sign of gesture language library).  The method is very 
usefully, comfortable, and easy for most of users. The 
strongest sides of this method is highlighted in this 
paper. The precision of signs recognition is presented in 
this article. This solution takes in to account, that this is 
the real time system, so this a prospective tool for 
people with disabilities (deaf people) for integration to 
full – rate life.    
 
Keywords: Real-time hand gesture recognition, hand 
segmentation, sign language, neural network, human-
computer interaction. 

 
1. Introduction 

 
There are about 70 million deaf people in the world [1], 
also about 360 million people worldwide have disabling 
hearing loss.[2] People with hearing loss can benefit 
from devices such as hearing aids, assistive devices and 
cochlear implants, and from captioning, sign language 
training, educational and social support. The aim of this 
paper is effort to implement new technique, which can 
extend deaf people facilities to integrate to social life. 
There are some tries to create intelligent system, to 
increase communication skills of deaf people, but until 
now there is no universal device or technique which can 
increase deaf people life quality. Mu – Chun SU, 
Woung – Fei Jean and Hsiao- Te Chang used two EMI-
Gloves connected to an IBM compatible PC via 
HyperRectangular Composite Neural Networks 

(HRCNNs) to implement a gesture recognition system. 
They were using the supervised decision-directed 
learning (SDDL) algorithm. Their proposed HRCNNs 
method can quickly learn the complex mapping of 
measurements of ten fingers' flex angles to 
corresponding categories. The values of the synaptic 
weights of the trained HRCNNs were utilized to extract 
a set of crisp IF-THEN classification rules. The results 
of accuracy were around 93% that means that their 
proposed method is very encouraging. [3] Mu-Chun Su 
made very similar research for deaf people later. He 
used a fuzzy rule-based approach to spatio -temporal 
hand gesture recognition. His approach uses method 
based on hyperrectangular composite neural networks 
(HRCNNs) for selecting templates. So the templates for 
each hand shape are represented in the form of crisp IF-
THEN rules that are extracted from the values of 
synaptic weights of the corresponding trained HRCNNs. 
His technique works, as follow, each crisp IF-THEN 
rule is then fuzzified by employing a special 
membership function in order to represent the degree to 
which a pattern is similar to the corresponding 
antecedent part. When an unknown gesture is to be 
classified, each sample of the unknown gesture is tested 
by each fuzzy rule. [4]. Isaac García Incertis, Jaime 
Gómez García-Bermejo and Eduardo Zalama Casanova 
researched an approach for deaf-people interfacing 
using computer vision. They studied the recognition of 
alphabetic static signs of the Spanish Sign Language. 
Their approach works as follows: First, hand region and 
the corresponding contours are extracted through 
appropriate colour segmentation. Then, the obtained 
contour is sampled every a given arc distance, and 
resulting points are compared to those of a target 
gesture in a dictionary. This comparison is performed 
upon four distance criteria, so that a suitable recognition 
is finally achieved. [5] Jung-Hyun Kim and Kwang-
Seok Hong proposed and implemented Multi-Modal 
Recognition Interface (hereinafter, MMRI) integrating 
speech using Voice-XML based on WWW and the post 
wearable PC-based gesture. They studied the 
recognition of Korean Standard Sign Language. The 
advantages of their approach were as follows: Their 
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proposed improves efficiency of the MMRI input 
module according to the technology of wireless 
communication, shows higher recognition performance 
than uni-modal recognition system (using gesture or 
speech), it recognizes and represents continuous sign 
language of users with flexibility in real time and can 
offer to user a wider range of personalized and 
differentiated information using the MMRI more 
effectively.[6] Panikos Heracleous, Noureddine 
Aboutabit, and Denis Beautemps proposed cued speech, 
which is a visual mode of communication that uses 
handshapes and placements in combination with the 
mouth movements of speech to make the phonemes of a 
spoken language look different from each other and 
clearly understandable to deaf and hearing-impaired 
people. Their research presents hidden Markov model 
(HMM)-based vowel recognition as used in Cued 
Speech for French. Based on concatenative feature 
fusion and multistream HMM decision fusion, lip shape 
and hand position components were integrated into a 
single component, and automatic vowel recognition was 
realized. Their method reached accuracy 87.6%, which 
is enough good result. [7] There was more tries to find 
out the way for deaf people interfacing, many 
researchers is trying to implement this method in reality, 
in different ways.  
The aim of this article is to create the instrument, which 
can translate the sign language, to voice commands. Our 
proposed method works in real environment, and use 
just a lag top, with integrated web – camera. There are 
used some methods to adjust this technique. The skin 
detection method is used to find a hand in the image. 
Discrete Fourier transform is used to derive the main 
features of the hand, and neural networks is used to 
classify the templates of the hand. 

2. The proposed method 
 

This technique works in real time. For this research was 
used just a laptop computer with an integrated web 
camera. All sign language alphabet selected for 
technical realization. Hands image produced by digital 
camera. The “Matlab” software is used for hand image 
proceeding. Proposed method can be divided into a few 
basics steps: 
 

1. The initial imaging; 
2. The resulting information processing; 
3. Features characterizing the hand gesture 

election; 
4. Classification; 
5. Gesture recognition; 
6. Hand gesture sign language translation to voice 

language. 

Hand gesture recognition is based on well-known skin 
detection method. This is the skin detection in the 
image, based on pixel value (R, G, and B) distribution 
in the image [8]. The largest region of (R, G, B) color 
distribution (according our stipulation) detected in the 
image is hand. Condition of the proposed method is 
shown below (1): 

 

 
The hand contour detected in the image shown in the 
figure 1. The system works, as follow, first the skin is 
detected, than the largest area is selected based on skin 
color and the resulting edge of the blob is extracted. 
 

 
 

Fig. 1. The skin detection method 

 
Discrete Fourier transform is calculated by the 
coordinates of the hand contour. From these Fourier 
coefficients, however, more useful features can easily 
be derived. [9] First the contour coordinates(x,y) is 
normalized(fig.2), and after Discrete Fourier transform 
is expressed according the formulas (2) and (3): 
 

2 ⁄ ; (2) 

 

2 ⁄ ; (3) 

 
where j=0, n-1, x (f) and y (f) are harmonics of the 
frequency spectrum; n – is the total number of the 
contour coordinates; 

 
           

 
 

Fig. 2. The contour of the hand 

The frequency components x (f) and y (f) (fig. 3) of the 
Fourier transformation are used as features for 
classification. 

R > 95 and G > 40 and B > 20 and 
max{R,G,B}−min{R,G,B} > 15 and 

|R−G| > 15 and R > G and R > B. 
 

(1) 
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Fig. 3. Discrete transform curve, of one coordinate 

 
For classification is used neural network method. This 
method is very convenient for nonlinear systems, so this 
is the best tool for recognitions systems. [10][11] This 
method is very useful, as a tool to compare the 
templates. Every feature vector of hand gesture 
(obtained using the discrete Fourier transform) is 
compared with the prior data, which is obtained during 
the training time. The proposed training algorithm is 
Levenberg – Marquart(4).  
 

 
where k-index of repetition (iteration), w-the weight 
vector w-, J-Jacobian matrix; μ-mix coefficient; e-error 
(error) vector. 
“Tansig” transfer function is used (5). Each input xi (k) 
is multiplied by the weighting coefficient connection 
(local memory variable) wij . 
 j = 1... N – Number of inputs; i - neuron number; k – 
time constant). 

 

2
1 exp 2 ∗

1. (5) 

 

So the training starts, initializing the proposed 
technique. The system works in real time, so first the 
web camera is activated. The procedure starts, when the 
contour of the hand is detected. All combination of the 
gesture sign is recorded a certain period of the time, to 
get enough data for database. This technique for 
database creation uses 50 frames for each sign. (It is 
enough for getting high quality data). When the hand is 
detected, the contour is extracted. The previously 
mentioned method is used to get Discrete Fourier 
transform coefficients (DFT). When the DFT 
coefficient’s of all used sign of gesture prepared, neural 
network (NN) is used for classification. The user 
decides when the training procedure is finished, 
according the output of NN. (Fig 4.) 

Web‐camera image

Image filtering

Database creation

Detect hand? Hand is detected
YesNoHand is not 

detected

Creating a countour 
of the hand

Dft coefficients of 
the countour

Classes<P

Templates of 
gesture

Trainning

Is enough data?
Gesture is not 
recognized

Gesture is 
recognized

Yes No

End

Initialize

Finish?
YesNo

 

Fig. 4. The algorithm of “translator” training 

 
3. The gesture recognition, and “translator” 

control algorithm 

 
The whole deaf people alphabet including the numbers 
was selected for realizing the control commands (fig 5, 
6). The accuracy of the command recognition was tested 
in the ideal environment condition. The experiment was 
investigated in real time. 
 

 
 

Fig. 5. The numbers of deaf people 

 

; (4) 
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Fig. 6.  Alphabet of deaf people 
  
The algorithm of the “translator “tool control shown in 
figure 7. The system works in real environment, so 
when the system is online, the application analyses the 
environment. When system detect the contour of the 
hand, starts comparing detected sign with the example 
from the database (using DFT and NN). If the real time 
image and the template from the database corresponds 
the probability, that this is the known sign of the 
gesture, the equivalent of the voice is executed. 

Web‐camera image

Image filtering

Detect hand? Hand is detected
YesNoHand is not 

detected

Getting  a countour 
of the hand

Dft coefficients of 
the countour

Neural network 
adaptation

Is enough data?
Gesture is 
recognized

Gesture is not 
recognizeds

No Yes

Initialize

Execute the voice 
command

Finish? End
YesNo

 

Fig. 7.  The sign of gesture control algorithm 

10 persons was participating in this experiment. The 
system was trained by one person. The task of the 
participants was to check the accuracy of the system, 
and possibilities to adapt to different size and form of 
the hand.  The sum of results shown in table 1. The 

system is enough flexible and reliable. The accuracy of 
the recognition is enough high. The control algorithm is 
able to process around 5 frames per second, and this is a 
good result, because the database is very big. 

 

Table 1. The accuracy of sign recognition 

Sign 
Recognition 
accuracy,% Sign 

Recognition 
accuracy,% 

A 91 U 91 

B 88 V 96 

C 93 W 95 

D 95 X 97 

E 91 Y 98 

F 87 Z 92 

G 95 0 90 

H 95 1 96 

I 92 2 91 

J 93 3 97 

K 90 4 96 

L 97 5 99 

M 96 6 93 

N 95 7 92 

O 94 8 93 

P 99 9 91 

Q 95 AVG 93.58333333 

R 93     

S 91     

T 92     
 

4. Conclusions 
 
The vision of computer is very prospective study. There 
are a lot of advantages of this technique.  The adaptation 
of this technique for deaf people, is one of many 
advantages. As experiment shows, it is possible to adapt 
this method for real life. The accuracy of sign language 
recognition is very high (avg.93.5%). The speed 5 
frames per second is also enough good result. The 
proposed method (skin color detection, Discrete Fourier 
transform, and Neural Network) is also good for this 
research. Of course there are a lot of possibilities to 
increase all parameters of this application, using 
different software, or adapting more modern equipment, 
which can help to accelerate the speed of proceeding the 
data, and to increase the accuracy of the recognition. 
This study is very large scale, because proposed 
algorithm just translates the separated letters and 
numbers. So the words and sentences formed by 
separated letters is not very high quality, and there is 
some difficulties to decode the sentences, when the 
words produced by separated letters. So there are a lot 
of future works from engineering side to increase the 
deaf people life. 
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Abstract: This work analyses dimensionality issues in 
automated trading portfolio construction. We suggest 
the best risk/return portfolio creation schema for 
automated trading. Study shows that effectiveness of 
standard portfolio weight calculation rules depends on 
the dimensionality and sample size ratio. To solve 
sample size problem a multistage multi-agent system is 
suggested. In the first stage simple expert agents are 
created. Then they are used in mean-variance 
framework in order to form more complex output fusion 
agents. We employ cost sensitive set of perceptrons to 
find the most successful fusion agents. Experiments on 
large scale real world data confirm the effectiveness of 
the new approach. 

Keywords: large scale data, sampling problems, 
automated trading, multiagent systems. 
 

1. Introduction 
 

Today, having such low interest rates one of the ways is 
investing into the financial markets [11]. Earlier 
research works established risk/return [1] as the ratio 
which took into account maximum growth of the 
investments. The minimum risk is achieved by 
spreading investments into different segments. In the 
case of stocks, it means investing into different type of 
stocks [8]. If you fail on some of them, you may win on 
others.  
One of the modern ways to invest is by using automated 
trading [2], [5]. This type of trading has many 
advantages – it is less risky as its positions are held for a 
very short time [3] and has higher diversification. 
Therefore over the last decade some manual trading was 
replaced with automated robots. Automated robots are 
special programs based on the set of methods focused in 
finding periods or moments when prices move. Classical 
portfolio definition refers to the collection of stocks, 
bonds etc. Set of trading robots used in automated 
trading is called a portfolio as well. In general terms 
portfolio design includes investment object (stocks, 
bonds, money etc), time frame (duration of the 
investment) and risk (worst case return). One of the 
values which define portfolio performance is Sharpe 
ratio. Sharpe (see eq. 3) ratio shows the best performance 

with a minimum risk rate.  Return is relative to the risk 
and it is crucial to the performance [10]. 
Portfolio establishes the best investment proportions 
(investments objects, time frame and risk) for N 
investments and it can be described as following (1): 

 .rsrrP
1

 
r sijii qxs
j

w T
N

j

x 


 wx                (1)   

        
x - investment profit and loss history;  

wr = (wr1, wr2, …, wrN) is a multidimensional vector of 
the best returns of N agents;  
xji (i = 1, 2, … , L;   j=1,2, …, N)  
N – number of expert agents (j) 
L – number of days or time instances (i) 

Let’s assume that parameter w fulfill requirements, as in 
(2): 

                              wrj0, .1
1

 r 


N

j
jw                           (2) 

 
In the standard portfolio weight construction in [1] the 
mean-variance framework maximizes the sample mean 
(mean) and standard deviation (std) ratio (a modified 
Sharpe ratio (SharpR) with no risk free rate) for a 
selected number of a priori selected return (profit or loss) 
values, see (3):     
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Pi

Pi

xstd
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  .                       (3)      

 
 xi = (xr1i, xr2i, …, xrNi), “

T” is a transpose matrix for N 
expert agents,   mean with weighs ( ixP ) = ,rr

T
wx  and 

std( ixP ) = ,rrr
TwSw  rx is N-dimensional estimate of 

mean vector of returns and  

Sr = 



T

iT
ii

T

1

)()(
1

1
rrrr xxxx is an estimate of NN 

dimensional covariance matrix . 
The mean/standard deviation ratio has two important 
advantageous features: 
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1) Having large number of iterates of independent 
random variables, distribution of weighted sum will be 
approximately normally distributed.  
2) Having normal distribution, the highest sharp ratio 
can be characterized by a maximized probability 

determined a priori which is defined as Prob( ixP < 

Pmax), where Pmax  is randomly selected value of risk 
level.  Positive feature of the mean and standard 
deviation criterion is that result does not depend on the 
choice of Pmax.  
In practice, normal distribution can be obtained when 
number of independent random variables, e. g. in this 
case N exceeds a hundred. This way, a mean-variance 
framework does not require normal distribution of each 

single output, only the weighted output, ,rrP
T

iix wx  

should be normally distributed.  
To create a portfolio, firstly it is necessary to compute 
covariance matrix between inputs. If the size of input 
variables is small, covariance matrix is inaccurate and 
created portfolio may be unstable.  
The same is with the expert agents. If a sample size, L 
(time instance) is small and the number of inputs N 
(expert agents) is large, portfolio becomes unstable. 
Authors in [4] suggested reducing instabilities by 
applying regularizing constraints or penalty terms to the 
optimization task. A block diagonal structure of matrix 
, can dramatically reduce the number of parameters to 
be estimated. Authors in [4] separated assets into three 
groups and used specific “block type” assumptions and 
obtained a noticeable gain.  
Literature on this topic is very sparse. Topics about 
creating portfolio using multi agent system are very 
sparse. Multi agent systems are rarely used in trading. 

 
2. Automated trading 

 
Automated trading are computer systems created by the 
analyst. Analyst selects the best systems-robots and form 
a portfolio which is based on the certain risk level. Later 
a portfolio sends orders to the broker who has access to 
the direct market and trades are executed automatically.  
Systems can be very different and make profit from 
various marked inefficiencies. Some systems benefit 
from the high – frequency financial data [9], others 
operate with daily or hourly data. Some systems can be 
generated to benefit when the trend is rising, others 
when the trend is falling. Sometimes systems act 
opposite, for example they tend to buy when the market 
moves down and sell when the market moves up, 
contrary to the usual logic. Various strategies can be 
applied and actual human involvement is not required 
for buying or selling. Human participation is required 
only when creating, selecting and evaluating systems 
which do the actual selling or purchasing.  
 
2.1. Portfolio weight vector calculations 
 
Applying mean-variance framework and finding the 
weight vector w is performed as a computation of 
efficient boundary for k a priori selected return values. 
To obtain portfolio weight vector w = (w1, w2, …, wN), L 
days N-dimensional time series are employed, i.e.  N  L 

data matrix and its sample based estimates of X  mean 
vector of the returns and the covariance matrix S. 
To speed up calculations, necessary to realize a 
multitude of autonomous trading agents instead of 
minimization standard deviations by using the Lagrange 
multiplier, we use analytical solution: we minimized a 
novel cost function, where constraints (2) were 
incorporated. Then we can find weights directly 
 

 ws = (qs X +1) (Sreg+ XX T +1
T
1)(4) 

 
where positive scalar  is sufficiently large constant to 

ensure terms,  2sq
T

s Xw and  21
T

sw1 , converge 

to 0 (we used =10000000). Parameter  controls 
minimization accuracy. In finite learning set situations, 
lower accuracy can play a positive role on regularization 
and improve accuracy of the solution. This fact is like 
overtraining in neural networks learning or retrieving the 
best regularization parameter. 
After calculating vector ws, to satisfy the constraints (1) 
we brought negative weights (wj  0) to zero and 
normalized ws to meet constraint (1). Analytical solution 
was roughly 30 times faster than Lagrange multiplier 
optimization procedure used from Matlab frontcon code. 
Clear analytic representation and good calculation speed 
has a great importance in order to make a sizeable 
number of agents, which work with different number of 
robots and training factors. 
Equation (4) demonstrates that portfolio performance is 
influenced by the accuracy of the estimation of p-
dimensional mean vector, X , and NN  dimensional 
covariance matrix, S. Because financial situation 
constantly changes, it is necessary to employ shorter 
training histories [6]. In 75% of the days the trading 
robots refuse to operate in our analysis. Therefore, 
actual lengths of time series are much shorter. Training 
sample becomes a very important issue. 
Real world trade robot return histories demonstrate that 
components of mean vectors X  exceed 1 remarkable. 
Variances in diagonal elements of matrix S noticeably 
exceed the components of vector X  as well. Thus, in 
accuracy examination, we ignored two the most smallest 
terms in (4) and expressed portfolio weights as 

 

                                     ws  X  S

(5) 

 
This estimate is used for small sample size analysis. The 
multivariate statistical analysis gives following 
expectation of inverse of sample covariance matrix S

-

1
=((sij)), E(sii) =L/(L-N), E(sii)2 =L2/(L-N)2 and E(sij) =0, 

E(sij)2 =L2/(L-N)3 if j≠i  [7]. After simple, however, a 
little bit tedious algebra we get that the mean value of 
out-of-sample Sharpe ratio is 
 

BD
out 

ˆarpRhS → ))//(1))(/(1(
2

RNLNLN  .  (6) 

 
where is a limiting value of ratio (3) when sample size, 
L, would tend to infinity. Simulation studies with 
artificially generated multidimensional Gaussian data 
sets confirmed high accuracy of (6). Equation (6) shows 
that small sample properties of the portfolio worsen, 
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especially if N is close to L. Portfolio accuracy is 
influenced by two product terms:  

- TX =1+N/(L2) is responsible for the inexact 
determination of the mean vector X returns; and  

- TS = 1+N/(L-N) is responsible for the inaccuracies 
that arise when estimating the covariance matrix S.  
Both TX and TS reduce the out-of-sample one. In certain 
situations, term TX = 1+N/(L2) may exceed TS 
=1+N/(L-N). Term TS clarifies why portfolio 
performance diminishes dramatically if the sample size 
is close to the number of inputs. The drawbacks of the 
increased dimensionality of the portfolio weight vector 
can be reduced by a number of techniques considered in 
a multivariate statistical analysis: dimensionality 
reduction, regularization, structures of the covariance 
matrix, etc.  
Using shrinkage estimate the off-diagonal elements of 
the covariance matrix are moderated. The variance 
elements in the diagonal are kept untouched, as in (7): 

  
 Sreg1 = S (1-) + D(7) 
 
where, D is a diagonal NN matrix of variances found 
from matrix S,  is a regularization parameter (0   
1).  
When  = 0, we have no regularization, when  = 1, we 
have hard regularization and use only diagonal elements  
 
2.2. The best portfolio selection 
 
Having thousands of potentially useful robots but no 
information which robots are helpful and how they are 
linked to each other, only 1/N non-trainable Portfolio 
rule can be used in order to select the most effective 
portfolios. Selection of best agents was performed 
according one of the following: 1) return for 400 period 
day’s interval which goes earlier than 100 days of 
validation; 2) number of profitable days.  
In the experiments 21000 expert agents have been used. 
This number is the biggest possible number and 
generated the best 1/N Portfolio performance trading 
rule. 
 
2.3. Multilevel multi agent system (MAS) based 
portfolio management rule 
 
The data used for experiments was collected before and 
after financial crisis. This period includes huge changes. 
Some authors found that 300-600 days data history 
produce the highest Sharpe ratio. Calculations according 
equation (6) show that a small (below 100) number of 
inputs should be used in such situations. Consequently, 
we have to use either non-trainable 1/N Portfolio rule, 
either reduce the number of inputs dramatically and use 
the mean-variance approach. Both ways have their 
positive and negative aspects.  
First we considered conditions where 1/N portfolio can 
be optimal and found that if:  

a) the sum of the automated trading robot outputs are 
normally distributed,  

b) outputs of NB robots are equally correlated,  i.e. ij, 
=,   

c)  the mean returns of the robots are equal,  
 

then the benchmark 1/NB  portfolio rule is the optimal 
solution.  
This conclusion follows from a simple matrix algebra 
analysis of covariance matrix of the form K = I(1-) + 
1

T
1, when matrix K is inserted into the (4). 

To reach the above requirement, trading robots need to 
be broken into smaller assemblies (e.g. R). Then a cluster 
analysis can be executed for data of the size N×L, where 
value N is number of records and L is the length of one 
time series line. Each unit is grouped by a similarity 
measure. This measure calculates absolute values.  If 
robots inside each single group are similar, mean values 
of their outputs can be used as 1/NB  Portfolio rules for R 
expert agents.  
A decreased number of robots and selection of the best 
agents allows creating a more complex fusion agent with 
the weights R, calculated according to the equation (4).  
To improve small sample properties of the covariance 
matrix we have to use regularized covariance matrix (7). 
Shortly this method can be generalized in such a way: 1) 
band together robots into groups by some similarity 
measure and then; 2) create one complex training agent 
consisting of multi agent system. 
Implementing this system with datasets 12000 and 7708 
trading profit, e.g. for the 7708 data the average Sharpe 
ratio with new system composed of R=25 experts 
increased from 5.23 to 7.59. Results depend on the 
parameters: number of experts N, length of data series L, 
and regularization parameter .  
Different parameters must be selected in various 
changing environments. This system can change the 
values of parameters. Various clusters are generated for 
different data series lengths L and subsets of agents and 
regularization parameter  used to create units of expert 
agents. 

3. Experiments 
 

For experiments, in each walk forward step four 
learning set sizes have been used L1=100, L2=200, 
L3=300 and L4=400 days prior to 100 days validation 
period for four times clustering of the robots into R=25 
groups. In this way, we formed 100 different agents. To 
increase variety from 100 agents we formed 80 semi-
randomly selected groups of RL = 60 expert agents to be 
joined into 80 types of higher order agents, multi-agent 
system. Each of the latter agents were made by the 
mean-variance approach using one of 4 a priori selected 
values of covariance matrix regularization (= 0.4, 0.6, 
0.7, or 0.8). As a result 320 various multi-agent systems 
were obtained. Our aim – finding the best agent system, 
which should bring the best mean return value. 320 
systems were separated into different patterns classes 
according 10 days mean return values. Totally we had 
102 attributes. The best set was recognized by the 
following attributes:  

a) 100 quantities of agents in each MAS,  
b) parameter that characterized learning set sizes of 

the given MAS,  
c) regularization parameter .  
 

A single layer perceptron was utilized to establish non-
linear decision boundary. Learning set size used to train 
perceptrons was 320. To improve small sample 
properties of classification rule a singular value 
decomposition of 320102 dimensional data was 
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executed and used the first 20 principal components for 
classification. The most successful agent set which 
produced the best 10 days return was used for the final 
portfolio weights calculation.    
Parameters of multistage Portfolio weighs calculation 
schema were found while experimenting with 12000 
trading agent data recorded in 2007 to 2013 years period. 
Evaluation of the method was performed with another 
subset of trading robots recorded in 2003 – June 2012. In 
Fig. 1 we present out-of sample results, variation of the 
Sharpe ratio during the last six years.  
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Fig. 1. Variation of out-of-sample Sharpe ratio maximization 
over all 19x100 period. Horizontal axis is a number of 
years, while vertical shows Sharp ration 

 
4. Conclusions 

 
Usage of a large number of automated trading robots in 
portfolio management tasks brings significant sample 
size / dimensionality issues. We suggested a new schema 
to solve this problem. Clustering correlations between 
input time series of the returns of trading robots is very 
useful as well as it allows entering additional 
information into decision making process and reduces 
dimensionality problem. An improved portfolio weight 
calculation schema also suggested. Employing new 
portfolio construction approach allowed improving 
portfolio Sharpe ratio from equally weighted 5.23 to a 
proposed system’s 7.59. The 150% improvement is very 
stable and statistically significant and in almost all out of 
sample experiments produced better Sharpe ratio. 
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Abstract: In this paper we present the architecture of the 
multifunctional user interface for paralyzed people. The 
system has multiple input modules such as voice 
recognition, eye tracking, pressure sensor and brain 
computer interface module. The input modules can be 
prioritized depending on the abilities of the user. The 
system contains a dynamic menu that only shows 
relevant choices at any given time to further ease the use 
of the user interface. The interface will be used to 
control a robotic arm. 

 
Keywords: multifunctional, adaptable, user interface. 

 
1. Introduction 

 
People suffering from tetraplegia have partial or total 
loss of sensory and motor function in all their limbs and 
torso. This condition has tremendous impact to patients’ 
quality of life [1]. Devices that help to restore the lost 
functions are highly desirable by the patients. The user 
interface for these devices is a big challenge and has to 
be adapted for each individual. 
Motorized wheelchair is one of the most widely used 
devices to help paralyzed people. At least four input 
signal are necessary in order to control this device. 
Motorized wheelchairs have been controller with 
numerous different human computer interface (HCI) 
devices such as electroencephalogram (EEG) [2], 
electromyography (EMG) [3], sip-and-puff and others 
[4]. The choice of the HCI device usually depends on 
the abilities of each individual. 
Exoskeleton devices on the other hand offer the 
possibility of moving the patient’s own limbs. These 
devices however are still in the very early research 
stages. They face huge challenges because of the high 
number of degrees of freedom (DOF) and complicated 
input signals necessary to control them. Moreover 
exoskeleton devices are usually controlled using EMG 
inputs [5] and are not very well suited for tetraplegia 
patients. 

Robotic arm is another device that can help to improve 
the lived of paralyzed patients. Robotic arms can be 
conveniently used to perform reach and grasp actions. 
Controlling a robotic arm however is a difficult task. 
Whereas wheelchair requires only 4 input signals 
(because it generally moves on a 2D plane) the 
positioning of a robotic arm requires at least 6 input 
signals to position it in a 3D space. Robotic arm has 
been controlled by people with tetraplegia using neural 
controllers [6]. This approach however requires a very 
expensive and highly invasive neural implant. Making 
this an affordable solution for many tetraplegia sufferers 
is still a big challenge. 
In this paper we present the architecture of a 
multifunctional user interface that can be used to control 
a robotic arm. The main goal of the suggested approach 
is to create an affordable adaptable and easy to use HCI 
solution. Instead of using expensive sensors to get 
complicated multi-channel control signals we use low 
power sensors that provide 2 to 6 reliable input signal. 
Because the signals are very simple it is easy to fuse 
them and the system can be adapted to the needs of 
individual patients. These signals are used to navigate 
the dynamic user interface that is presented to the user. 
The interface only shows objects and actions that are 
relevant at the moment.  
The description of all the system components is given in 
Section 2. The input devices and devices used to display 
the user interface are reviewed in Section 3 and Section 
4, respectively. The software architecture is described in 
Section 5 and the conclusion is presented in Section 6.  

 
2. System overview 

 
The system contains a robotic arm that is used to 
execute various tasks requested by the user. A 3D 
camera is used to observe the robot operation 
environment. The user actions are input through action 
input devices and the user interface is displayed to the 
user through user interface presenter. System also 
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contains two controllers, namely the robotic arm 
controller and the user interface controller. The diagram 
showing the relationships of the system components can 
be seen in Fig. 1. 

 

 
 

Fig. 1. The hardware and software components of the system 
and their relationships 
 
The scene recognizer component is processing the 3D 
images of the robot working environment and extracting 
the detected objects. This information is used by the 
robotic arm controller to plan the task execution. 
The list of detected objects is also provided to the task 
generator component. Task generator can then display 
context specific dynamic user interface that is relevant 
for the current robot workplace environment. For 
example there is no need to display ‘Pick up apple’ task 
in the menu if there is no apple present in the robot 
workspace. This helps to speed up the process of 
selecting the desired action by the user. After the user 
chooses a new task it is send to the robotic arm 
controller for execution. 
The actions for navigating and selecting the user 
interface entries are provided by the action recognizer. 
This component converts the signal from different 
sensors to a unified recognized action that is transferred 
to the task generator. This component can also fuse data 
from several action input devices. Using several input 
devices makes the system easily adaptable to the 
abilities and needs of each individual. 

 
3. Input devices 

 
Paralyzed people usually cannot use standards human 
computer interface (HCI) devices such as keyboard and 
mouse. Furthermore a choice of a specialized HCI 
device usually depends on the abilities of each 
individual.  The suggested system will support multiple 
input devices and will have the possibility to fuse the 
data from several input devices. The devices can be 
prioritized so that the system could be adapted to the 
abilities of each individual. 
One of the most commonly used HCI devices is the Sip-
and-Puff device. The device usually has up to 4 input 

commands. The main two commands are the air being 
sipped and puffed. Two additional commands can be 
added by measuring the amount of air pressure and 
differentiating each sip and puff as being either ‘hard’ 
or ‘soft’. These amounts are usually determined during 
the calibration of the device and depend on the abilities 
of each individual. Despite being very simple this 
device has proven to be quite fast and reliable [7]. 
Measuring muscle activity by detecting its electric 
potential, referred to as electromyography (EMG), has 
traditionally been used for medical research. However, 
with the advent of ever shrinking yet more powerful 
microcontrollers and integrated circuits, EMG circuits 
and sensors have found their way into all kinds of 
control systems. EMG devices offer similar input 
capabilities to the Sip-and-Puff devices. In order to use 
the EMG as an input device the patient has to have 
strong facial muscle control capabilities [8]. 
Brain computer interface (BCI) devices have gained a 
lot of interest in the recent years [9]. These devices offer 
the most natural way of interacting with the outside 
world. Traditionally invasive sensors where necessary 
to extract reliable signals but newer sensors have 
advanced the technology towards non-invasive devices. 
Recent studies show that even low cost passive dry 
sensors can provide reliable results [10]. 
Using speech recognition is another low cost solution 
because it only requires a microphone. Very high 
accuracy can be achieved if we restrict the task to only 
recognize up to 10 commands. The system could be 
made highly adaptable by training an acoustic model for 
each individual. 
Reliable eye-tracing algorithms have been developed 
using conventional web cameras and have proven to 
have high accuracy [11]. This approach could not only 
be used for navigating the user interface of the system 
but to directly selecting the objects by gazing at them. 
 

4. User interface display devices 
 
The usual way for displaying graphical user interface 
(GUI) is a computer monitor. This is a low cost and 
easy to implement solution. The only disadvantage of 
this approach is that the user can not look 
simultaneously at the monitor and at the workplace of 
the robot. This problem can be partially solved by 
showing the view of the scene from the camera on the 
monitor. But even using this approach the user will have 
to shift his attention from the monitor to the workplace. 
Advances in the sensor and display technologies have 
made augmented reality (AR) applications possible 
[12]. Augmented reality helps to solve the problem of 
the conventional computer monitor. The user can look 
directly into the workplace of the robot and see the GUI 
overlaid on it. Note that a GUI developed using AR 
technology can also be displayed on the conventional 
computer monitor.  
There are two types of devices that can be used for AR 
applications, namely a projector or optical head-
mounted display (OHMD). Both of these devices have 
some advantages and disadvantages. The image 
produced by projector might not be clear in well light 
environments and they are usually positioned stationery. 
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OHMD devices such as Google Glass on the other hand 
move together with the users head. These devices 
however are still in the early stages of development and 
are not widely available for consumers. 
 

5. GUI algorithm 
 
In this section we will be discussing objects, actions and 
tasks. An object is any physical world entity that is 
positioned in the workplace of the robot and detected in 
the 3D camera sequence (e.g. an apple or a cup). A 
particular action can then be selected to manipulate the 
object (e.g. pick up or pour). And finally the object and 
action pair is referred to as a task. 
The task that the robot has to execute are selected and 
executed sequentially. The user selects a task for a robot 
to execute and the new task can be selected only after 
the first task is finished. The user also has an option of 
canceling the currently executed task at any point in 
time. The steps of the task selection algorithm are 
provided in Fig. 2. 

 

 
 

Fig. 2. Algorithm steps that are performed when selecting a 
task 
 
The robotic arm controller contains the scene analyzer 
algorithm that returns the detected objects to the GUI 
module. These detections can be displayed to the user. 
The detections can be indicated to the user by drawing a 
red border around them. The currently selected object 
can be distinguished from the others by drawing a green 
boarder around it.   
During the selection process any input device that is 
used has to have at least 2 input commands. First 

command is used to acknowledge the current selection 
and transition to the new task selection phase. Second 
command is used for selecting the next item in the list. 
If a particular device has more than two commands then 
the additional commands can be mapped to several 
items in the list making the selection process faster.  
The command parsing steps of the algorithm are 
responsible for mapping the signals from the input 
devices to the commands that change the state of the 
GUI. 
The system has a database that stores the relationships 
between objects and the actions. After the user selects a 
particular object the system retrieves the list of actions 
that are applicable to that particular object. The actions 
are also prioritized in the list depending on how often 
that particular action has been used in the past. This 
helps to speed up the action selection process. 
After the user selects a task that he wants to execute the 
robotic arm controller calculates the plan for executing 
this task. The calculated plan is displayed to the user as 
a path of the robotic arm. The user then has to 
acknowledge this plan to start its execution. 
 

6. Software architecture 
 
The choice of the robotic paradigm has a big impact on 
the characteristics of the robotic system. In the early 
days of robotics sequential (Sense Plan Act) paradigm 
was usually used. The main disadvantage of this 
paradigm is that making it reactive is usually difficult 
especially if planning stage is computationally 
expensive. 
An alternative is the Subsumtion paradigm. Subsumtion 
paradigm is behavior based architecture. This paradigm 
decomposes complicated intelligent behaviors into 
many “simple” behavior modules. The behaviors are 
then divided into layers where low layer behaviors are 
very reactive and high layer behaviors represent higher 
level goals. The current behavior is selected depending 
on the sensory input where each behavior has a full 
access to all sensor data. The main advantage of this 
paradigm is that complex behaviors can emerge from a 
small set of simple behaviors. The main disadvantage is 
that it might be difficult to achieve high level goals 
using this paradigm as the higher level behaviors can be 
suspended for a long time. Coordinating the subsumtion 
of the actions is also a challenging task. 
Hybrid robotics paradigm is a mix of the two previously 
mentioned paradigms. It mixes the two paradigms to 
create an architecture that is both reactive and at the 
same time plans the actions to achieve the high level 
goals. The most famous realization of this architecture 
is the three layer architecture [13]. The architecture 
consists of three layers, namely: 
1. Reactive layer or Controller. This layer usually 
communicates with the hardware of the system. This 
layer contains system feedback control loops. The 
complexity of the algorithms implemented in this layer 
is usually small and the algorithms execute in constant 
time. The control loop period of this layer is therefore 
very fast. 
2. Executive layer or Sequencer. This layer decides 
what action should be next executed by the Controller. 
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It also integrates the sensory information from all the 
sensors into the internal state of the robot. This layer 
contains higher complexity algorithms and therefore its 
execution cycle is slower than the reactive layer.  
3. The Deliberative layer of Planner. This layer contains 
the algorithms that are used to create a plan for the 
Sequencer layer. The successful execution of this plan 
would result in reaching the desired goal of the robot. 
The plan of course can be changed when the state of the 
robot changes. The algorithms of this layer usually 
require more computational resources and this layer 
therefore has a longest execution cycle. 
The advantage of three layer architecture is that it 
allows the system to be reactive in the short term as well 
as plan for the long term goals. The main disadvantage 
is that this architecture only suggests a high level design 
of the system and the concrete splitting of individual 
components has to be performed depending on the 
actual system requirements and constrains. 
This project will use three-layer architecture by splitting 
the system software components into several 
lightweight modular services. The software components 
shown in Fig. 1 will be split into following services: 
1. Robotic arm controller component is split into 3 

smaller services. Motion executor service that is part 
of the Controller layer and communicates directly 
with robotic arm hardware.  Motion sequencer 
service (Sequencer layer) that is responsible for 
splitting the task plan into motion requests for 
Motion Executor. Task planner service (Planner 
layer) that creates execution plan for each new task. 

2. Scene recognizer would consist of two services (both 
in Sequencer layer). First service would be 
responsible for segmenting the 3D images and 
detecting the objects. Second service would be 
responsible for creating the world model that is used 
by the Task planner. 

3. There will be one Action recognizer service for each 
input device. All of these services are part of 
Controller layer. Each of these services are receiving 
the data form input device hardware and parsing this 
data to a uniform format that can be used by Task 
planner. 

4. Task generator would be part of Sequencer layer and 
would be responsible of integrating the actions from 
the Action recognizer services and controlling the 
GUI. The output of this service is provided to Task 
planner. 

 
7. Conclusions 

 
In this paper we present the architecture of a 
multifunctional user interface used to control a robotic 
arm. We provided an overview of the system 
components and their interactions. A detailed review of 
advantages and disadvantages of different input devices 
and user interface devices is provided. We also 
presented the algorithm that can be used to control the 
graphical user interface. Finally we have reviewed the 
most popular robotic paradigms and how the software 
components of the system could be split to lightweight 
services to implement the three-layer hybrid robotics 
paradigm architecture. 
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Abstract: In the design of control systems and, in 
particular on aircrafts, you often need to work with 
mathematical models of high order. There are control 
methodologies that allow you to do it, as Quantitative 
Feedback Theory (QFT), although they give rise to 
compensators (controller and prefilters) with order also 
high. The real problems in implementation of such 
controllers are obvious, even in some occasions 
unworkable. We can consider two solutions: trying to 
reduce the order of the original plant to get low order 
controllers; or reducing the controllers which are the 
high order solution, we have obtained from the original 
plant. 

 
Keywords: MIMO, QFT, transfer function (TF), 
Nichols Chart (NC), reduced TF, squaring up. 

 
1. Introduction 

 
Control methodologies that allow you to work with 
mathematical models of high order, as Quantitative 
Feedback Theory (QFT), produce compensators 
(controllers and prefilters) with order also high, whose 
implementation  is complicated, even in some occasions 
impossible. If we reduce the order of the original plant 
before designing [5], we can get lower order controllers. 
Another solution consists of designing the 
compensators with the high order original plant and, 
afterwards, trying to reduce these ones.  
In any case, reduced functions must show similar 
behavior to the original ones, to consider them valid: ie, 
reduced plants shall fulfill the design specifications in 
the same way than the original plant and, reduced 
controllers must maintain the same degree of stability 
and control than the original compensator. 
Given a transfer function (TF) in the NUM/DEN 
polynomial form, ie, described as, 
 

 
n

n
m

m

asa

bsb

sDEN

sNUM





...

...

)(

)(

0

0  .    (1) 

 

We want to reduce its order, that means to reduce the 
number of poles and zeros so that, 

1. The function has got the most similar form as 
possible to the original, shown in the Nichols chart 
(NC), so that its dynamic behavior remains. 
2. The function, plant or controller, continues 
maintaining its stability. To get this, 

 nm  . More poles than zeros. 
 No right half plane (RHP) poles or zeros. 
 No zero poles. 
 The function does not cross the 2nd quadrant of 

NC or if it does, it fulfills conditional stability [6]. 
Note that the original transfer function to reduce can 
represent the mathematical model of a system (plant) or 
a compensator (controller or prefilter). In both cases, we 
part of a higher-order function, whose implementation 
may not be feasible or may generate computational 
problems. In any case, it interests to obtain a lower 
order of implementation, although the reduced transfer 
function should behave in a similar way as the original 
function does: 

 for the case of reduced plant, this one must fulfill 
the design specifications as the original plant does; 

 for reduced compensators, the obtained function 
must maintain stability and control in the same 
degree as the original compensator. 

In control problems with high uncertainty, reduction is 
not feasible on the original plant since, due to the 
important amount of different scenarios of the model, it 
results impracticable to apply reduction over each one 
of them. 
It has been developed a matlab program (“RACW.M”) 
for rationalization of transfer functions to reduce them 
which, although it can be applied both on plants and 
compensators, it will be particularized in compensators 
of models with high uncertainty. 
 
2. Procedure for reducing controllers and prefilters 

in QFT 
 
It will be used the following procedure, depending on 
the compensator type obtained in the control design 
process to reduce, supposing for example control QFT: 
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For determination of reduced controller functions g: 
1. Initially setting parameters, numerator nc0 and 
denominator dc0 in controller g, are chosen assigning 
them the unit value:  
 

10 nc , 10 dc .   (2) 
 
2. Obtain the original controller g with the QFT 
interaction design environment (IDE). 
3. Record the result in the form admitted by the QFT 
IDE: "g.shp". 
4. Change the setting parameters nc0 and dc0 in 
controller g, such that,  
 

   '.'0,0 shpggetqftdcnc  .   (3) 

 
5. Open IDE and record the controller in complex 
format using,  
 

 wdcncfreqcpg ,0,0 .  (4) 

 
6. Call rationalization program of the controller function 
g , as follows, 
 

   mnwgracwdcnc ,,,0,0  ;  (5) 

 
where n and m are the selected number of poles and 
zeros, respectively and, w the operation range of 
frequencies. 
Try different values of m and n (always with nm  ), 
until the phase error and magnitude error, being 
minimal, resulting in some numbers as small as 
possible. 
7. Record the results in format “.mat”, ie, apply "save g 
w nc0 dc0" 
8. Call the reduction function from the latter format, ie, 
"load g.mat " 
 
For determination of reduced prefilter functions F: 
1. Initially setting parameters, numerator nf0 and 
denominator df0 in prefilter F, are chosen assigning 
them the unit value:  
 

 lonesnf ,10  ,  lonesdf ,10   with  wlengthl  .(6) 

 
2. Obtain the original prefilter F with the QFT IDE. 
3. Record the result in the form admitted by the QFT 
IDE: "F.shp". 
4. Change the setting parameters nf0 and df0 in prefilter 
F, such that,  
 

   '.'0,0 shpFgetqftdfnf  .  (7) 

 
5. Open IDE and record the prefilter in complex format 
using,  
 

 wdfnffreqcpF ,0,0 .  (8) 

 
6. Call rationalization program of the prefilter function 
F, as follows, 

   mnwFracwdfnf ,,,0,0  ;  (9) 

 
where n and m are the selected number of poles and 
zeros, respectively and, w the operation range of 
frequencies. 
Try different values of m and n (always with nm  ), 
until the phase error and magnitude error result as small 
as possible. 
7. Record the results in format “.mat”, ie, apply "save F 
nf0 df0 w" 
8. Call the reduction function from the latter format, ie, 
"load F.mat " 

 
3. General procedure for reducing number of poles 

and zeros in the original TF 
 

The IDE of the QFT Toolbox designed by [1] allows 
working with high-order plants, but usually this 
involves design of controllers and prefilters with also 
high order. 
This IDE allows you to add typical design elements to 
obtain the open loop TF in the control system as, real or 
complex pole, real or complex zero, 2nd order 
supersystem 2/2, integrator or differentiator, lead or lag, 
notch or complex lead. However, it doesn`t offer the 
open loop TF designed in numerator/denominator 
polynomial form, but only as complex for the frequency 
range. 
This was the initial reason for the development of the 
program RACW.M. We want to get a reduced TF in 
numerator/denominator polynomial format with 
behavior as close as possible to the original TF, given in 
complex form within a certain frequency range. 
When we speak of similar behavior between two TFs in 
two different formats, we mean that both should have a 
similar appearance in the NC, with magnitudes and 
phases for same frequencies as close as possible. With 
this, we ensure that both TFs will fulfill design 
specifications similarly. 
With RACW.M function, applying a RAtionalization 
process, as it is described by [2], we get to work with 
complex input and to offer as output the corresponding 
transfer function (numer/denom), according to the 
supplied frequency vector w. It also allows users to 
decide the order of the output functions by adjusting the 
number of poles and zeros they may contain. Depending 
on the order of the output TF we have selected, so it 
will be the difference in magnitude and phase for each 
frequency within the range used, between the output 
and the input. Therefore, selecting different output 
orders and observing the differences in magnitude and 
phase we can achieve reducing the order of the function 
to a value where these differences are not too high, what 
implies generally a similar behavior between input and 
output TFs in the NC. 
 
The RACW.M program is technically described as 
follows in Matlab format: 
 
function [numer, denom, error]=racw (c, w, n, m).  (10) 
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Input arguments of the function: 
 c: [N,1] vector, complex input TF. 
 w : [N,1] vector, range of frequencies. 
 n and m : number of poles and zeros, 

respectively, for the reduced TF in the form 
numer/denom. 

 
The relationship between reduced FT and input vector 
c(s) would be: 
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which can be rewritten as: 
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From the input function of N complex numbers c(s) for 
each frequency w, N equations are developed by 
replacing in (12). Applying the rationalization process 
described by [2], it is obtained values for the m 
coefficients ai and n coefficients bi. 
 
Finally, performing a polynomial evaluation of the TF 
with the coefficients ai and bi obtained, it is compared in 
magnitude and in phase with the value of the original 
complex TF c(s), leading to errors in magnitude and 
phase of the process. 

 
4. Application example of the number of poles and 

zeros reduction method 
 

Ref. [3] develops the "squaring-up" MIMO-QFT 
problem on the civil aircraft model RCAM described in 
GARTEUR project [4]. Specifically, it is a combined 
regulation/tracking problem affecting the longitudinal 
dynamics of the aircraft, expressed by a sized [2,8] 
plant. The final solution will be a non diagonal 
controller G [2,8] and a diagonal prefilter F[8,8]. 
Next it is presented, as an application example of the TF 
order reduction method, the original function g1 [3] for 
the first subsystem first loop controller of the plant 
model indicated, within the specified operating 
frequency range w of such model , expressed in (14). 
The selected frequency band, after studying the 
frequency range of the characteristic oscillation modes 
of the plant [3], is srad /)7.15.0(  . In order to 

achieve robust stability in the design of controllers, the 
frequency band is expanded up to 30rad/s, enough to 
reduce significantly with it the gain in the different open 
loop subsystems. Thus, 
 One thing is the operating range w0 for robustness in 

the frequency domain (WD), in compliance with 
tracking/regulation specifications; 

 

  sradw /7.1,5.1,3.1,1.1,9.0,7.0,5.00  .  (13) 

 

 And another, the extended operating range w for 
robustness in the time domain (TD), including 
compliance with the stability specifications. 

  sradw /30,10,7.1,5.1,3.1,1.1,9.0,7.0,5.0 .  (14) 

 
The original function g1 is a TF with 24 zeros and 17 
poles, obtained from the IDE of the QFT Toolbox in 
Matlab, as can be seen in the Fig. 1. 
 

 
 

Fig. 1. Setting the original open loop function g1 (24,17) 
 
Applying the reduction procedure described in 2, we get 
a reduced TF for g1, whose graphical representation in 
the IDE of the Toolbox QFT in Matlab has the 
appearance shown in Fig. 2. 
 

 
 

Fig. 2. Setting the reduced open loop function gr (6,12) 
 
The results obtained from the comparative analysis 
between the Fig.1 and Fig.2 are: 
 Same behavior in both functions of magnitude and 

phase, in the frequency range (0.5rad/s-2.55rad/s). 
This is, it includes all w0 and, therefore, it defines 
the same robustness of the two TFs in the WD. 

 Virtually, the same negative gain margin (GM) and 
for the same frequency (1.61rad/s). It fulfills the 
specification for robust stability (RS) [4], expressed 
as, 

 

 RSGMdbdBGM  6.252  . (15) 

 
 One crossover frequency, similar in both cases, and 

out of the operating range w0. 
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 Different degree of conditional stability in open 
loop. The phase margins (PM) are negative, but 
differents in each case: -16.5° for original function 
g1 and -46.7° for reduced function gr. The demanded 
PM for robust stability is 45°, so precisely the 
reduced function meets it, while the original one 
doesn`t. 

 
The reduced TF gr has the order (6,8), ie, 6 zeros and 8 
poles and, it is given by the following expression: 
 

0285.08421.00995.31651.36942.28514.01831.00048.00002.0

38.47442.35858.46847.9163.5784.048.0
2345678

23456

1 



ssssssss

ssssss
g

  (16) 
 
It was obtained using, [n1,d1]=racw(g1,w,12,6) and, 
subsequently, removing the insignificant poles and 
zeros. 
The magnitude and phase errors for the reduced TF 
from the original TF and for the predetermined 
frequency range w, are described in the Table 1 below 
and afterwards, graphically in Fig.3. 
 
Table 1. Characteristics of the reduced TF gr, respect to the 
original function g1 in the frequency range w 
 

w 
rad/

s 

C(in) C(out) Mag 
Error 
c(in)-
c(out) 

Phase 
Error 
Phase[c(in)]-
Phase[c(out)] 

0.5 341.13i-590.57-  341.39i-590.61-  0.2599 -0.0171 

0.7 113.10i-345.94-  113.05i-345.59-  0.3555 -0.0092 

0.9 39.83i-214.10-  39.63i-214.07-  0.2018 0.0503 

1.1 12.45i-141.57-  12.36i-141.62-  0.1035 0.0385 

1.3 0.45i+97.76-  0.51i+97.85-  0.0990 0.0311 

1.5 6.46i+67.72-  6.40i+67.76-  0.0680 -0.0507 

1.7 7.45i+46.59-  7.45i+46.57-  0.0166 0.0029 

10  0.06i-0.33-   0.06i-0.33-  0.0000 0.0000      

30 4.75i-0.60-  4.75i-0.60-  0.0000 0 

 
It can be seen that the obtained magnitude and phase 
errors for reduced function gr from the original TF, 
within the whole frequency range w, are small enough 
to consider it appropriate, in this regard. 
 

5. Conclusions 
 

In practice, obtaining a high order controller is often 
unfeasible, technologically and/or economically, so that 
it interests the lowest order solutions as possible. There 
must be a reasonable compromise between effectiveness 
and controller order. 
Possible solutions to this problem, methodologically 
few considered, are the next ones: try to reduce the 
order of the original plant to obtain low-order 
controllers; or reduce the solution controllers of high 
order, obtained from the original plant. 
 

 
Fig. 3. Graphic features of gr(6,12), applying RACW(g1,w, 
24,17) 
 
In any case, the proposed order reduction methodology 
must assure reduced functions with similar behavior to 
the original ones, to consider them valid: the reduced 
plants will fulfill the design specifications in the same 
way that the original plant and, reduced controllers must 
maintain stability and control with the same degree as 
the original compensator. 
Here it has been presented a methodology and 
procedures for reduction of poles and zeros of any 
polynomial transfer function in the format num/den, as 
well as, demonstrative examples of similar behavior 
between reduced functions and original functions, 
obtaining a similar degree of stability, in the case of 
compensating functions (controllers) in QFT, applied to 
the problem of the longitudinal dynamics of the RCAM 
GARTEUR project. 
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Abstract: Quantitative Feedback Theory (QFT) requires 
working with square plants or, in some cases using 
procedures of "squaring-down", it is possible to use 
more inputs than outputs, although always in a process 
of input variables reducing, which involve loss of plant 
characteristics. The procedure of "squaring up" using 
MIMO-QFT compensation allows working with plants 
with underactuated uncertainty, ie with more outputs 
than inputs, in a process without specifications 
suppression of the control system. Furthermore, in the 
design process we incorporate optimization of the 
control effort, as to track as to regulation. 

 
Keywords: MIMO, QFT design, underactuated, 
squaring up, control effort optimization, tracking, 
sensitivity. 

 
1. Introduction 

 
Quantitative Feedback Theory (QFT) is characterized 
by its versatility on plants with disturbances and 
uncertainty, for regulating and tracking. It can be 
applied to linear and nonlinear systems, variant and 
time-invariant, continuous and discrete, SISO, MISO 
and MIMO, minimum phase systems and other non-
minimum phase [5], [12], [6]. Direct methodologies 
(DPD) have been developed and so inverse plant 
domain (IPD) ones [8], diagonal and off-diagonal 
compensations [4]. However, QFT requires working 
with plants generally square or, in some cases using 
procedures of "squaring-down" [10], [7], it is possible 
to use more inputs than outputs, although always in a 
process of reducing the input variables, which will 
mean the no consideration of certain properties of the 
plant.  
"Squaring-up" is a QFT compensation procedure on 
MIMO systems where there are more outputs than 
inputs, in particular, with [2,n] size, such that n2 and 
even parity, which incorporates optimization 
(minimization) of the effort control, in a process 
without removal of plant characteristics. 

When working on a non-squared plant, it has been 
developed some techniques to try implementing MIMO 
QFT control properly, as if it were a square and regular 
plant: 
1. "Squaring Down": Plants with more inputs (m) than 

outputs (n) (   nmnm ,, ) are appointed by [1] as 

over-actuated systems, proposing a regularization of 
the loop transfer function, making it square  nn,  by 

use, between controller and plant, of a  mn,  sized 

precompensator. It is only applicable to systems 
with more inputs than outputs and never the reverse. 

2. "Non square relative gain array (NRG)": Proposed 
by [13], is a variant of "Squaring down" about the 
interactions between inputs and outputs on over-
actuated systems. Applied to plants with more inputs 
(m) than outputs (n) (   nmnm ,, ), it manages to 

transform the MIMO system in n MISO systems, 
independently solvable. However, it remains only 
applicable to systems with more inputs than outputs 
and not the reverse. Applying this assumption 
prevents the use of certain nonzero specifications for 
cross tracking. 

"Squaring up" replaces the initial_system by m sub-
systems (m=n/2) [2,2] MIMO sized, characterized all 
with common control inputs, but a single [2,2] 
compensator in "feedback"  and a [2,n] prefilter, both 
independents for each of them. The solution is a 
diagonal [2,n] controller and a non diagonal [n,n] 
prefilter with "off-diagonal" elements, which are able to 
get robustness in the time domain (TD) and in the 
frequency domain (WD) . 
We start from the plant,  nP ,2  , with in 2  , ,..3,2i , 

graphically described as in Fig.1, 
 

 
     

P11 P12 ...... P1n

P21 P22 ...... P2n
 

Fig. 1. Composition of the plant  nP ,2 , n2, even parity 

 

u1 
u2 

y1 y2 yn
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Where  21,uuu  are the control inputs and it is 

compatible to be grouped into square subsystems, such 
that,  211 , yyY   , ....... ,  nnm yyY ,1 ; ie, in m 

[2.2] subsystems, where m=n/2, sorted by: 
1. Specifications priority: the subsystem1 is the one to 
which we are imposing the most restrictive 
specifications of the main problem. 
2. From a previous study of input-output couplings, 
depending on the degree of coupling-decoupling 
detected; we seek maximum coupling in the diagonal 
subsystem1 elements and, if possible, also maximum 
decoupling in their off-diagonal elements. Plant is 
expressed as the followed state space linear model,  

DuCxy

BuAxx




 , where u are the control inputs, y the 

outputs, x the states and A, B, C, D the state space 
matrices; the product of the matrix C with the A 
eigenvectors matrix provides the input-output coupling 
degree. This study is applicable to the plant and also to 
the disturbance plant, in order to detect outputs-
input_disturbances couplings. The A matrix eigenvalues 
also provide characteristic oscillation modes of the plant 
and from them, we can get the frequency range which it 
works at. 
In the first stage of design control, we arise "squaring 
up" in terms of regulation and tracking, separately, to 
merge later the results in order to obtain the solution for 
the combined tracking-regulation problem. 
In the second stage, we incorporate a description of 
tracking and regulation specifications which include 
minimization of the control effort (optimization). To do 
this, the control effort specifications will be part of the 
basic specifications for tracking and regulation 
(sensitivities). 

 
2. Initial control design 

 
Control problem is schematized in the Fig.2, and 
grouped in squared [2,2] sized subsystems, where we 
have used diagonal  2,2iG , off-diagonal prefilters 

 2,2ijF , subplants  2,2iP , input references, 

 211 , rrR  , .....,  nnm rrR ,1 , disturbance subplants 

 2,2iPd , external disturbances  21,ddd   and control 

inputs 



m

i
ki

m

k
k EGu

11

, with iikiki YRFE   

 

 
 

Fig. 2. [2, n] Tracking/regulation problem grouped by [2,2] 
square subsystems 

The overall solution is given by the m solutions of the 

 2,2  MIMO problems proposed next, where each 

compensator 
iG  and each prefilter Fii are specialized in 

a single plant iP . 

The  n,2  MIMO problem presented is decomposed 

into m  2,2  MIMO problems (subsystems), as 

described generically in Fig.3. Where, in regulation 
terms, we have got, 
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They are functions that describe the contribution, in the 
form of input disturbances, of the other subsystems on 
the jth-subsystem to study: i

jPd  represents the influence 

of the ith-output fed through the jth-subsystem 
compensator Gj; Ai is the influence of all outputs fed 
back through all controllers, except the jth-subsystem 

one studied. The relations 
d

Yi for mi ,...,1 , are used in 

the form of restrictions, through sensitivity 
specifications, generalized for each ith-subsystem as, 
 

i
i

i Wps
d

Y
S  .  (5) 

 

 
 

Fig. 3. Generic jth-subsystem MIMO [2,2]. The m 
subsystems define the MIMO [2,n] problem 

 
Therefore, in order to study the jth-subsystem, choosing 
the worst situation in which with the external 
disturbance d the outputs Yi are maximum, we obtain, 
 

ij
i
j WpsGPd   ,   jimi  ,,...,1 ,    (6) 
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Thus, for a generic jth-subsystem, the regulation control 
inputs can be described as,  
 





m

i
i

m

jkk
k

m

jii
ijjjrj WpsGdWpsdGYGu

1,1,1

.  (8) 

 
By the other hand, in tracking terms, we have got, 
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They are functions that describe the contribution, in the 
form of input disturbances, of the other subsystems on 

the jth-subsystem to study: i
jPr represents the influence 

of ith-output fed through the jth-subsystem compensator 

Gj; ki
jB is the influence of all outputs fed back through 

all controllers, except the jth-subsystem one studied. The 
relations

j

i

R

Y , for mi ,...,1  and mj ,..,1 , are used in the 

form of restrictions, through tracking specifications, 
generalized for each ith-subsystem as, 
 

i
j

i
ii R

Y
T   .   (13) 

 
Therefore, in order to study the jth-subsystem, choosing 
the worst situation where with input references Rj the Yi 
outputs are maximum, we obtain, 
 

 ijij
i
j FG Pr , with jimi  ,,...,1 , (14) 
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 , with mi ,...,1  and jkmk  ,,...,1 . 

(15) 
 
Thus, for a generic jth-subsystem, the control inputs can 
be described as, 
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               (16) 
 
Control inputs for every subsystem will come given by, 
 

 uuuu Tjrjj  .      (17) 

A generic jth-subsystem can be described in a matrix 
manner as [12], 
 

jjjj uPdPdY  , being  kkj ,1 with k=2,4,..,n.  

(18) 
 

3. Optimized control design 
 

We will incorporate in the "initial control design" 
above, a description of tracking and regulation 
specifications which include minimization of the control 
effort (optimized control design) [12]. To do this, the 
control effort specifications are introduced in the basic 
specifications for tracking and regulation (sensitivities), 
forming part of them. 

 
3.1. Optimized regulation problem 

 

Starting with the equation,   



m

i
i

m

k
k YGu

11

 .        (19) 

 
If the control effort is optimized [12], ie, optimized 

control inputs opt
xu 1  and opt

xu 2  
are used, keeping the 

regulation control effort as close as possible to its 
minimum value, outputs are canceled and the effort 
control specifications will be described as,  
 

lj
j

opt
lopt

lj Wecr
d

u
Ecr  ,with  nl ,.,2,1 and  2,1j .  (20) 

 
For a generic optimized xth-subsystem, with x[x1,x2], 
being  x1=1,3,..,n-1  and  x2=2,4,..,n, we obtain, 
 

22,111,122,111,11 0 dPddPduPuPy xx
opt
xx

opt
xxx  ,

   
(21) 

 

22,211,222,211,22 0 dPddPduPuPy xx
opt
xx

opt
xxx  .

   
(22) 

 
3.2. Optimized tracking problem 

 

Starting with the equation,  



m

i
iiki

m

k
kT YRFGu

11

.  (23) 

 
If the control effort is optimized, ie, optimized control 

inputs opt
xu 1  and opt

xu 2  
are used  , keeping the tracking 

control effort as close as possible to its minimum value, 
outputs track their input references and tracking control 
effort specifications will come described as follows,  
 

lj
j

opt
lopt

lj Wecs
r

u
Ecs  , with  nl ,.,2,1 and  nj ,..,2,1 . (24) 

 
For a generic xth-subsystem, optimizing for tracking the 

outputs 21 , xx yy , we get,   
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        122,111,11 x
opt
xx

opt
xxx ruPuPy   ,                (25) 

 

        222,211,22 x
opt
xx

opt
xxx ruPuPy   .              (26) 

 
3.3. Specifications description optimizing control 
effort 

 
From initial control problem equations, applied on (18), 
we obtain the next specifications, using the optimized 
developments proposed in 3.1 and 3.2. [2]. 
 
Robust stability: Stability limitations are denoted as, 

lij WeE  , with 2,1i , nj ,..,1 and nl ,..,1 . Robust 

stability is expressed as,  
 

  11  PGE ;    (27) 

 
where P=1/q is the effective plant and G the controller.  
 
Control Effort: Determined by the next expressions as, 
 

For regulation,
   PG

G
ECr




1
;              (28) 

 

and for tracking,               
PG

G
FECs




1
;
          

(29) 

 
where P is the effective plant, G the controller and F the 
prefilter.  
 

Sensitivities: Defined by the constraints
ij

j

i Wps
d

y
 , 

with i=1,..,n and j=1,2.. For a generic xth-subsystem 
optimized for regulation, with x  [x1, x2], being 
x1=1,3,..,n-1 and x2=2,4,..,n, they are given by, 
 

1,1
1

1
1,1 x

x
x Wps

d

y
S  ,   (30)  

 

2,1
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1
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x
x Wps

d
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1,2
1

2
1,2 x

x
x Wps

d

y
S  ,  (32) 

 

2,2
2

2
2,2 x

x
x Wps

d

y
S  .  (33) 

 
In the above equations, regulation control effort 
specifications Wecr described in (20), are part of the 
sensitivity specifications structure. 
Tracking: Using reference inputs r and outputs y, for a 
generic xth-subsystem optimized for tracking, with 
x[x1,x2], being x1=1,3,..,n-1 and x2=2,4,..,n , and 

constraints imposed by  
ij

j

i
ij r

y
 

, with i=1,..,n and   

j=1,...,n , tracking equations will be the next ones, 
 

1,1
1

1
1,11,1 xx

x

x
xxxx r

y
T   , (34) 

 

2,1
2

1
2,12,1 xx

x

x
xxxx r

y
T   , (35) 

 

1,2
1

2
1,21,2 xx

x

x
xxxx r

y
T   ,  (36) 

 

2,2
2

2
2,22,2 xx

x

x
xxxx

r

y
T   .  (37) 

 
In the above equations, tracking control effort 
specifications Wecs described in (24), are part of the 
tracking specifications structure. 

 
4. Practical example: “squaring up” control for the 

longitudinal dynamics of a civil aircraft 
 

We are using as application problem of the described 
"squaring-up" method, the research civil aircraft model 
RCAM defined in the project GARTEUR ("Group for 
Aeronautical Research  and Technology in Europe") by 
the Group FM(AG08) ("Flight_Mechanics" ) [9]. In 
particular, the combined regulation/tracking problem 
proposed is described under the following terms: 

 Longitudinal channel plant,  8,2P  with 

subplants  2,2iP , such that,  421 ,..,, PPPP   

 Disturbances plant  8,2Pd  with  2,2iPd , 

such that,  421 ,..,, dddd PPPP  , 

Where the external disturbances vector is 
 zbz wwd , , the control inputs  THDTu ,  and the 

outputs  xz nnVWvVazy ,,,,,,,  [9]. The order of 

the selected variables in these vectors (d, u, y) is 
obtained from a study of inputs-outputs and 
disturbances-outputs couplings, depending on 
application of the theory given above. 
The solution is a non diagonal [2,8] controller and a 
diagonal [8,8] prefilter with off-diagonal elements. 
We will work with 881 different flight scenarios 
(templates), representing the overall uncertainty of the 
plant. The selected frequency band to process templates, 
after previous frequency range study of the 
characteristic plant oscillation modes, is 

srad /)7.15.0(  . In order to achieve robust stability 

in the design of controllers, we extend the frequency 
band up to 30rad/s, enough to reduce significantly the 
gain of the different subsystems in open loop [11]. 
In the application of the design process, using the QFT 
toolbox of MATLAB [2], we have been considered, in 
general: 
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 Stability criteria based on the work of [3]. 
 High frequencies should be attenuated, to 

minimize effects of sensor noise [12]. 
The graphically results for the first subsystem are given 
in the Fig.4.1 and the Fig.4.2. 
 

 
 

Fig. 4.1. First subsystem, first loop controller g1 
 

 
 

Fig. 4.2. First subsystem, second loop controller g2 
 
After the design process, frequency and temporal 
analysis offer correct results in all situations, for every 
specification. The solution obtained for the non 
diagonal [2,8] controller G and the diagonal [8,8] 
prefilter F is described in the Table1, Table2 and 
Table3. 
 
Table 1. Controller and prefilter structure, solution to the [2,8] 
longitudinal RCAM problem 

 

Non diagonal 
controller [2,8]  

Diagonal prefilter [8,8] 
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7531
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0000000

00

00

00

0

00

00

00

F

FFFFFF

FFFFFF

FFFFFF

FFFFFFF

FFFFFF

FFFFFF

FFFFFF

F 

 
Table 2. Transfer functions of the controller elements which 
are solution of the [2,8] longitudinal RCAM problem 
 

0285.08421.00995.31651.36942.28514.01831.00048.00002.0

38.47442.35858.46847.9163.5784.048.0
2345678
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517.17572.02117.12544.021.00001.00008.0
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Table 3. Transfer functions of the prefilter elements which are 
solution of the [2,8] longitudinal RCAM problem 
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5. Conclusions 

 
With the "Squaring-up" method we are used MIMO- 
QFT compensation on plants with underactuated 
uncertainty, ie with more outputs than inputs, sizes [2,n] 
with n2 and even parity, in a process without 
suppressing specifications on the system to control and 
which also includes optimization of the control effort, 
allowing a better regulation and tracking of the entire 
set of parameters considered, being either coupling or 
decoupling. 
This algorithm has been tested with the proposed 
complex example, which operates with a high degree of 

uncertainty, for a large number of output variables and 
in combined track-regulate situation. However, it would 
be interesting to increase the "squaring up" theory to 
systems with [m,n] sizes, where m> 2, n> 2, n> m and 
both, n and m, with any type of parity. Note that now 
the method is restricted in this respect and, therefore, it 
is not applicable to underactuated plants of any size. 
Application of "squaring up" in aircraft control systems, 
where it is very common to find few control inputs over 
many outputs, could be a solution, rather than eliminate 
output parameters to adapt its number to the input ones, 
as is usual. 
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Abstract: 2D discrete cosine transform (DCT2D) is 
known as less common and less effective in the field of 
speaker recognition techniques than vector quantization 
(VQ). However, some studies demonstrate that DCT2D 
with Hamming distance can be sufficiently accurate as 
well as faster method. Here we compare these 
techniques using various audio features (MFCC, BFCC, 
PLPCC) extracted from Speech Technology Center 
(STC) voice database. This pilot study finds VQ to be 
better, but more thorough parameter selection could 
help to find comparable accuracy of DCT2D to the 
point where lower accuracy could be tolerated for the 
simplicity and speed of the technique. 
 
Keywords: Mel-frequency, Bark-frequency, Cepstral 
coefficients, PLPCC, Vector quantization, DCT2D, 
Hamming distance. 
 

1. Introduction 
 
Speaker recognition can be defined as an automatic 
identification of a speaker based on individual 
information, extracted from a sample of speaker’s 
speech signal. Speaker recognition systems have a large 
set of applications in everyday life: time and attendance 
systems, access control systems, telephone-based 
banking, biometric login to telephone-aided shopping, 
secured information retrieval and reservation services, 
additional security level for confidential information, 
forensic purposes, etc. 

Speaker recognition systems are classified as text-
dependent (with knowledge of the lexical content) and 
text-independent (without that knowledge). The text-
dependent systems require a user to re-pronounce some 
specified utterances, usually containing the same text as 
the training data, like passwords, card numbers, PIN 
codes, while there is no such constraint in text-
independent systems. Therefore, a Common text- 
dependent recognition task is vocal password access 

control in which each user has a private predefined 
vocal password. Text-independent recognition tasks, 
such as call routing, usually do not make any 
assumptions on the lexical content of the call. It is well 
known that given the same experimental conditions 
(amount of data for training/testing, noise conditions, 
etc.) text-dependent speaker recognition is more 
accurate than text-independent recognition. [9] 
The organization of this paper is as follows: voice 
database is described in section 2, feature extraction in 
section 3, distance/distortion calculation for feature 
matching is presented by section 4, results of 
experiments are outlined in section 5, while conclusions 
are made in section 6. 
 

2. Voice database 
 
Experiments have been accomplished using Speech 
Technology Center (STC) voice database (recorded in 
1996-1998, Saint- Petersburg, Russia) using 370 phrases 
(37 men, 10 phrases for each person). One of the main 
purposes of database is examination of speaker 
recognition algorithms. Different phrases of 89 different 
speakers (54 man and 35 women). 69 of those speakers 
(36 man and 33 women) took a part in 15 and more 
recording sessions, 11 speakers in 10 and more sessions 
and 9 speakers – in less than 10 recording sessions. 
Native language of speakers: Russian, age between 18 
and 62 years. Collection consists of 5 sentences. Each 
speaker reads each sentence 15 times in different 
moment, 1-3 in period of time. Collection consists of 
6856 phrases (~837 MB). Each phrase signal is places 
in separate file (~126MB). Average phrase duration ~5 
sec. Recording environment: office room, dynamic 
omni-directional microphone, distance from mouth 5-15 
cm. Sample rate 11025 Hz (Nyquist frequency Fmax = 
5512 Hz), bit rate – 16 bit. Database is distributed by 
European Language Resources Association (ELRA)[4], 
[8]. 
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3. Feature extraction (front end) 

 
The purpose of this module is to convert the speech 
waveform to some type of parametric representation for 
further analysis and processing. This is often referred to 
as the signal-processing front end [6] [3]. 
 

 
 

Fig. 1. Block diagram of speaker recognition system [3] 
 
Step 1: Framing. Each speech signal is divided into 
frames of ~23 ms (256 samples) and most of spectral 
characteristics remain the same in this duration, with 50 
% of overlapping (128 samples). 
Step 2: Windowing. To remove edge effects, each frame 
is shaped with Hamming window. For the frame which 
has width N and values 0 ≤ n ≤ N, the Hamming 
window is represented by the following formula  
 

.                 (1)
 

 
Step 3: Frame-based features. Cepstral coefficients of 
choice are calculated from each window and used 
further as short-term spectrum-related audio descriptors. 
 
3.1. Mel-/Bark- frequency cepstral coefficients 
 
Fast Fourier transform (FFT) and cepstral coefficients. 
FFT is used to get log magnitude spectrum to determine 
MFCC or BFCC. FFT is represented by the following 
formula: 
 

.          (2)
 

 
Signal is windowed in the time domain and converted 
into the frequency domain by FFT, which gives the 
amount of energy present within particular frequency 
range for each of 512 bins. With an 11 kHz sampling 
rate, the total frequency range is from 0 to 5,5 kHz 
(Nyquist frequency) and by splitting it into 512 equal 
intervals, the ~10.8 Hz range (frequency resolution) is 
covered with each FFT bin. Frequency resolution tells 
how many Hz are represented by a single bin. 
Triangular Mel / Bark frequency filters are applied to 
warp frequency scale and sum the energy contained in 
bins into cepstral coefficients. When comparing the two 
warped scales, Mel and Bark, it is apparent that the Bark 
and Mel filters (Fig. 2) have narrow bandwidth at low 

frequencies and bandwidth becomes wider with 
increasing frequencies above 1 kHz [1]. Scaling is 
performed to get higher resolution at low frequencies 
and lower resolution at high frequencies. This is based 
on the human perception, where relationship between 
the real frequency scale (Hz) and the perceptual 
frequency scale (Mel/Bark) is logarithmic above 1 kHz 
and linear below. 
 

 
 

Fig. 2. Example of filter banks for cepstral coefficients 
 
In our experiments 40 triangular filters are designed. 
For each filter the spectrum energy is summed and 
logarithm taken to get a single cepstral coefficient. DCT 
on cepstral coefficients is used to perform decorrelation 
and energy compaction. Resulting coefficients are 
known as MFCC/BFCC and are also called acoustic 
vectors. Therefore, each input speech signal is 
transformed into a sequence of such acoustic vectors. 
After LOG and DCT we have the matrix, where: first – 
direct component (energy feature), all others - cepstral 
features (alterating components correspondant 
fluctuacions of direct component in increasing 
frequency diapazone). All those components are placed 
in decrending order of importance. After obtaining 
MFCC or BFCC, only first 24 are used further. The very 
1st coefficient, containing overall frame energy, is not 
used. 
 
3.2. Perceptual linear prediction coefficients 
 
The perceptual linear predictive analysis (PLP) 
combines spectral analysis with linear prediction 
analysis and was introduced in [11]. Here we calculate 
PLPCC features according to the following steps: 
 

1. Power spectrum. After windowing, each 
obtained frame is transformed into frequency 
domain by Cooley-Tukey variant of FFT using 
512 bins. Real and imaginary components of 
FFT result are squared and added to get the 
power spectrum (Eq. 2 in [11]). 

2. Bark spectrum (Eq. 3 in [11]). Power spectrum 
is warped from Hertz into Bark scale. 

3. Critical-band spectral resolution. Energy in 
FFT bins is collected through 1-Bark wide 
overlapping triangle filter-banks, equally 
spaced by 1-Bark interval. Triangles appear 
increasingly spaced in Hertz scale, therefore, 
more filters are allocated for lower frequencies 
where human hearing is considered more 
sensitive. Each triangle of the filter-bank was 
additionally convolved with a simulated 
critical-band masking curve (Eq. 4 in [4]). 
After this convolution (Eq. 5 in [11]) filters 
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become trapezoid-like with flat tops, covering 
increasing bandwidth and significantly 
reducing the spectral resolution. 

4. Loudness equalization (Eq. 7 in [11]). Equal-
loudness pre-emphasis approximates 
sensitivity of the human ear to certain 
frequencies. Frequencies in the area of human 
speech are among those that the ear shows 
heightened sensitivity. Formula was derived to 
model hearing properties at roughly 40 dB. 
Equal-loudness curve here is convoluted with 
each band of the filter-bank and the resulting 
trapezoids of the filter-bank become weighted 
according to this curve. Therefore, modified 
filter-bank has bands not only of increasing 
width (see previous step), but also of varying 
height. 

5. Intensity-loudness conversion (Eq. 8 in [11]). 
Further modification to approximate human 
hearing is implemented by amplitude 
compression, also known as cubic root 
compression, since it simply corresponds to 
taking a cubic root from the result of each 
filter. Resulting spectrum could be regarded as 
perceived loudness, measured in Son units. 

6. Autoregressive modeling. In the final step, 
perceived loudness spectrum is approximated 
by the spectrum of all-pole spectral modeling, 
which is similar to LPCC calculation and can 
be summarized as follows: the inverse discreet 
Fourier transform (IDFT) is applied to 
perceived loudness spectrum (of Step 6); from 
resulting autocorrelation function the first M+1 
values are used to solve the Yule-Walker 
equations (or Levinson-Durbin recursion) for 
the autoregressive coefficients of the M-th-
order all-pole model. In our experiments M = 
24. Autoregressive coefficients are further 
transformed into cepstral coefficients. 

 
Psychophysical aspects of human hearing, which was 
the main motivation of modifying LPCC into PLPCC, 
encompass Step 2 - 5. Matlab code to extract PLPCC 
features was obtained from [12]. Audio recordings of 
varying length resulted in different number of short-
time frames, each providing 24 PLPCCs. In its original 
formulation, PLPCCs are not robust to signal distortion, 
but RASTA modification [5] we found inferior.  
 

4. Feature matching (back end) 
 
The feature matching techniques used in speaker 
recognition here include vector quantization (VQ) and 2 
dimensional discrete Cosine Transform (DCT2D). In 
this paper both approaches are used for comparison due 
to the ease of implementation and acceptable 
performance. ]. Researchers successfully applied VQ 
[10] and DCT2D [2] for the task of speaker recognition.  
 
4.1. Vector quantization 
 
Vector quantization (VQ) is common and effective 
technique in the field of speaker recognition [10].  

This technique works by dividing a large set of points 
into groups having approximately the same number of 
points closest to them. Each group is represented by its 
centroid point. Since data points are represented by the 
index of their closest centroid, commonly occurring data 
have low error. In the figure below, two speakers and 
two dimensions of the acoustic space are shown. 
 

 
 

Fig. 3. Feature vector space after vector quantization 
 
After the enrolment session, the acoustic vectors 
extracted from input speech of a speaker provide a set of 
training vectors. The next important step is to build a 
speaker-specific VQ codebook for this speaker using 
those training vectors. There is a well-know algorithm, 
namely LBG algorithm [Linde, Buzo and Gray], for 
clustering a set of L training vectors into a set of M 
codebook vectors [7]. 

4.2. Two dimensional discrete cosine transform 
 
The 2D discrete cosine transform (DCT2D) here helps 
to separate matrix of cepstral coefficients into parts of 
different importance (with respect to signal’s 
information). The general equation for a 2D (N by M 
matrix) DCT is defined by following equation: 
 

.  (1)
 

 
The basic operation of the DCT2D is as follows: 
 

1. The input is N by M; 
2. F(i,j) is the intensity of the signal in row i and 

in column j; 
3. F(u,v) is the DCT coefficient in row k1 and 

column k2 of the DCT matrix. 
4. Much of the signal information is compressed 

at elements which appear in the upper left 
corner of the DCT. 

5. The very first element in the upper left corner 
of resulting matrix contains overall signal 
energy, therefore it is removed. 

6. The remaining elements are taken in various 
sizes (from 3x3 to 24x24), flattened to the 
vector. Best size for each specific threshold is 
selected in further experiments. 
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7. Obtained flat vectors are ready for thresholded 
Hamming distance calculation. 

 
Hamming distance is calculated between two vectors to 
determine how many of their elements are different. For 
each element, if difference is above the threshold then 
difference is declared and Hamming distance is 
increased by 1, meanwhile, if difference is below the 
threshold, then Hamming distance is increased by 0. 
Threshold here should be interpreted as sensitivity to 
element-wise differences. 
 

5. Experiments 
 
5.1. Experimental setup 
 
To evaluate the generalization error of techniques, 
stratified 10 x 5-fold cross validation (CV) was used. 
Data is repeatedly split into training / testing parts and 
those splits remained fixed for both techniques 
compared. From recordings, falling into training part, 
only single recording per user is left as a prototype. The 
goal for prototype selection is to select the most 
representative recording – the one which is closest to 
the remaining training recordings for each user. For 
recordings falling into testing part distances are 
calculated – both to the prototype recordings of same as 
well as other users. Distance from testing recording to 
training prototype of the same user (self score) is 
labeled positively, while distances to prototypes of other 
users (impostor score) is labeled negatively. 
Parameter for vector quantization was codebook size, 
while parameter to select for Hamming distance after 
DCT2D was threshold. Results are summarized by 
equal error rate (EER) vs. tunable parameters of 
technique.  Best result for each feature set evaluated was 
additionally summarized by receiver operating 
characteristic (ROC) plot with area under the curve 
(AUC) and detection error tradeoff (DET) plot, which 
differs from ROC in logarithmic axes [8]. A quick way 
to compare the accuracy of detectors with different 
ROC (DET) curves is the equilibrium point, widely 
known as equal error rate (EER). EER is the point, 
where curve intersects the diagonal and: 
 true positive rate (sensitivity) = true negative rate 

(specificity), or; 
 false positive rate (false acceptance) = false 

negative rate (false rejection). 
The lower the EER value, the higher the accuracy of the 
system. EER was computed and DET/ROC curves 
graphed using functionality provided by the BOSARIS 
toolkit [13]. 
  
5.2. Results 
 
Best result for Hamming distance after DCT2D 
technique was achieved using MFCC features and 
threshold equal 17. MFCC is consistently better than 
BFCC (see Fig. 4), while for PLPCC lower thresholds 
should be investigated. 

 
Fig. 4. Equal error rates for Hamming after DCT2D 
 
Best result for vector quantization was achieved using 
PLPCC features and codebook size equal 320. From 
Fig. 5 we see that the higher the codebook size the 
better results are obtained. 

 
 
Fig. 5. Equal error rates for vector quantization (VQ) 
 
Although in accordance with VQ theory, codebook size 
depends on initial amount of vectors. With single phrase 
duration (4 – 5 seconds), after initial signal processing 
we have 300-600 vectors for each phrase. For one 
element of codebook 5-10 vectors are required, so 128 
codebook size could be accepted as maximum. Also 
from the viewpoint of time aspect, speed of calculations 
in this case significantly decreases. The best result for 
vector quantization in this case was achieved using 
PLPCC features and codebook size equal 128, with 
EER = 5,9%.  
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Fig. 6. ROC plot for Hamming after DCT2D 

 
Fig. 7. DET plot for Hamming after DCT2D 

 
Fig. 8. ROC plot for vector quantization (VQ) 

 
Fig. 9. DET plot for vector quantization (VQ) 
 
For the best performing systems, denoted in Fig. 4 and 
Fig. 5 by dots, ROC and DET plots are provided further: 
for Hamming distance after DCT2D in Fig. 6 and Fig. 7; 
for vector quantization in Fig. 8 and Fig. 9. 
Sensitivity here corresponds to an accurate user 
detection (low miss probability), while specificity – to 
an accurate impostor detection (low false alarm 
probability). 
 

6. Conclusions 
 
This pilot study compared Hamming distance after 
DCT2D technique to more widely known vector 
quantization approach. Best equal error rates that could 
be reached so far: 13,7% using MFCC features with 
DCT2D and 5,9% using PLPCC features with VQ. We 
found useful to discard the 1st cepstral coefficient, 
which is related to overall frame energy. Higher 
codebook size resulted in improved performance for 
VQ, while for DCT2D higher threshold was more 
advantageous only for MFCC / BFCC features, while 
lower threshold values worked better for PLPCC 
features. VQ technique obviously outperformed DCT2D 
here, but more detailed experiments, using a wider 
threshold range, are needed. Another investigation 
direction could be evaluating influence of signal pre-
emphasis to sharpen the voice and cepstral mean 
subtraction to model dynamics of coefficients instead of 
their absolute values. 
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Abstract: The result of research on delivering small 
cargo using two-wheeled autonomous mobile robot is 
described in this paper.  The experiment equipment, 
cargo and robot recognition principles and the main 
algorithm of control system are presented. The purpose 
of created control system is to control robot so that it 
would be able to deliver cargo from point A to point B 
autonomously. 
Robot and cargo are recognized using information, 
obtained from video camera and extracted by colored 
markers. They are interpreted as points and vectors in 
the projective plane.  
The control system is implemented on computer. In a 
program window user sets destination point, then 
control system calculates robot wheels velocities in real 
time. For problem solution – finding robot wheels 
speeds – if-then rules were used. 
Results show that robot with the implemented control 
system manages to take cargo to destination point. 
 
Keywords: Autonomous mobile robot, control system, 
if-then rules. 
 

1. Introduction 
 

Nowadays there is an increasing intention to accomplish 
various tasks without human interface. One of these 
tasks is a cargo delivery, which according to conditions 
can be quite complicated. There are many factors, which 
determine the difficulty of control system 
implementation: the distance cargo has to move, 
dynamic and static obstacles, robot has to face with or 
the other issues caused by environment. If cargo has to 
be delivered from company to customer, system must be 
fully functioning artificial intelligence to gather and 
generalize traffic conditions, GPS coordinates, detect 
and navigate other objects, whose location can be not 
permanent. In this case, it is necessary to create, for 
example, city navigation map, which must be updated 
autonomously by robot, if robot‘s environment changes 
[1]. If delivery points are in the same building, 
implementation of the task becomes significantly more 
uncomplicated. Stable environment eliminates many 

factors and leaves only static and dynamic obstacles, 
that allows to accomplish task with intelligence, these 
days autonomous control systems have. 
The last, simplest case, when there are no other objects 
in working environment only the robot and cargo, is 
described in this paper. Under these circumstances it is 
possible to simplify the interpretation of many factors. 
One of them is the actual size of the robot and the cargo. 
They can be interpreted as points or vectors in the 
projective plane. The plane is implemented by obtaining 
video stream from camera, built above the surface robot 
and cargo are located in. When robot and cargo are 
recognized during image processing, then direction 
vector of the robot and centroid of the cargo are 
calculated.  
Various methods for task with such parameters can be 
applied:  
 Neural network. Network is taught the correct 
actions, neuronal coefficients are selected so that the 
network output values – speeds – satisfy the required 
condition to deliver the cargo. Then using direction 
vectors, angles between direction vectors and delivery 
points as neural network input values, network returns 
speed of wheels [2]. 
 Fuzzy logic. Depending on coordinates, vectors, 
angles and a few variables, which satisfy different rules 
with different degrees of truth, wheels speeds are 
calculated.  Speeds are combined of predefined for 
every rule, speeds, with influence of truth degree [3].  
 If-then rules. Returning predefined, one exact 
combination of wheels speeds, depending on 
coordinates, vectors, angles and a few variables, if they 
satisfy one or another rule. In this case the robot 
movement has to be predefined for all the 
circumstances. 
If-then rules were selected as task solution method, 
because it requires the easiest implementation, without 
training iterations and historical data. However, it is 
necessary to consider all possible cases and the 
experimental results will show the limitations of created 
control system. The delivery task with same starting 
parameters can be interpreted differently. 
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2. Equipment setup 
 
The designed system consist of „e-puck“ robot, digital 
camera (Logitech C310), plastic cylinder – cargo and 
computer, where calculations are made.  
„e-puck“ is small, 70 mm diameter, separately wheeled 
with form of cylinder mobile robot, created for 
educational purposes (see Fig. 1). The diameter of 
wheels is about 53 mm, maximal speed of wheel is one 
revolution per second, what corresponds to 13.5cm/sec. 
Energy for the robot is supplied by battery, which lasts 
about 2-3 hours of intensive use of the robot. The robot 
also has 3 microphones, a 3-axis accelerometer, a 
camera, 3 ground sensors and 8 infrared proximity 
sensors placed around it. The interface with the robot is 
supported via Bluetooth network [3, 5].  
 

 
 

Fig. 1. Robot „e-puck“ and a marker on the robot 
 
The most important requirement for video camera was 
capability of RGB images with 640 x 480 pixels 
resolution. This resolution ensures optimal quality for 
object detection by one of the main RGB color. 
Moreover, image processing with higher resolution 
images has more negative influence on task 
performance speed with existing computer parameters. 
The principal 3-D scheme of the system is shown in Fig. 
2. 
Computer user sees 2-D images obtained from video 
camera in a program window. Camera is built above the 
surface, robot and cargo are located in. Robot and cargo 
upper parts and the area around are shown. Every time 
user sets cargo destination point, witch must be in 
camera‘s visible area, the image processing is 
accomplished. Based on the robot, cargo and the 
destination point positions one of the predefined wheel 
speed is set to the robot via Bluetooth. This algorithm 

runs every loop, until cargo is delivered to destination 
point.  

3. Robot and cargo recognition 
 
The most important aspect in simple object detection is 
the proper selection of marker to ensure desirable 
system performance [4]. For the robot a marker was 
made of two, blue colored circles as shown in Fig. 1. 
Blue color was selected to extract marker by using one 
of the main RGB color. For further  processing two 
circles were used as the robot direction parameter. In 
this case, it is necessary to calculate center coordinates 
of both circles CR1 and CR2. In one dimension, centroid 
coordinates of white space area in a binary image is 
defined in equation (1).   
 

																	
1

,
1

;								 1  

 
where xi and yi are the coordinates of pixel with intense 
mi. M is the sum of all pixels intense and n is the total 
number of pixels. An algorithm to track position and 
rotation of the robot in the projective plane was 
developed.  
 
Algorithm 1.  Robot direction vector calculation 
1 step obtain RGB image from video camera and save it 
to 3-D matrix RGB	with [640 x 480 x 3]	dimensions; 
2 step extract blue color, by subtracting two RGB 
components. The result is a grayscale image, saved to  
2-D matrix RP 
RP[640 x 480] = RGBB - RGBR   
3 step convert image to binary format by using adaptive 
threshold.  
4 step use connected-component labelling algorithm to 
separate different white areas – circles, in binary image. 
5 step calculate two centroids of labelled white areas 
using first equation.  

CR1(xR1, yR1), CR2(xR2, yR2), 
where CR1 is the centroid of the bigger circle CR2 and  of 
the smaller (see Fig. 2). 
6 step calculate direction vector of the robot. 

R = 	CR2 - CR1  
For the cargo a marker was made of red circle. After 
extracting it by red color, first equation is used to 
calculate cargo center . 

 

 
 

Fig. 2. The experimental setup 
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4. Algorithm of control system 
 
If-then rules were chosen as cargo delivery task solution 
method. In this case, delivery task is divided into 4 
sections. Each section is described  by different value of 
a variable state, so 4 integer values can be assigned to 
the variable: 1, 2, 3, 4.  
The first state corresponds to the situation, when the 
robot or the cargo are not detected, so the movement of 
the robot is disabled.  
The second state – situation, when  distance between the 
robot and cargo is higher than required to accomplish 
delivery  actions (see Fig. 3 a)). A limit of the distance 
is assigned to a variable distLim. It is compared with the 
length of vector D. If this condition is selected, the robot 
has to turn it’s front part to the cargo and move straight 
to it until the length of the vector D will be equal or less 
than value of the variable . The robot turning to 
the cargo is implemented by calculating angle  
between vectors R and D using (2), (3) and (4) 
equations: 
 

																							 arccos	
∙

| | ∙ | |
,																											 2  

 

												 	
ı ȷ
R R 0
D D 0

R R
D D ,				 3  

 

																						
								 , 0
				 , 0 .																									 4  

 
Wheels speeds depend on . If the angle is positive, 
the robot spins on its axis to the right, negative – to the 
left. The turning is stopped when  is into interval [-3, 
3]. After this action speed of both wheels is set with the 
same value to move straight.  
The third value of the variable state corresponds to the 
situation when the distance between the robot and cargo 
are less than or equal to distLim. This section possesses 
two layers. Each layer is described  by different value of 
a variable thirdBus. The first value of the variable 
describes situation, when the robot center, the cargo 
center and the destination point do not belong to the 
same line in the projective plane (see Fig. 3 b)) - the 

angle between vectors D and T is not into interval  
[-3, 3]. If this condition is selected, the robot has to 
move around the cargo until value of the angle will 
satisfy the requirements. Moving around the cargo is 
realized by setting the angle | | between vectors R 
and D approximately equal to 90 degrees, moving 
straight and keeping the angle fixed. The second value 
of the variable thirdBus – situation, when the angle  
is into interval [-3, 3]. If this condition is selected, the 
robot has to turn its front part to the cargo again, then 
move straight to carry the cargo to the destination point 
as shown in Fig. 3 c). 
The last state is analogous to final situation – the cargo 
is delivered to the destination point, vector T length 
approximately equals to 0. If this condition is selected 
the robot movement is disabled, calculations, 
recognition are stopped, until user sets another 
destination point. 
 

5. Challenges 
 
During accomplishment of the task, the robot often does 
not carry the cargo straight to the destination point, 
because of the disadvantageous effect of the force of 
friction as shown in Fig. 4. Rough surface and 
insufficiently effective cohesion of the robot and the 
cargo determine  a change of the angle value. The 
angle between vectors D and T during the performance 
of carrying must be into interval  [-3, 3], otherwise, 
delivery task might not be effective enough. Solution 
for the problem was implemented by adding additional 
section to the algorithm of the control system. The 
section was described with the variable state value 5 
and it corresponds to the situation, when 3rd section, 2nd 
layer of the control system is active – the robot is 
carrying the cargo to the destination point and the angle 

 does not fit the requirements. If this condition is 
selected, the robot at some point has to compensate the 
wrong value of the angle . It is accomplished by 
moving robot, or rather its center coordinate (in the 
projective plane) to a line m, drawn trough two points – 
the center of cargo and the destination point (see Fig. 4). 
Coordinates of the correct position CR – xp and yp are 
calculated using (5). 

 
 

 
 

Fig. 3. Possible situations during the task performance

a) b) c) 
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where xD , yD destination point coordinates, xc , yc – 
cargo center coordinates, dis a distance from cargo 
center to predefined point of correct robot location in 
the projective plane, k and b are the coefficients of the 
line m. After correction 3rd section, 2nd layer of the 
control system is activated again – the robot continues 
to carry the cargo to the destination point. 
 

  

Fig. 4. Correction of robot position 
 

6. Experimental results 
 
The control system performance was tested by tracking 
position of the robot, measuring the time elapsed during 
the task accomplishment and the time, which is 
necessary to correct position of the robot. The working 
environment was set to be without obstacles. The same 
starting position to the cargo and position with direction 
to the robot was given, also permanent destination point 
was set. We have collected data from 20 different 
drives. The results show that the average number of the 
necessary robot’s direction correction is 2 times per 1 
drive with selected starting parameters. The corrections 

took approximately 37,17% time of the total single 
duration, so it may slow down the system. This number 
can vary depending on roughness of the surface, the 
robot and cargo are located in. The results approve the 
fact that if-then rules as task solution method can be not 
easily implemented if there are requirements such as the 
shortest path or drive duration. 
 

7. Conclusions 
 
Based on results we can propose that the cargo delivery 
task is solvable by the control system, which is based on 
if-then rules. However, there are problems, which 
require the faster, more optimal and time consuming 
solutions than algorithm based on if-then rules can 
provide. In order to reduce the duration of the task 
performance,  find the shortest path and accomplish the 
task with obstacles around, it is necessary to implement 
one or a few algorithms of the artificial intelligence to 
the control system.  
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Abstract: this article suggests the creation of transport 
wireless network. For system behavior analysis in 
transitive non-stationary operating mode we will use 
diffusion approximation method. In the given work 
server non-stationary operating mode at near to self-
similar query stream influence is considered with the 
main accent on server relaxation time. In this case the 
model for research is cyclic closed network model 
consisting of terminal system and a network server 
which common solution has been developed by H. 
Kobayashi [1]. 
 
Keywords: Network model, IEEE 802.11n, non-
stationary mode. 
 

1. Introduction 
 

In this work non-stationary of vehicular movement on 
roads is discussed and analyzed.  And main ‘goal’ of 
this analyzing is evaluation number of vehicular units in 
wireless network roadside Access point coverage range. 
Roadside Access Point may be use along roadside for 
providing moving user’s multiple-access to Drive-thru 
Internet system. For this reason   WiFi technology may 
be utilized.  
The main questions in realizing Wireless technology are 
connected with network goodput evolution. The 
Goodput and Throughput depend not on wireless 
channels and data transmission speed, but also on the 
number of Access Point clients (vehicles in AP 
coverage range) [2]. 
The number of concurrent vehicles in the coverage rank 
depends on the vehicle speed, vehicles density on roads 
and on the regime of road traffic. 
There may be two regimes – stationary regime which 
may be proposed to us by the vehicle flow on the long 
main roads and the non-stationary regime. 

 
2. Experiment 

 
These experimental data were used in order to estimate 
the number of cars in AP area in stationary mode. 

The experimental results presented in the paper were 
used for the estimation of the actual speed of data 
transmission between the moving vehicle and the base 
station if operating takes place in the mode of a file 
transfer according to the ftp protocol. The File Transfer 
Protocol (FTP) is a standard network protocol used 
transferring files from one host over a TCP-based 
network, such as the Internet [3]. The Ftp protocol is 
meant for the transmission of the large-size files. 
During the experiment the actual, effective speed of 
data transmission was measured in the Goodput with the 
protocol ftp, determines the data transmission rate of the 
large volumes. In networks, the goodput is the 
application level throughput, being a ratio between the 
delivered amount of information and the total delivery 
time. 
 The estimation was made by the means of IxChariot 
software [1] [4] To estimate speed of data transfer the 
“Goodput” scenario was used.#. The main feature of 
this estimation is the fact of speed measurement of the 
data transmission depending on the remoteness of the 
mobile object from the base station and its moving 
speed. The base stations are connected with the primary 
station, using WDS (Wireless Distribution System) 
connection Fig.1.  
  

 
 

Fig. 1. Measurement setup using IEEE 802.11n devices 
 

Besides that, the actual speed of data transmission will 
depend on the number of objects, which are in the 
coverage area of the station [3], supposing that the 
average length of the automobile is 5 meters and the 
necessary distance on the road between automobiles is 
also 5 meters.  
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 By analyzing our previous researches on the vehicle 
distribution in the area of the base station (200 metres) 
[1], we can conclude that the process of vehicle 
distribution is not well-established as the vehicle speed 
is not constant. Therefore, in order to find out when the 
distribution process becomes stationary, it is necessary 
to use the diffusive approximation. 

 
3. Stationary regime analyses 

 
The given work pays attention to the relaxation time. In 
this case the model for research is the cyclic closed 
model consisting of the terminal system and the 
network server [4] (Fig.2): 

 

21 N

 
 

Fig. 2. Cyclic closed network model 
 

In article [1], for determining the vehicles numbers 
investigate a closed network consisting of M 
independent nodes with N incoming customers is 
investigated. We take into consideration that the 

parameter i  according to the highway speed on the 

movement during highway is characterized by density 

[2] [3].  The customer service intensity i  in zone i is 

related to the length of zone and the vehicle (customer) 
velocity in zone. 

If the zone length equals to iS , and vehicle movement 

speed equals to i , then the intensity of vehicle service 

by road interval equals to [8]: 
 

 iii S/  .   (1) 

 
According to (1) the intensity of vehicle service is 
depends on the initial vehicle flow rate during the road 
interval and on the density of vehicle location on the 
road interval.  
In fact, to determine the growth of the speed of the 
vehicle the experiment was made and its results are 
present in Fig.3. 
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Fig. 3 shows the transport speed at the distance of 200 
meters, as well as the calculation of the time, which is 
necessary to overcome each subarea of 40 meters of the 
total area: Captions of figures should be aligned with 
both edges of the column below the figures, in 9-point 
font, single spacing.  

 
Table 1. Average time of overcoming for zone (40 meters) 

 

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 
3.6 

seconds 
2.3 

seconds 
1.9 

seconds 
1.7 

seconds 
1.6 

seconds 
 
The constant transport speed is 100km per hour. 

sm
s

m
/28

3600

100000
600200  , so, in order to 

overcome the area of 400 meters, 14 seconds are 
necessary.  
 

4. Mathematical model for non-stationary regime 
 
The overall number of queries circulated in the system 
is equal to N. Thus, we have the closed loop system. 
This model can be considered as an equivalent of the 
server model with the limited N size of buffer memory 
queries their which accept a stream of queries on their 
input [1]. 
The query stream can be arbitrary, and intervals 
characteristics between queries are defined only by the 

first moment 2μ and dispersion 2
2σ of the returned to 

the terminal system queries processing. 
It is known, that one of the self-similar traffic models is 
the stream of queries, whose arrival time intervals fit so 
called power-tail distributions. One of the important 
characteristics of these distributions is the dispersion 
tending to infinity and one of the popular laws for such 
intervals description is Pareto distribution. The 
probability density of random variable x in this law can 
be defined by the expression: 

 

  
1+α

x

k

k

α
=xf 






 .   (2) 

 

Here x > k and k > 0. If 2α then 2σ  but 
when 1α both mean and dispersion are tending to 
infinity. In work used by authors it is impossible to 
emulate strictly Pareto law for query intervals 
distribution description. However, this research carried 
out the increase of dispersion, and, consequently, also 

the variation coefficient 22 / mσ=C , where m is 
query mean time. This research assumed that the mean 
is limited, but the dispersion increases, coming nearer to 
very great value as it takes place in the self-similar 
traffic. This is the essence of the term "near to self-
similar" in the name of given article. 
The considered work insists that in the terminal 

system 2
2σ , and const=μ2 . The outgoing 

stream of such node, and, hence, the incoming stream of 
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the server, will be close to self-similar. Input of this 
system is a Poisson stream with mean service time 

1μ and the terminal system load coefficientΨ . 

Let's imagine a cyclic system where processing time on 
terminal i is subordinated to the distribution law with 
the mean iμ and the variation coefficient iC where i=1, 

2. The system is loop-closed, therefore N is a total 
query quantity in the system, N=const. Let’s define 
diffusion process which approximates the queue 
length  tn1 through x(t). 

Then corresponding diffusion equation will look like 
this: 
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where 2211 // μC+μC=α o and

12 /1/1 μμ=β o  .  Solving this equation with 

boundary conditions   10 +Ntx  for all 0t use 

scaling transformation: 
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where 21 / μμ=ρ .  As a result we have coordinate-

free diffusion equation: 
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With two reflecting barriers y=0 and y=b: 
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where 111,1,0 1 >ifρ=ifρ<ifρ=δ   and  

 

 
    ρρC+C

+N
=b

1/

1

21

     (8) 

 
Applying the method of "eigenfunction expansion", we 
obtain the following solution for: 
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here  yΦn and  0yΦn are eigenfunctions associated 

with eigenvalues nλ : 
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where bnπ=λn / and n=1, 2, 3... . 

The first term of (9) represents the steady-state 
probability and the second term gives the transient part 
in terms of eigenfunction expansion. Note that (9) 

satisfies the initial condition 0y=y i.e. 

   0yyδ=τy;,yρ o  , since the delta function is 

expressed in terms of the eigenfunctions. The second 
term of (9) is an infinite series, but can be well 
approximated by finite terms, since the factor 

 2/exp 2τλn approaches zero as n increases. 

As the starting point allows to take parameters 1C and 

2C  equal to 1 and server load coefficient 0.75=ρ  

(Fig.4). 
 

 
 

Fig. 4. Mean number of queries in the system at server load 
0.75 with Poisson query stream 

 
Here n1, n2 and n3 are server queue lengths with 
different initial conditions – when initial queue length is 
0, N/2 and N correspondingly. Checking this result 
(with exponentially distributed server and the terminal 
system service times in stationary mode) with the result 
obtained using well known methods we can say that this 
model gives similar results and can be used for the 

further researches. Now let’s increase 2C significantly 

to emulate self-similarity of the traffic but still 

leaving 1C equal to 1.  
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Fig. 5. Mean number of queries in the system at server load 
0.95 with Poisson query stream 

 
The resulting data are comparable to the diffusive 
approximation schedule under the load of 0.75 and 0.95 
(Fig.4 and Fig.5). Further we try to apply more or less 
real wireless network parameters to the above model. 
As real data speed in the wireless networks is known to 
be much less, we assume that the real data speed is half 
of that proclaimed by standard. We also assume that 
network is homogeneous – wireless clients are also 
equal to 802.11n. The following situation is assumed. 
The graph shows that, depending on the loading factor, 
the number of users varies in time and the stationary 
mode appears after 60 seconds. For checking purposes 
the same two-node system in the stationary mode can be 
used. The bandwidth equation for a two-node network:  
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The output flow is equal to input flow and from this rule 
of flow balance it is possible to write the equation. The 
number of vehicles is being calculated as follows: 
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Let’s compare the obtained results with the results of 
the diffusive approximation (Table 2):  

 
Table 2. Comparative results 

 

p Diffusive 
approximation 

Cyclic queuing 
model 

0.75 8 7.485 
0.95 6 5.51 

 
The Table 2 shows that the diffusive approximation is 
correct.  

 
5. Comparative analyses two calculations 

 
The average number of queries (vehicles) in i-th 
interval for stationary regime as shown in Table 3.  
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where G(N) is the normalizing constant, resulted from 
equalizing to one of all the probabilities of the system 

states[2][4]. Naturally, there are no limitations for the 
number of vehicles (queries) in the i-th interval. 

 
Table 3. Average number of queries for stationary regime 

 

Vehicle Zone 1 Zone 
2 

Zone 
3 

Zone 
4 

Zone 
5 

Loading 0.95 
10 5.81 1.03 0.92 0.76 0.69 
20 15.69 1.65 1.04 0.85 0.76 

Loading 0.75 
10 4.36 0.77 0.69 0.57 0.52 
20 11.77 1.24 0.78 0.64 0.57 

 
Table 4 calculates the number of automobiles in every 
sub-zone AP according to x y from time as well as 
according to 2 values of loading 0.75 and 0.95. 

 
Table 4. Average number of queries for non-stationary regime 

 

Vehicle Zone 1 Zone 
2 

Zone 
3 

Zone 
4 

Zone 
5 

Loading 0.95 
10 5.25 1.03 0.92 0.76 0.69 
20 14.56 1.65 1.04 0.85 0.76 

Loading 0.75 
10 3.94 1.03 0.917 0.761 0.689 
20 10.91 1.24 0.78 0.64 0.57 

 
6. Conclusions 

 
For non-stationary regime of the transport traffic flow it 
is necessary to use the differential approximation of the 
automobiles number in AP action sub-zone. On the 
basis of the obtained data, we can conclude that the 
diffusive approximation can be used to determine the 
amount of traffic. 
This paper presents the diffusive approximation with 
the load of 0.75 and 0.95. The graphs show the time, 
when the distribution process of vehicles will become 
stationary. On the basis of this work, the distribution 
process will become stationary under exponential law. 
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Abstract: The aim of this study was to compare acoustic 
and throat microphones in the voice pathology detection 
task. Recordings of sustained phonation /a/ were used in 
the study. Each recording was characterized by a rather 
large set of diverse features, 1051 features in total. 
Classification into two classes, namely normal and 
pathological, was performed using random forest 
committees. Models trained using data obtained from 
the throat microphone provided lower classification 
accuracy. This is probably due to a narrower frequency 
range of the throat microphone leading to loss of 
important information. 
 
Keywords: Throat microphone, acoustic microphone, 
voice pathology, feature extraction, classification 
committees. 
 

1. Introduction 
 
Identification of larynx pathology is a rather complex 
procedure, involving evaluation of patient’s complaints, 
case-record and data of physical examination. Voice 
recordings are non-invasive measurements, which can 
be used for early pathology detection and voice quality 
control. 
Pathological voice is induced by a mass increase, a lack 
of closure, or elasticity change of vocal folds. As a 
result the vocal fold movements become not balanced 
and in glottal cycles vocal folds may close not 
completely. These factors are related to the change of 
waveform. 
Development of effective diagnostic systems requires 
using high quality recordings, because of its influence 
on the accuracy of acoustic voice analysis [7]. Quality 
of records depends on microphone quality and type. 
Males voice frequency can be as low as 50 Hz, while 
pathological voice can have frequencies even lower than 
that [12]. Same research shows, that the same problem 
exists with high frequencies, so microphone used for 
human voice recordings should capture frequencies 
from the lowest possible up to the highest perceivable 

by human ear – 16000-20000 Hz. Also it is known, that 
sensitivity of microphone has a large effect on 
perturbation measures, so Deliyski et al. [7] suggest 
using microphones with minimum sensitivity of -60 dB. 
Titze et al. [9] state that condenser type microphones 
work better with perturbation than microphones of other 
type. It is stated in [6, 7, 9] that a microphone with a 
balanced output performs much better than one without. 
Validity and reliability of acoustic measurements are 
highly affected by a background noise [6, 7]. Due to its 
vicinity to the voice source, a throat microphone (TM) 
is less sensitive to background noises [3, 10, 11, 14, 15, 
18]. While using TM instead of acoustic microphone 
(AM), recordings have different frequency contents, so 
some important information is lost. To minimize 
information loss, Munger et al. [10] suggest using a 
multi-location contact microphone, because some 
frequencies can be recorded better in other locations 
than throat.  
Many researchers attempt to improve voice activity 
detection (VAD) and voice recognition. Some of them 
have proved that in cases where background noise is 
non-stationary TM can significantly improve 
classification accuracy [2, 19, 20]. Also, as stated in [4], 
TM provides high Signal-to-Noise Ratio (SNR). On the 
other hand Herzog et al. [16] explain, that contact 
microphones (e.g. Throat microphone) have a shorter 
frequency range and because of that some information is 
lost, especially information in higher frequencies. 
Other researchers attempt to improve classification or 
voice recognition accuracy by combining both TM and 
AM recordings. By combining recognition results from 
both types of recordings, Dupont et al. [18] achieved 
80% recognition accuracy. By combining features from 
TM and AM Mubeen et al. [17] also achieved some 
increase in performance.  
While trying to improve TM speech recognition, Erzin  
[8] proposed a new framework, which learns joint sub-
phone patterns of throat and acoustic microphone 
recordings using a parallel branch HMM structure. 
Application of this technique resulted in significant  

50



improvement of throat-only speech recognition. All 
these results show that there is a potential of combining 
various characteristics. 
The aim of this study is to determine which microphone 
or combination to use in order to get better larynx 
pathology detection accuracy. This is an important 
decision when aiming to create a non-invasive laryngeal 
pathology detection system. 
 

2. Voice database 
 

Voice samples were recorded in a sound-proof booth 
through with two (AM and TM) microphones. Oral 
cardioid microphone AKG Perception 220 (AKG 
Acoustics, Vienna, Austria) with frequency range from 
20 Hz to 20 kHz was used as AM. For TM recordings, 
an omni-directional Triumph PC (Clearer 
Communications Inc., Burnaby, Canada) microphone 
was used. It has frequency range from 100 Hz to 16 
kHz. 
AM distance from the mouth was ~10 cm. The audio 
format is wav (dual-channel PCM, 16 bit samples at 16 
kHz rate), the Nyquist frequency Fmax = 8 kHz. 
Sustained phonation of vowel /a/ was considered. In this 
study, mixed gender database of 243 subjects (155 
normal and 88  pathological) was used. During 
preprocessing, only frames resulting from the voice 
activity detector were used for feature extraction. 
 

3. Feature extraction 
 
Multiple feature sets containing 1051 features in total 
were used. Feature extraction process was done using 
Matlab. The features are thoroughly discussed in [1, 5, 
21]. 
 

4. Random forest classifier 
 
Random forest (RF) is a popular and efficient algorithm 
for classification and regression, based on ensemble 
methods. The core idea of RF is to combine many 
binary decision trees, built using different bootstrap 
samples of the original data set, to obtain an accurate 
predictor. Such tree-based ensemble is known to be 
robust against over-fitting and, as the number of trees 
increases, the generalization error is observed to 
converge to a limit [13]. 
Decision tree within RF is the classification and 
regression tree (CART). Given a training set Z 
consisting of n observations and p features, RF is 
constructed in the following steps: 
1. Choose the forest size t as a number of trees to 

grow and the subspace size q ≤ p as a number of 
features to provide for each node of a tree. 

2. Take a bootstrap sample of Z and select randomly q 
features. 

3. Grow an unpruned CART using the bootstrap 
sample. 

Repeat steps 2 – 3 until the size of the forest reaches t. 
To classify an unseen observation x, each tree of the 
forest is provided with x and outputs a decision. 
Resulting votes for each class are returned and the class 

that collects most votes wins – decision is based on the 
majority voting scheme, illustrated in Fig. 1. 
 

 
 
Fig. 1. Random forest’s voting scheme. Decision in a random 
forest is obtained by majority voting of B individual trees. To 
obtain the OOB error rate, only B trees, which did not have 
that particular observation in their bootstrap sample  
are considered, therefore B < t, otherwise all trees are used 
and B = t. 
 
Prediction error for the out-of-bag (OOB) sample (the 
set of observations, not used in the construction of a 
tree) can be used to evaluate the generalization 
performance of RF. To obtain the OOB error rate, each 
observation (x of a learning set Z) is classified only by 
the trees, which had not been introduced to this 
observation (x was absent in the tree's bootstrap 
sample). After the sufficient amount of trees is grown, 
the OOB error rate becomes stable and the influence of 
additional trees diminishes. 
Because of the specificity of our data, where each 
subject is represented by several recordings, we had to 
modify the sampling part of the original RF algorithm 
(Matlab port was obtained from [22]). The implemented 
modification helps to ensure that all observations of 
each subject are either included in a bootstrap sample, 
or left aside as OOB samples. 
 

5. Sequential feature selection 
 
A simple, yet widely applied, wrapper-type feature 
selection approach is sequential selection. The 
algorithm is based on greedy heuristics and here we use 
top-down oriented sequential backward selection, 
introduced in [23]. The algorithm starts with the full 
feature set and proceeds by step-wise removal of 
variables from the initial set of all variables until the 
feature set contains only a single variable. At each step 
remaining candidates are evaluated with a goal to 
choose the feature which removal increases accuracy 
most, or decreases accuracy least. After completion of 
the algorithm, the feature subset providing the maximal 
accuracy is chosen. 
 

6. Experiments 
 
6.1. Experimental setup 
 
For RF we empirically chose fixed number of trees (t = 
1000) and used the recommended size of random 
feature subspace (q = √p). 
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6.2. Results 
 
Table 1 presents the classification results using different 
feature sets and different types of microphones. As it 
can be seen from Table 1, in most cases higher accuracy 
is achieved when using recordings made with the 
Acoustic Microphone. 

Using the Linear Prediction Discrete Cosine Transform 
(DCT) Coefficients maximum accuracy of 81.02% was 
achieved. This feature set contains 77 features in total, 
but the highest  accuracy was achieved using only 19 
features. 
 
 

 
Table 1. Accuracy for the OOB data achieved using different feature sets 
 

 Acoustic microphone Throat microphone 
Feature group No. of 

features 
Initial 

accuracy 
Features 
selected

Final 
accuracy 

Initial 
accuracy 

Features 
selected 

Final 
accuracy 

Frequency 5K 100 65,20% 11 74,34% 66,78% 28 73,64% 
Frequency 2K 100 67,31% 11 72,76% 67,84% 9 74,69% 
Cepstral Energy 100 71,35% 14 78,38% 67,31% 30 72,76% 
Autocorrelation 80 61,69% 9 69,42% 65,03% 7 70,65% 
Autocorrelation DCT 40 62,57% 9 67,31% 66,26% 12 71,18% 
Autocorrelation polynomial 11 55,71% 4 63,09% 60,11% 5 62,21% 
Linear Prediction 4  3 67,31% 3 67,31% 61,86% 3 61,86% 
Linear Prediction DCT 4 4 75.75% 4 75,75% 64,85% 3 64,85% 
Linear Prediction Poles 4 4 72,40% 4 72,40% 65,38% 2 66,08% 
Linear Prediction 8 7 71,35% 5 73,46% 62,74% 4 65,03% 
Linear Prediction DCT 8 8 76,10% 7 76,45% 63,80% 5 65,85% 
Linear Prediction Poles 8 8 71,35% 6 72,23% 64,85% 3 66,26% 
Linear Prediction 16 15 73,11% 10 74,87% 59,75% 5 65,38% 
Linear Prediction DCT 16 16 78,38% 9 79,97% 64,15% 3 69,07% 
Linear Prediction Poles 16 16 73,64% 9 75,40% 64,15% 4 66,26% 
Pitch Amplitude Perturbation 24 75,92% 8 80,32% 75,04% 7 79.26% 
HNR Spectral 11 65,03% 6 67,31% 66,26% 5 69,42% 
Mel Frequency 35 64,68% 9 69,42% 68,01% 9 75,40% 
Mel Frequency DCT 35 61,34% 5 66,78% 66,43% 9 72,06% 
Mel Frequency Log DCT 35 67,84% 10 71,18% 67,66% 11 72,58% 
HNR Cepstral 11 67,66% 6 69,60% 65,73% 3 68,89% 
Signal Shape 106 69,24% 19 73,46% 67,66% 6 71,18% 
Linear Prediction Coefficients 77 75,04% 16 79,44% 64,15% 18 68,89% 
Linear Prediction DCT 
Coefficients 

77 78,38% 19 81,02% 63,97% 36 68,01% 

 
 

7. Conclusions 
 
It was shown experimentally that recordings obtained 
with the acoustic microphone contain more information 
relevant for the classification than the ones obtained 
using the throat microphone. Thus an acoustic 
microphone can be regarded as a better choice for 
laryngeal pathology detection from human voice. 
Feature selection allows improving the classification 
accuracy in most of the cases when the OOB data set 
classification accuracy is concerned as an evaluation 
criterion.  
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Abstract: The researchers of BioVal project used the 
activated sludge process mathematical model with the 
goal to develop and test a control system for autotrophic 
biomass specific growth rate. The article describes the 
implementation of the biological wastewater treatment 
process model and control system into software 
SIMULINK (MATLAB). By means of the activated 
sludge process simulator, economy efficient was 
analyzed when autotrophic biomass specific growth rate 
set point is increased in ‘low price’ time and decreased 
in ‘high price’ time. 
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biological wastewater treatment mathematical 
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1. Introduction 

 
Different biological treatment processes exist but 
mostly wastewater treatment plants make use of the 
activated sludge process [1]. In its basic configuration, 
the activated sludge process consists of an aerated tank 
and a settler. The microorganisms grow slowly in the 
aerated tank. In order to maintain their population sizes, 
sludge that contains microorganisms from the secondary 
settler is recirculated back to the aerated tank. Excess 
sludge is removed to both avoid sludge in effluent water 
and to maintain a reasonable suspended solids 
concentration. 
 

 
 

Fig. 1. Activated sludge process 
 

2. Mathematical model 
 
The dynamic models of the processes and their 
imitation can help to evaluate the efficiency of different 
process control strategies. Below the authors present the 

mathematical models, which describe the activated 
sludge process. 
 
2.1. Sedimentation tank 
 
The settler model by Takacs [2] is used with two 
extensions:  

 soluble matters are included, and described by 
the following model 
 

 )( SS
V

Q

dt

dS
in  ; (1) 

 
where S represents any soluble state; 

 the particulate materials are calculated in each 
layer. 

The settler is modelled as a tank with several horizontal 
layers (Fig. 2) where each layer is assumed to be 
completely mixed [2], [3]. 
 

SQ wQ

win QQ sin QQ 

h

Top layer

Feed layer

Bottom
layer

 
 

Fig. 2. Layered settler model where the different flows are 
defined in Fig. 3 
 
The settler model is based on the solids mass balance 
around each layer. In Fig. 3 this is shown across the 
settler layers. The solids flux is called J  and depends 
on settling velocity sv  and sludge concentration X  

according to 
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The concentration in a layer is then found from 
 

 J
hdt

dX


1
; (3) 

 
where J  is the difference in flux in the layer. 
Studying Fig. 3, the difference in flux in each layer is 
obtained. Then using (3) the following equations for the 
sludge concentration, where h  is the height of each 
layer, are found. 
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Table 1 Settler model parameter values [3] 
 

Symbol Value Description 

0v  712 m/d Max. theoretical settling velocity

0v  340 m/d Max. practical settling velocity 

hr  0.000426 m3/g Settling parameter associated 
with the hindered settling 
component of settling velocity 
equation 

pr  0.005 m3/g Settling parameter associated 
with the low concentration and 
slowly settling component of the 
suspension 

nsf  0.2301 Non-settle-able fraction of the 
influent suspended solids 

A  2200m2 Surface area of settler 

minX  inns Xf   g/m3 Min. attainable suspended solids 
conc. in the effluent 

tX  3000 g/m3 Threshold suspended solids 
concentration 

n  10 Number of layers 
m  7 The feed layer 
h  0.33 m Height of each layer 

 
The settling velocity [3] is given by  
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Fig. 3. Solids balance across settler layers 
 

2.2. Bioreactor 
 

The dynamics of activated sludge process was 
extensively analyzed in [4] so the authors presented 
only basic equations from that mathematical model 
(variables are presented in Table 2): 
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Table 2. Variables of activated sludge process model [4] 
 

Standard 
abbreviatio
n 

Variable 

)(, tX HB  Heterotrophic biomass 

)(, tX AB  Autotrophic biomass 

)(tSS  Readily biodegradable substrate 

)(tX S  Slowly biodegradable substrate 

)(tX P  Particulate inert organic matter 

)(tX ND  Particulate biodegradable organic nitrogen

)(tSND  Soluble biodegradable organic nitrogen 

)(tSNH  NH4-NH3 nitrogen 

)(tSNO  Nitrate and nitrite nitrogen 

)(tSO  Dissolved oxygen 
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).( ,, ABAHBHp
P XbXbf

dt

dX
  (20) 

 
Table 3. Activated sludge process model parameter values at 
neutral pH and 20°C. [4] 
 

Model parameters Symbol Unit Value
Heterotrophic yield 

HY  g cell COD 
formed (g COD 
oxidized)-1

 

0.67 

Autotrophic yield 
AY  g cell COD 

formed (g N 
oxidized)-1

 

0.24 

Fraction of biomass 
yielding partic. 
products 

Pf  dimensionless 0.08 

Mass N/mass COD in 
biomass 

XBi  g N (g COD)-1 in 
biomass 

0.086

Mass N/mass COD in 
products from biomass

XPi  g N (g COD)-1 in 
endogenous mass 

0.06 

Heterotrophic max. 
specific growth rate H


  

day-1 6.0 

Heterotrophic decay 
rate 

Hb  day-1 0.62 

Half- saturation 
coefficient (hsc) for 
heterotrophs 

SK  g COD m-3 20 

Oxygen hsc for 
heterotrophs 

HOK ,  g O2 m
-3 0.20 

Nitrate hsc for 
denitrifying 
heterotrophs 

NOK  g NO3-N m-3 0.50 

Autotrophic max. 
specific growth rate A


  

day-1 0.80 

Autotrophic decay 
rate 

Ab  day-1 0.20 

Oxygen hsc for 
autotrophs 

AOK ,  g O2 m
-3 0.4 

Ammonia hsc for 
autotrophs 

NHK  g NO3-N m-3 1.0 

Correction factor for 
anoxic growth of 
heterotrophs 

g  dimensionless 0.8 

Ammonification rate 
ak  m3 (gCOD day)-1 0.08 

Max. specific 
hydrolysis rate 

hk  g slowly biodeg. 
COD (g cell COD 
day)-1 

3.0 

Hsc for hydrolysis of 
slowly biodeg. 
substrate 

XK  g slowly biodeg. 
COD (g cell 
COD)-1 

0.03 

Correction factor for 
anoxic hydrolysis 

h  dimensionless 0.4 

 
2.3. Model realization 
 
On the basis of differential equations (1)-(20), the 
mathematical model of the bioreactor was realized. The 
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programming package ‘Simulink’ (Matlab) was used for 
this purpose.  

 
3. Process Control 

 
The main objective for control of municipal wastewater 
treatment plants is to achieve maximum purification at 
minimum costs- energy and chemical additions in order 
to maintain relevant microbial populations within the 
plant. 
Control engineers are interested in wastewater treatment 
process for several reasons: 

 the process is non-stationary; 
 the process is non-linear; 
 the process has stiff dynamics. It has time 

constants which range from seconds to months; 
 the process is multivariate; 
 large disturbances act the process. 

Dissolved oxygen (DO) control does not require any in-
depth knowledge of the microbial dynamics. Therefore, 
a traditional PI controller or on/off controller has been 
widely used [5] and the extensive experiences of DO 
control with feedback controller [6], [7] have been 
gathered.  
Nitrogen and phosphorus are the principal nutrients of 
concern in treated wastewater discharges. Therefore, the 
control of nitrogen and phosphorus is becoming 
increasingly important in water quality management and 
in the design of wastewater treatment plant [8], [9]. 
There are only few ways to influence the 
nitrification/denitrification rates in practice: one is to 
adjust the DO set point for ammonia removal in the 
aeration zone; the other is to control the dosage of 
external carbon for nitrate removal. Phosphorus can be 
removed by controlling the dosage of chemicals for 
phosphorus precipitation. Many papers have dealt with 
the problem of removal of nitrogen compound [10], 
[11], [12]. Some examples of multivariate control of the 
wastewater treatment process can be found in [13], [14], 
[15]. 
 
3.1. Generic Model Control for autotrophic biomass 
specific growth rate control 
 
The specific growth rate of autotrophic biomass has an 
impact on the nitrogen removing process. There are 
cases, in which an accurate control of the specific 
growth rate of autotrophic biomass is very important. 
The control is implemented by changing the airflow 
supplied to the aerobic bioreactor. A model-based 
control approach, known as Generic Model Control 
(GMC), is studied with respect to its application for the 
regulation of the specific growth rate of autotrophic 
biomass. In GMC theory [16], the non-linear process 
model is directly embedded into the control law, thus 
makes the linearization unnecessary. One of the most 
attractive features is that this control scheme solves an 
optimisation problem in one-step of calculation only. 
One of the major drawbacks, however, is the need to 
have all the states of the process available on-line in 
order to calculate the control law. 

Required airflow for autotrophic biomass specific 

growth rate A  control in the bioreactor was estimated 

by Repsyte [4]. 
Generic control system and process reaction are 
presented below.  
 

Set point
Control

algorithm
Process

(simulator)

sA, Air flow

Estimated A

Estimated states variables of the process

HBNDNOSABNHO XSSSXSS ,, ,,,,,,
 

 

Fig. 4. Generic control system 
 
3.2. Application of GMC for autotrophic biomass 
specific growth rate control 
 
By means of the activated sludge process simulator, 
economy efficient was analysed when autotrophic 
biomass specific growth rate set point is increased or 
decreased at different time of the day (night and day, 
night, day and max. consumption electrical energy 
tariffs). 
 
Table 4. The following rates apply to private customers that 
receive electricity power from low voltage electrical power 
grids [17] 
 

Tariffs for 
energy 
componen
t 

Payment Plans 

S
ta

nd
ar

d 

E
le

ct
ri

c 
C

oo
ke

r 

H
om

e 

H
om

e 
pl

us
 

E
le

ct
ri

ci
ty

 
fr

om
 

m
ed

iu
m

 
vo

lta
ge

Rates, LT/kWh 
daytime  0,513 0,503 0,459 0,439 0,420 
night time, 
Saturday 
and 
Sunday  

0,384 0,378 0,353 0,342 0,334 

 
Business customer groups have differential tariff by 
time intervals: a tariff, which consists of energy 
components that are differentiated according to time 
intervals (during minimum, medium and maximum 
loads of the energy grid, as well as Saturdays, Sundays 
and holidays). 
Maximum load time intervals: 

 October, November, December, January, 
February and March: 8 AM to 11 AM and 6 
PM to 8 PM; 

 April and September: 9 AM to 12 AM and 7 
PM to 9 PM; 

Minimum load time intervals: daily from 11 AM to 7 
AM. 
Saturday, Sunday and holiday time intervals: 24 hours 
Saturdays, Sundays and holidays, except for minimum 
load time intervals. 
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Medium load time intervals: time intervals that are not 
included in the maximum load, minimum load and/or 
during Saturday, Sunday and holiday time intervals. 
The GMC was used for the autotrophic biomass specific 
growth rate increasing in ‘low price’ time and 
decreasing in ‘high price’ time during six days. 
The electric energy consumption AE was estimated 
according to [4]: 
 

 dtaKaKAE LL ))(8408,7)(4032,0( 2  . (29) 

 
Set point of the autotrophic biomass specific growth 

rate A  was increasing in ‘low price’ time from 0 to 

4% and decreasing in ‘high price’ according from 0 to 
2% (Fig. 5.) 
 

0 20 40 60 80 100 120
0.0232

0.0234

0.0236

0.0238

0.024

0.0242

0.0244

0.0246

0.0248

0.025

Time, h

A
ut

o
tr

of
ic

 b
io

m
a

ss
 s

p
ec

if
ic

 g
ro

w
th

 r
a

te
, 

1
/h

Autotrofic biomass specific growth rate

4%

3%

2%

1%

0%

 
 

Fig. 5. Autotrophic biomass specific growth rate (2 price 
levels) 
 
Energy cost decreasing for six days is calculated for 
different electricity rates (Table 4) and presented in 
Fig.6.  
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Fig. 6. Energy cost decreasing dependence on variation of 
autotrophic biomass specific growth rate 
 
Energy cost decreasing dependence on variation of 
autotrophic biomass specific growth rate and electricity 
price (night price is 100, 95, …,65, 60% of the day 
price) is presented in Fig.7.  
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Fig. 7. Energy cost decreasing dependence on variation of 
autotrophic biomass specific growth rate 
 
Set point of the autotrophic biomass specific growth 

rate A  was increasing in ‘low price’ time from 0 to 

4% and decreasing in ‘high price’ according from (0 to 
4)*1.6% ( fig. 8.) 
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Fig. 8. Autotrophic biomass specific growth rate (3 price 
levels) 
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Fig. 9. Energy cost decreasing dependence on variation of 
autotrophic biomass specific growth rate  

 
Energy cost decreasing dependence on variation of 
autotrophic biomass specific growth rate and electricity 
price (night price is 100, 95, …,65, 60% of the day price, and 
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‘maximum load’ price is 100, 105, …, 135, 140 % of the day 
price) is presented in Fig.9.  

 
4. Conclusions 

 
Control system was analyzed and proposed for the 
regulation of the specific growth rate of autotrophic 
biomass. With a help of the simulator, it was calculated 
that energy cost could be reduced if autotrophic 
biomass specific growth rate set point is increased in 
‘low price’ time and decreasing in ‘high price’ time. 
So, if one has any biological process simulator, it is 
possible to test what economy efficient would be 
achieved by decreasing/increasing biomass specific 
grow in different time of the day. 
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Abstract: Paper deals with the recognition accuracy of 
disease codes. It is impossible so far to recognize about 
15000 various diseases, but each disease can be 
identified by its code, consisting of one letter and some 
digits. The appropriate Lithuanian names were selected 
for each letter and their recognition accuracy together 
with Lithuanian digit names recognition accuracy were 
investigated. Two types of recognizers were used for the 
above mentioned purpose: a) the adapted foreign 
language recognizer used in Windows’7 or Windows’8 
operation systems; b) Lithuanian speech recognizer 
based on HMMs (Hidden Markov Models) modeling. 
The efficiency of both recognizers was evaluated using 
the speech corpora. 
 
Keywords: isolated words recognition, hybrid 
recognizer, recognition accuracy. 
 

1. Introduction 
 

People are interested in being able to access the 
information when they are on the move—anytime, 
anywhere, and in their native language. A promising 
solution to this problem, especially for small, handheld 
devices where a conventional keyboard and mouse can 
be impractical, is to impart human-like capabilities onto 
machines so that they can speak and hear, just like the 
users with whom they need to interact. Spoken language 
is attractive because it is the most natural, efficient, 
flexible, and inexpensive means of communication 
among humans. 
During last 15 years speech technologies became 
integral part of industrial applications of information 
technologies in various areas human activities. The 
examples of successes in the deployment of spoken 
language systems are conversational weather 
information system JUPITER [1] and transportation 
information system “Let’s Go” [2].  JUPITER is a 
conversational interface that allows users to obtain 
worldwide weather forecast information over the 
telephone using spoken dialogue. During only a two 
year period since coming on line in May 1997, 
JUPITER has received, via a toll-free number in North 
America, over 30 000 calls (totaling over 180 000 
utterances),  mostly from naive users. “Let’s Go” gives 

bus schedule information to the Pittsburgh population at 
hours when the Port Authority phones are not manned 
by operators (7pm to 6am on weekdays and 6pm to 8am 
on weekends). It collected about 20,000 calls in the year 
[2]. 
The project “Hybrid recognition technology for voice 
interface INFOBALSAS” was ended in Lithuania in 
2013. The main goal of the project was 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 information in pharmaceutical data 
base. The possibilities to fill the internet forms by voice 
were investigated during the project too. It has been 
decided that voice user interface must be able to deal 
with the names of the drugs, with the names of the 
illnesses and diseases as well as with some other words 
and phrases often met in medical workers practice [3].  
The developed Lithuanian medical information system 
is able to recognize the names of most often met disease 
names, the most popular drug names and most often met 
complaints in medical practice. The total number of 
voice commands implemented in the system is about 
1000, which is probably the biggest number of 
Lithuanian voice commands implemented in practically 
oriented Lithuanian speech recognition system so far. 
The recognition accuracy of 1000 voice commands is 
better than 98% [3]. 
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 end-
pointing using, for example, Windows‘7 OS recognizer. 
A usage only of a Lithuanian recognizer would lead to 
additional solving of this problem. So Microsoft 
Spanish speech engine as the foreign language speech 
engine for the adaptation purposes as one kind of 
recognizer was selected and the CD-HMM based speech 
recognizer was used as the preferred selection for 
Lithuanian speech recognizer [3].  
The main problem of diseases recognition was defined 
during the project INFOBALSAS – the list of diseases, 
approved by the Ministry of Health, contains 14179 
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diseases and disorders. It is composed of more than 
88000 lexical tokens (not all are of medical origin) and 
has 10955 unique lexical types. It may be surprising that 
specific medical terms are used much less often than 
general terms (e.g. switches). 5991 lexical types cover 
75 percent of the whole list. So far we are not able well 
recognize such big list of diseases [4].  
The solution of the problem of diseases recognition is to 
use the codes of diseases and to recognize the letters and 
several digit names. 
 

2. International Classification of Diseases 
 
The International Classification of Diseases (ICD) is the 
standard diagnostic tool for epidemiology, health 
management and clinical purposes [4]. A classification 
of diseases can be defined as a system of categories to 
which morbid entities are assigned according to 
established criteria. The purpose of the ICD is to permit 
the systematic recording analysis, interpretation and 
comparison of mortality and morbidity data collected in 
different countries or areas and at different times. The 
ICD is used to translate diagnoses of diseases and other 
health problems from words into an alphanumeric code, 
which permits easy storage, retrieval and analysis of the 
data. 
The basic ICD is a single coded list of three-character 
categories, each of which can be further divided into up 
to 10 four-character subcategories. In place of the 
purely numeric coding system of previous revisions, the 
Tenth Revision (ICD-10) uses an alphanumeric code 
with a letter in the first position and a number in the 
second, third and fourth positions. The fourth character 
follows a decimal point. Possible code numbers 
therefore range from A00.0 to Z99.9. Codes U00–U49 
are to be used for the provisional assignment of new 
diseases of uncertain etiology. Codes U50–U99 may be 
used in research, e.g. when testing an alternative sub-
classification for a special project. The fifth and 
subsequent character levels are usually sub-
classifications along a different axis from the fourth 
character [4]. 
 

3. Speech corpora 
 
For our experiments with Lithuanian digit names, 
speech corpus SKAIC30 was collected, which contain 
utterances from 30 different speakers (7 speaker-men, 
23 speaker-women). Each speaker pronounced 10 digit 
names 20 times at sampling rate 16 kHz. One part of 
this corpus (utterances from 20 speakers) was used for 
selecting the transcriptions of Lithuanian digit names, 
suitable for the Spanish recognizer. 
The features of speech corpora, used for letters 
recognition, are presented in the table 1. Speech corpora 
LETTERS and NATO were used to verify their 
possibilities of letters recognition. Speech corpus 
LETTERS consists of Lithuanian letters pronunciations, 
for example, the letter “m” is pronounced as “em” and 
so on. NATO alphabet is the most widely used spelling 
alphabet [5]. The final choice of code words for the 
letters of the NATO alphabet and for the digits was 
made after hundreds of thousands of comprehension 

tests involving 31 nationalities. The qualifying feature 
was the likelihood of a code word being understood in 
the context of others [5]. 
 
Table 1. Features of speech corpora used for letters 
recognition (M-male, F-female) 

Speech 
corpus 

Number of 
words 

Number of 
speakers 

Number of 
utterances 

LETTERS 26 2 (1M,1F) 50 
NATO 26 2 (1M,1F) 50 
NAMES1 250 2 (1M,1F) 20 
NAMES2 70 10 (5M,5F) 20 
NAMES3 26 10 (5M,5F) 20 
 
Speech corpus NAMES1 consists of the utterances of 
about 10 Lithuanian names for each letter and was used 
during the first step of the appropriate Lithuanian names 
selection procedure. When the best recognized 
Lithuanian names were determined, the second speech 
corpus NAMES2 was prepared consisting of from 2 to 3 
Lithuanian names for each letter. Speech corpus 
NAMES3 consists of the utterances of 22 Lithuanian 
names and 4 words (kju, Wasington, iksas, ygrekas), 
which represent 26 letters, used in the disease codes. 
 

4. 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 [6]. It will 
be marked as REC_SP. The main problem of adaptation 
of foreign language recognizer is to find the best 
phonetic sequences (transcriptions) to write Lithuanian 
voice commands. Our previous activities showed that 
the use of Spanish synthesizer, automatic generation of 
a wide set of possible transcription sequences and 
experimental evaluation of their efficiency may be 
useful. So Lithuanian digits names were synthesized 
with Spanish synthesizer and the transcriptions 
providing the best sounding realization were selected. 
Then the transcribed digit names were fed to the lexicon 
design tool of Microsoft Speech Server’2007 [7] and all 
possible UPS-based transcriptions [8] were generated. 
After that two or three the best transcriptions were left 
for each digit name after additional testing experiments 
[9]. 
 

5. Lithuanian speech recognizer 
 
The majority of speech recognition systems prefer the 
phoneme-based HMM recognition, however in the case 
of isolated word recognition, word-based HMM 
recognition should be investigated first, because co-
articulation and prosody phenomenon is more likely to 
be reflected in units of longer duration. The least error 
rates were achieved with word-based speech recognition 
systems when small vocabularies were used [10]. 
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 
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words, which are trained in offline mode. 
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. 
Lithuanian HMM speech recognizer was trained 
following the sequence of processing steps described in 
[11]. It will be marked as REC_LT. 
 

6. Investigation of Lithuanian digits names 
recognition accuracy 

 
Digits recognition by REC_SP recognizer. The testing 
experiments with SKAIC30 speech corpus were done 
using REC_SP recognizer. The averaged recognition 
accuracy of ten Lithuanian digit names is shown in the 
table 2. Two modes of recognizer were used. 
The average accuracy of digit names recognition by 
REC_SP recognizer in asynchronous mode is 93.7%. 
The worst recognized digit is “du”. 
 
Table 2. Accuracy of digit names recognition by REC_SP 
recognizer 

Digit 
Accuracy, % 

Synchronous 
mode 

Asynchronous mode 

Nulis 70.7 90.8 
Vienas 96.7 96.7 

Du 69.3 86.0 
Trys 99.0 97.8 

Keturi 85.7 78.2 
Penki 99.0 98.0 
Šeši 100 99.2 

Septyni 99.2 100 
Aštuoni 99.7 99.7 
Devyni 72.0 90.7 

Average 89.1 93.7 
 

Digits recognition by REC_LT recognizer. HMM 
models of Lithuanian digit names were prepared using 
one part of speech corpus SKAIC30 (24 speakers) and 
the training procedure described in [11]. 20% of speech 
corpus SKAIC30 (6 speakers) was used during the 
testing procedure. It was investigated how the important 
HMM parameters – the number of states and the 
number of Gaussians per state have to be chosen for 
achieving a good recognition performance. The 
accuracy of digit names recognition by REC_LT 
recognizer for a varying number of states is shown in 
the Fig.1. 
The average accuracy of digit names recognition using 
HTK-based recognizer states is 75.1% when the number 
of states used in the HMMs of digit names was equal to 
the number of letters plus 2 additional states. The 
average accuracy increased to 90.9% when 4 additional 

states were used. The worst recognized digit is “du”, the 
possibility of that might be the fact that it that the lowest 
amount of states. 
The results of accuracy of digit names recognition by 
REC_LT recognizer for a varying number of Gaussians 
are presented in the table 3. The best average accuracy 
of digit names recognition was achieved with 6 
Gaussians – 99%. Doubling the number of Gaussians 
comes along with also doubling the demand on memory 
and doubling the computational expense.  

 

Fig. 1. Accuracy of digit names recognition by REC_LT 
recognizer for a varying number of states 

 
Table 3. Accuracy of digit names recognition by REC_LT 
recognizer for a varying number of Gaussians 
 

Digit 
Accuracy, % 

2 Gaussians 4 Gaussians 6 Gaussians 
Nulis 91.7 100 100 

Vienas 100 100 100 
Du 47.5 21.7 96.7 

Trys 95 92.5 95 
Keturi 99.2 100 100 
Penki 99.2 100 100 
Šeši 97.5 98.3 100 

Septyni 100 100 100 
Aštuoni 100 100 100 
Devyni 97.5 99.2 98.3 

Average 92.8 91.2 99 
 
The digit name “trys” is better recognized by REC_SP 
recognizer.  
Accuracy of the sequence of digits should be equal to 
the accuracy of the single digit recognition raised to the 
power of the length of the digits sequence, for example, 
if the accuracy of the single digit recognition is equal 
99%, the accuracy of 3 digits sequence recognition 
should be equal 97% (three or four digits are used in 
ICD-10). 
 

7. Investigation of letters recognition accuracy 
 

Letters recognition by REC_SP recognizer. The 
average accuracy of speech corpus LETTERS 
recognition by REC_SP recognizer was only 25.9%, it 
indicates that spelled letters could not be used for the 
recognition of disease codes. 
The accuracy of speech corpora NATO and NAMES3 
recognition by REC_SP recognizer is presented in the 
table 4. Four words of NATO alphabet (echo, kilo, 
Quebec, zulu) were not recognized at all, so this 
alphabet is not suitable for the recognition of disease 
codes too. 
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Table 4. Accuracy of NATO alphabet and names recognition 

 
It is obviously, that the recognition accuracy of letters 
could be considerably improved using the appropriate 
set of words, as in the Morse alphabet. So the 
appropriate Lithuanian name was chosen for each letter: 
„Austėja” for letter ”a”, „Boleslovas” for letter „b” and  
so on. Selection of appropriate names was done 
experimentally by testing the recognition accuracy of 
ten Lithuanian names for each letter and taking the best 
recognized name. Only two transcriptions for each name 
were used, i.e., the optimization procedure of 
transcriptions is not finished. The average accuracy of 
speech corpus NAMES3 recognition by REC_SP 
recognizer is 96.9%. This result was achieved using 
recognizer in synchronous mode, therefore possibly 
better results could be got in asynchronous mode. 
Letters recognition by REC_LT recognizer. HMM 
models of Lithuanian names were prepared using one 
part of speech corpus NAMES3 (8 speakers) and the 
training procedure described in [11]. 20% of speech 
corpus NAMES3 (2 speakers) was used during the 
testing procedure. The results of accuracy of names 
recognition by REC_LT recognizer are presented in the 
table 4. The number of states used in the HMMs of 
names was equal to the number of letters plus 4 
additional states and 6 Gaussians per state were used.  
The hybrid approach of recognizer could be especially 
useful in the case of Lithuanian names recognition, 
because the recognition results are not correlated. 

 
 
 
 

 

8. Conclusions 
 
The problem of diseases recognition was defined during 
the project INFOBALSAS – the list of diseases contains 
14179 diseases and disorders and is too big to recognize 
it. It is proposed to recognize disease codes, consisting 
of one letter and some digits. The appropriate 
Lithuanian name was chosen for each letter: 
The experiments showed that Lithuanian digit names 
and the set of Lithuanian names could be surely 
recognized by two investigated recognizers. 
The error analysis showed that errors made by two 
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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NATO 
Acc., % 
REC_SP 

Names 
Accuracy, % 

REC_SP REC_LT 

Alfa 94 Austėja 99.5 97.5 
Bravo 20 Boleslovas 97 100 
Charlie 100 Cecilija 99 100 
Delta 66 Donatas 98.5 97.5 
Echo 0 Eimantas 94.5 100 
Foxtrott 100 Fausta 99 100 
Golf 92 Gražvydas 98 97.5 
Hotel 82 Hansas 100 100 
India 96 Izaokas 96.5 100 
Juliet 80 Jonas 96.5 82.5 
Kilo 0 Karolis 100 97.5 
Lima 34 Laima 99.5 100 
Mike 98 Martynas 97.5 100 
Nowember 90 Nojus 96.5 100 
Oskar 100 Oskaras 100 87.5 
Papa 98 Patrikas 100 92.5 
Quebec 0 Kju 85.5 95 
Romeo 82 Ričardas 98 77.5 
Sierra 96 Sandra 99.5 100 
Tango 100 Teodoras 100 100 
Uniform 28 Ulijona 88 100 
Victor 18 Vacys 99 100 
Whiskey 74 Wašington 97.5 97.5 
X-ray 100 Iksas 97.5 97.5 
Yankee 100 Ygrekas 93.5 100 
Zulu 0 Zacharijus 90 85 

Average 67.2 Average 96.9 96.4 
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Abstract: Cash points are every place where cash is 
used: shopping centers, automated teller machines 
(ATMs), vaults and others. In order to effectively 
control these cash points’ networks cash management 
providing companies need to know their cash demand in 
the future: the more precise future cash demand is 
known, the more precisely cash amount could be 
controlled. This leads to the reduction of dormant cash 
and the decrease of cash management providing 
companies costs. In this work, a comparison between 
Support Vector Regression (SVR) and novel technique 
using Singular Spectrum Analysis with Nonlinear 
AutoRegressive Neural Networks (SSA-NAR NN) is 
made using ATM cash demand data of different 
countries that are in various continents of the world. 

 
Keywords: forecasting, Singular Spectrum Analysis, 
Neural Networks, Support Vector Regression. 

 
1. Introduction 

 
It should be mentioned that ATMs very well represent 
dynamical characteristics of cash flows variations of all 
types of cash points. It doesn’t matter what it is: market 
place, shopping center, cash-out or cash-in ATM or cash 
recycler. So based on that in this research ATMs 
historical data were used to form cash points network 
cash demand data set. ATMs were selected randomly 
from various countries. ATM cash demand depends on 
uncertain factors that influence withdrawal of cash. 
Those factors make cash demand process stochastic 
with strong heteroscedasticity. However the process is 
strongly related to people cyclic behavior, i.e., yearly, 
monthly, weekly cash demand cycles and local special 
events. The area of cash demand forecasting in ATM is 
not new. Neural networks and SVR techniques are 
successfully applied in the past [1,2] using the month, 
day, week numbers and other information as an inputs 
to the models. The results [2] show that feed-forward 
neural network approach is superior to SVR technique 
despite the popularity of the SVR method. However, 
using neural network approach requires big amount of 
data for model training in order to achieve accurate 

results which usually isn’t possible in practice. More 
accurate results are obtained using SVR approach when 
data for each ATM are limited. In recent research [3] 
NARX and NARMAX techniques were applied to cash 
demand time series forecasting using data from NN5 
forecasting competition. The techniques are combined 
with SVR and NN models and the results obtained show 
that NARMAX NN method gives best prediction 
results. Clustering-based approach [4] was presented in 
ATM cash demand forecasting and compared using 
various neural network architectures. Research results 
are achieved better using proposed clustering approach. 
Further, a proposed methodology for ATM daily cash 
demand forecasting is presented and consists of data 
preprocessing (SSA decomposition) and forecasting 
using SSA-NAR NN and SVR methods. 

 
2. Data preprocessing 

 
Cash demand data provided by the supplier usually 
consist of some amount of empty (or missing) values 
that in reality either were corrupted, either no 
withdrawals were done because the ATM was broken 
for some period of time. In order to overcome the 
problems related to empty data values, an artificial data 
reconstruction must be made at first. In our research, an 
iterative SSA (Singular Spectrum Analysis) 
methodology is proposed for missing data point 
artificial reconstruction.  
 
2.1. Singular Spectrum Analysis 
 
Singular Spectrum Analysis is nonparametric spectral 
estimation method recently used as a powerful tool for 
time series analysis and forecasting in various fields of 
sciences. The main idea of SSA is to extract the patterns 
that the signal (time series) contains: trend, cyclic 
behavior and noise. The difference between other 
spectral methods is that this technique lets the signal 
“speak for itself” that means the signal spectrum basis 
functions are not predefined and depend only on the 
signal itself: it could be periodic, aperiodic, quasi-
periodic nonlinear or linear functions that satisfy Linear 
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Recurrence Formula (LRF) [5]. The SSA algorithm 
basically consists of 4 steps: 1) embedding; 2) Singular 
Value Decomposition (SVD); 3) eigentriple grouping; 
4) diagonal averaging. 
1) Embedding is the mapping of the original time series 
of size N into a sequence of lagged vectors of size L: 
 
 Xi = (xi ,…, xi+L-1)

T ,  (1) 
 

and so forming L by K trajectory matrix (K = N - L + 1): 
 
 X = [X1 : … : XK] .  (2) 
 
Both, the rows and columns of X are subseries of the 
original signal. 
2) In SVD step, singular value decomposition of 
eigenvectors U1 , … , UL and corresponding eigenvalues 
λ1 , … , λL is performed of the matrix S = XXT (sorting 
of decreasing order of eigenvalues and corresponding 
eigenvectors is assumed). Let d = rank X and Vi = 
XTUi/λi

1/2 (i = 1, … , d). The trajectory matrix can be 
written: 
 X = X1 + …+ Xd ; (3) 
 
where Xi = λi

1/2UiVi
T the collection is called eigentriple. 

3) After the expansion (3) is done, grouping is the next 
step. Now partitioning is performed on the set of indices 
{1, … , d} into m disjoint subsets I1 , … , Im (and I = {i1 
, … , ip}). After that the matrix  XI = Xi1+ … + Xip , and 
the trajectory matrix could be written as the sum of 
matrices: 
 X = XI1 + … + XIm .  (4) 

 
This procedure of choosing the sets I1 , … , Im is called 
eigentriple grouping. 
4) Diagonal averaging is the transformation of each 
matrix XIj of the grouped decomposition (4) into new 
signal of the original length N. Let Y to be equal to 
decomposition L by K matrix. Diagonal averaging 
transfers the matrix Y to the series g0 , … , gN-1 
according to the following equations (5): 
 

∑ ,
∗ , 0 ∗ 1,

∗ ∑ ,
∗∗

, 	 ∗ 1 ∗,

∑ ,
∗∗

∗ , 	 ∗ 	.

(5) 

 
Where L*=min(L, K); K*=max(L, K); y*

i,j=yi,j if L<K 
and y*

i,j=yj,i otherwise. The signal obtained at the 4th 
step is the approximation of original signal according to 
selected groups of eigentriples. 
 
2.2. Reconstruction of missing data 
 
As was discussed in section before, there are only two 
parameters that must be selected in SSA algorithm: 
grouping parameter m and window length L. For data 
reconstruction problem, we need to optimally choose 
those two parameters in order to achieve best 
approximation of underlying signal and reconstruct 
missing data. We now define that the real signal vector 
consists of two components F=F*+N. Where F* is the 

target signal and N is the noise component in the signal. 
The signal reconstruction procedure consists of two 
optimization steps. 
1) The first step, as mentioned above, is to decide of 
what window length L and what amount of m 
decomposed signals are optimal.  
For the L selection we use theoretical recommendations 
[5] that L should be big enough, but less than N/2 
because we need SSA to solve so called weak 
separability problem [5], L=N/2 could be selected, in 
other cases L should be big enough, but multiple of 
some seasonal period (e.g., weekly periodicity 7, 14, 21 
days and etc.) if it exists. However, we let L vary by 
some values near N/2 in order to find suitable L for each 
ATM, we think that if L=N/2 is optimal, it will be 
chosen automatically. 
Grouping parameter m selection is more difficult task. 
We firstly assume that the noise components have 
smaller eigenvalues λ1/2 than our target signal and so the 
grouping performed in SSA step is reasonably adapted 
for signal and noise separation by selecting components 
with eigenvalues from highest to some threshold 
component number mT value that must be estimated in 
this optimization procedure. The possible signal and 
noise disambiguation, when selection from highest 
eigenvalue component to some lowest threshold 
eigenvalue number mT is performed, is assumed to be 
negligible. The selection of mT is performed using cross-
validation technique as follows. 
First of all, the real signal data is randomly divided into 
test and training set. Data point with the test set markers 
are replaced by random samples of the same signal 
training set. 
Secondly, the SSA is iteratively performed by 
increasing of signal approximating component numbers 
(that are always sorted by their eigenvalues in every 
iteration) from 1 to L (the maximum component number 
of SSA) by one in every iteration, e.g. in first iteration 
1:1 components, in second – 1:2, third – 1:3, etc. In 
every iteration the error calculation between the test set 
and SSA approximation is performed and the 
component number mT is selected that has minimum 
error. For error calculation we use MASE [6] (Mean 
Absolute Scaled Error) which will further also be used 
for forecasting accuracy calculation. The equation (6): 
 

∑ | |

∑ | |
	 ;        (6) 

 
where et is the error between forecasted and real cash 
demand in time period t; Yi is the real cash demand in 
period i. 
2) After the calculation of optimal L and mT , we start 
the so called inner optimization loop, which stops as 
maximum number mT is reached. In this step we now 
use real signal with real (not randomly removed as in 
previous step) missing data values. On first iteration, we 
add random values of the signal into missed value data 
slots (as previously) and compute SSA with only 1st one 
component corresponding to the highest eigenvalue. 
Then the another inner loop starts: we add 
approximating (1st component) values instead of 
missing values (removing random values added before) 
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and repeat the SSA procedure, then remove previously 
added values from missing data value slots and add new 
ones, and so iteration takes place while some error 
between ith iteration and (i+1)th iteration added values 
reaches predefined small value (e.g., 2%). Then we add 
2nd component with the 1st component and use the same 
procedure with [1:2], [1:3], … , [1:mT] approximating 
SSA signals.  
 

3. ATM cash demand forecasting 
 
After reconstruction of missing values the data are ready 
to be given to the forecasting models. In this section we 
briefly describe forecasting methods used for analysis. 
 
3.1. Support Vector Regression 
 
The basic idea of SVM (Support Vector Machines) is 
that it maps the training data from the input space into a 
higher dimensional feature space via kernel function 
�(x) and then constructs an optimal separating 
hyperplane with maximum margin in the feature space. 
The extension of SVM to solving regression problems is 
called SVR. In this experiment ν-SVR regression 
algorithm is used with radial basis kernel function. 

Given the set of data points such that xiRn is an 
input vector (i-th observation n-dimensional vector) yi
R1 is a target output, the optimization problem for ν-SVR 
algorithm is formulated in equations (7): 
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Where w is n – dimensional hyperplane model 
parameter vector; b is separating hyperplane bias 
parameter; ξi

*, ξi are upper and lower training errors 
(slack variables) subject to ε – insensitive tube; C is a 
cost parameter, that controls the trade-off between 
allowing training errors and forcing rigid margins; ν is 
regularization parameter that controls parameter ε.  
 

 
 

Fig. 1.  A graphical illustration of soft margin loss function, 
the linear SVM case [7] 
 
From the (7) equation it is clearly seen that the inner 
minimization problem is a quadratic optimization 

problem, which means that the local optimum is always 
the global optimum. For the outer loop parameter 
optimization a grid search approach was used. 
 
3.2. SSA-NAR Neural Network 
 
The NAR NN (Nonlinear AutoRegressive Neural 
Network) is a special case of NARX NN (Nonlinear 
AutoRegressive Neural Network with eXogenous 
input). The forecasted value considering nonlinear NAR 
NN function f model is defined as: 
 
 yi+1 = f(yi , yi-1 , ... , yi-n) ;  (8) 
 
where n is maximum number time delay to the input 
signal. Time delay values correspond to the historical 
values of the signal. For neural network training we use 
tangent sigmoid transfer function in the hidden layer, 
linear function in output layer. The training is 
performed using Levenberg – Marquardt optimization 
algorithm with mean-square-error. The number of 
delays is selected after using information of cash 
demand series autocorrelation functions. Because the 
NAR NN was proved to be good in dynamic function 
forecasting, we use SSA approach to decompose the 
real cash demand time series into several dynamic 
signals (sums of elementary SSA signal components) 
generated by SSA and use them for the NAR NN as an 
input. So instead of doing forecasting once we forecast 
more than 1 signal and sum up all into one forecasted 
value. The SSA approach is used as follows.  First of 
all, as in section 2.2. already described, the optimal 
number of maximum decomposition elementary signals 
mT is found using already mentioned cross-validation 
technique to outer loop optimization. Then elementary 
SSA components from 1 to mT with corresponding 
eigenvalues are combined into smaller number of 
signals and the forecast is applied for each individually 
using NAR NN.  
Secondly, the combination of signals is performed using 
w-correlation matrix [5], simply finding signal pairs that 
have high mutual correlation and sum up them to get 
one signal, in that way all signals are grouped and 
forecasted. In the previous works, clustering-based 
technique [8] was also applied to w-correlation matrix 
in order to perform signal and noise separation. Other 
approaches are also valid, some authors use power 
spectrum of elementary SSA components [9] and 
perform clustering in order to automatically group 
signals. Other interesting methodologies for automatic 
signal grouping using SSA are proposed in [10]. 
 

4. Forecasting results 
 

The forecasting precision results using MASE as 
criterion are given in the Table 1. Each row corresponds 
to the ATM cash demand data suppliers from different 
countries (10 different data sources). Results show that 
SVR alone gives better results than proposed approach. 
However, the results are averaged and SVR is not 
always superior to SSA-NAR technique. In Table 1 the 
information about the percentage of all ATMs for each 
data source when the SSA-NAR technique obtained 
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smaller MASE is given. It is clear that even though the 
results averaged for all data sources favour the SVR 
approach, the last column shows how often the SSA-
NAR approach is superior. This shows that quite 
frequently SSA-NAR approach is better than SVR.  For 
example, Figure 2 depicts ATM data when SSA-NAR is 
superior to SVR. 

 
Table 1. ATM cash demand forecasting results in MASE. 

 

Data 
Source 

Number 

Average 
SVR 

forecasting 
results 

Average SSA-
NAR NN 

forecasting 
results 

Percentage of 
ATMs when SSA-
NAR is superior 

1 0.802 0.833 39% 
2 0.550 0.649 0% 
3 0.863 1.070 25% 
4 0.812 0.891 0% 
5 1.002 1.094 0% 
6 0.733 0.826 10% 
7 0.815 0.847 33% 
8 0.681 0.713 31% 
9 1.009 1.086 28% 
10 0.590 0.601 48% 

 

 
 

Fig. 2. Example of real historical cash demand data and 
forecasted data using both SVR and SSA-NAR techniques 
 

5. Conclusions and future works 
 

In this work, a comparison of two fundamentally 
distinct forecasting techniques was discussed. Results 
show that classical SVR technique is better for all 
sources of ATM cash demand data forecasting when 
optimization of SVR parameters using grid search is 
performed. SVR approach assumes that cyclic behavior 
of cash demand process is known (month, day, weekday 
numbers, 5-day window moving sum are used as 
inputs). Benefit of SSA technique is that it extracts 
cyclic and aperiodic behavior of the process without 
prior assumption and therefore is time series 
forecasting, not regression model (as SVR is). However, 
results show that assumption of known cyclic behavior 
is very accurate and average results favors the SVR 
approach. But in some cases the SSA-NAR 
methodology obtains smaller MASE error and shows to 
be promising technique. Also this shows that the prior 
assumption about weekly and monthly periodicity 
misleading and SSA technique should be used instead to 

obtain the process cyclic behavior. The main 
disadvantage of proposed SSA-NAR approach is that 
multiple forecasts must be made in order to obtain one 
forecast and also, because of neural network approach, 
each signal component forecasts are averaged, because 
of neural network random initialization procedure. 
Because of mentioned drawbacks, proposed approach is 
receptive to computational costs and requires more 
resources than SVR.  
In the future works, authors will make research on 
finding features for effective ATMs clustering 
approach. This will lead to selection of appropriate 
forecasting technique for particular ATM. Also 
collective decision making approach for SSA and SVR 
will be investigated.  
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Abstract: Reliable methodology for service orders 
prediction can significantly improve the quality of 
business strategy. It is very important to identify the 
seasonal behavior in order data to correctly predict 
customer demand and make appropriate business 
decisions.	 There are several methods to model and 
forecast time series with seasonal pattern. This paper 
compares seasonal naive, Holt – Winters seasonal, 
SARIMA and neural networks methods in order to 
evaluate their performance in prediction of the future 
values of time series that consist of the monthly orders 
in a small IT company. 

 
Keywords: orders prediction, time series. 

 
1. Introduction 

 
Orders forecasting is an essential tool for business 
management which enables to make more efficient 
decisions in allocation of company’s resources, 
planning employment needs, targeting and satisfying 
customer needs and etc. Usually, such information is 
analyzed as time series that often exhibit seasonality. 
Different approaches, such as regression analysis [1, 2], 
exponential smoothing [2, 3], moving average [4, 5], 
Box – Jenkins methodology [1, 6] and more 
sophisticated modeling techniques such as artificial [2, 
6], fuzzy logic [3, 7] or evolving [8] neural networks, 
are used for orders prediction. Our goal is to analyze 
different methods for modeling and forecasting time 
series with seasonal behavior. 
This research focuses on the monthly orders forecasting 
of a small IT company and applies seasonal naive, 
exponential smoothing, SARIMA methods and also 
simple neural network in order to find the most 
appropriate methodology for orders prediction. 
The remainder of the paper is organized as follows. In 
section 2 data collection, problem formulation and used 

methods are presented. Section 3 discusses experimental 
results. In section 4 concluding remarks are provided. 
 

2. Methods and materials 
 

2.1. Orders data 
 

In this research we have used a small IT company’s 
monthly service orders data from the period July, 2010 - 
March, 2013. Visualization shows growth trend (Fig. 1) 
and seasonality (Fig. 2, Fig. 3): orders volume increases 
in July, August, and November. Seasonality can be due: 

 Heating season: the end of the heating season 
reduces consumer’s expenses on heating and as 
a result customers bring computers to perform 
preventive maintenance or to repair older 
failures. 

 Holidays: during holidays a number of 
different accidents, such as dropped or wet 
computers, increases. 

 Summer season: more failures due to the 
computers overheating as well as computers 
left outside during the rain.  

Of course, other factors can influence it as well. 
 
 
All models were developed using data from the period 
July, 2010 - February, 2013. The observation from 
March 2013 was used to measure performance. 
 
2.2. Problem formulation 
 
Predict future monthly orders  (	  - time horizon) 
by using the previous monthly orders data: , , … , . 
Three different time horizons are chosen: 1, 3 and 12 
months. 
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Fig. 1. Monthly orders 

 
 

Fig. 2. Seasonal plot 

 
 

Fig. 3. Seasonal subseries plot 

69



 

 
2.3. Loss function 
 
In order to evaluate performance	of	different	models	
we	decided	to	use	 the mean absolute error (MAE) [9] 
and mean absolute percentage error (MAPE) [9]. MAE 
was selected due to its simplicity – easy to understand 
and calculate and MAPE was selected because this 
measure is not inclined to respond to the increase of 
time series values. Let  denote the th observation and 

 denote predicted value. Then the forecast error is 
equal to 
 

. (1) 
  
Mean absolute error can be found using formula 
 

1
| | (2) 

 
and mean absolute percentage error  
 

1 100
. (3) 

 
As mentioned above we used the observation from 
March 2013 as one of evaluation criteria: 
 

; (4) 
 
where  is a real value of March, 2013 monthly 
orders and  is forecasted value. 
 
2.4. Seasonal naive method 
 
A simple method is to forecast (seasonal) data. In this 
case, each forecast is equal to the last observed value 
from the same season of the year, e.g. the same month 
of the previous year.  
 

; (5) 
 
where  is the index of the last observation,  is time 
horizon, 1 / 1 and  is the period. 
 
2.5. Holt - Winters seasonal method 
 
Holt-Winters seasonal method [9] can be used for 
forecasting data with trend and seasonal components. 
There are two variations to this method: additive and 
multiplicative. Model form for the additive method is: 
 

| , (6)

1 , (7)

1 ,	 (8)

1 ;	 (9)
 
while for the multiplicative: 
 

| , (10)

1 , (11)

1 ,	 (12)

1 ;	 (13)

 
where |  is predicted value at the time ,  is 
the smoothed value at the time ,  denotes trend 
component at ,  denotes seasonal component at , 
0 1 is the smoothing parameter, 0 1 is 
the smoothing parameter for the trend, 	0 1	is the 
smoothing parameter for the seasonal component and 
	is the period of the seasonality. Values for the 

smoothing parameters can be estimated by minimizing 
the sum of the squared errors: 
 

| → . (14) 

 
2.6. Seasonal ARIMA model 
 
A seasonal ARIMA model (SARIMA) [9] is an 
extension of ARIMA model and is denoted as an 

	 , , , , , where  is the order of the 
autoregressive part,  is the order of the differencing,  
is the order of the moving-average process,  is the 
order of the seasonal autoregressive part,  is the order 
of the seasonal  differencing,  is the order of the 
seasonal moving-average process and 	is the period of 
the seasonality. SARIMA model in general form is: 
 

1 1 μ ; (15) 

 
where  

  is backshift operator: ; 
 μ is average of series ; 
 1 ⋯ ; 
 1 , ⋯ , ; 
 1 ⋯ ; 
 1 , ⋯ , . 

Akaike’s Information Criterion (AIC) [9] was used in 
order to select the most appropriate order of an ARIMA 
model. In the general case, the AIC is 
 

2 2 ln ; (16) 
 
where  is the number of model parameters and  is the 
maximized value of the likelihood function. The 
preferred model is the one with the lowest AIC value. 
 
2.7. Neural networks 
 
Neural network [10] is a structure composed from an 
input layer, one or more intermediate layers and an 
output layer, each consisting of several neurons. Each 
neuron inputs are combined using a weighted linear 
combination: 
 

; (17) 

70



 

 
where , 1, … ,  are inputs, , 1, … ,  are 
corresponding weights and  is a threshold value. 
Transfer function is used to calculate output value: 
 

. (18) 
 
The most common transfer function is a sigmoid [10]: 
 

1
1

	. (19) 

 
The parameters , 0, … ,  are evaluated using 
training data: in the beginning all weights take random 
values which are then updated using the observed data. 
 

 
 

Fig. 4. Scheme of a constructed neural network 
 
In this case we have constructed neural network with 4 
inputs and one intermediate layer consisting of 4 
neurons (see Fig. 4). Prediction of monthly orders is 
based on the previous four months data: 
 

Input  Output 
July Aug. Sept. Oct.  Nov. 
Aug. Sept. Oct. Nov.  Dec. 
… … … …  … 

 
Neural network was trained using 80% of the data (26 
observations) and tested using the rest. 
 

3. Experimental results 
 

Experiments can be divided into two parts: appropriate 
model selection and forecasting. See Table 1 for models 
performance.  
 
 
 
 
 
 

Table 1. Results of model fitting 
 

Model 
Accuracy measures 

MAE MAPE  

Seasonal naive 19.36 42.55 31/54% 

Holt - Winters (A) 
0.4, 0.3, 1

10.42 23.35 1/0.02% 

Holt - Winters (M) 
0.8, 0.1, 0.5

22.64 47.39 50/86% 

2,0,7 0,2,2  1.26 1.89 3/0.05% 
Neural network 2.21 4.6 7/0.12% 

 
Results show that Seasonal naive method has high MAE 
and MAPE values and forecast results are very 
inaccurate (31 orders mismatch). It leads to the 
conclusion that Seasonal naive method is not suitable 
for orders prediction, so the method will not be further 
analyzed. In order to find the most appropriate 
parameters values for both Holt – Winters method 
variations we have used a grid-based optimization [11]. 
Results show that additive Holt – Winters method is far 
superior to the multiplicative in terms of the accuracy 
measures. Also, it is easy to see that this method most 
accurately predicts orders for March while 

2,0,7 0,2,2  model has the lowest MAE and 
MAPE values. The order of SARIMA model was 
identified using the following procedure: 
1. Finding a list of models with minimal AIC value.  
2. Selection of the model with the lowest values of 

accuracy measures (MAE and MAPE). 
3. Model validation: apply Box-Ljung test [12] to 

determine whether residuals are random and 
Dickey – Fuller test [12] to ascertain whether 
residues are stationary. 

Neural network also has small loss functions values but 
the prediction of March is not very accurate in 
comparison with other methods. 
Selected models were used to forecast monthly orders 
for 1, 3 and 12 months ahead, see Table 2 for results.  
 
Table 2. Forecast for orders 
 

Model 
Forecasts values (month) 

1 3 12 
Holt - Winters (A) 
0.4, 0.3, 1

69 81 101 

2,0,7 0,2,2 93 105 109 
Neural network 64 64 88 

 
Results show, that seasonal ARIMA model forecast is 
the most optimistic while neural network is the most 
pessimistic. Furthermore, prediction obtained from the 
neural network does not have the growth trend (see Fig. 
7). Therefore, neural network shows very high accuracy.  
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Fig. 5. Holt - Winters forecast 
 

 
 

Fig. 6. , , , ,  forecast 
 

 
 

Fig. 7. Neural network forecast 
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Analyzing the result from Holt - Winters forecasting 
(see Fig. 5) it is easy to see that prediction has a 
growing trend but the range of prediction interval is 
wide, so this model is more appropriate for the first 
steps prediction. 
 

4. Conclusions 
 

Data analysis shows that orders data has trend and 
seasonal components: orders volume increase in July, 
August, and November. Based on this assumption we 
chose to use seasonal naïve, Holt - Winters seasonal, 
SARIMA and neural network methods. Results show 
that seasonal naive method is not suitable for orders 
prediction. Holt - Winters method with the set of 
parameters 0.4, 0.3, 1 is the most 
accurately predicts orders for March, 2013 but the range 
of prediction interval is wide, so this model is more 
appropriate for the short term prediction. 

2,0,7 0,2,2  model has the lowest MAE and 
MAPE values, and its forecast has the strongest growing 
trend. Neural network also has small loss functions 
values but prediction obtained from this method does 
not include the growth. 
A more detailed investigation should be performed in 
order to estimate the application of neural networks in 
orders prediction, e.g. development of a more 
sophisticated model with different number of inputs or 
hidden layers. Furthermore, we are planning to test 
models on new data and apply different methodology:	
de-seasonalize the data before applying forecasting 
methods and then to re-seasonalize the forecasts. 
Moreover, we plan to perform separate analysis of 
business and consumer service orders, because business 
orders may show sudden jumps due to an agreement 
with bigger company (it is not really common and 
predictable), while consumer dynamics should be more 
regular.  
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Abstract: With the growing amount of textual 
information and its heterogeneity, the complexity of 
information management in the multilingual context 
becomes essential. Unfortunately, existing semantic 
solutions in cross-language environments cannot be 
applied for some smaller languages, because of limited 
automatic translation tools. Environment for 
Multilingual Documents’ Analysis is a project that 
suggests certain text corpora, methods and tools 
prototypes for extraction of multilingual ontologies 
from the specific language documents in order to ensure 
semantic relations between them. 
 
Keywords: Multilingual semantic network, ontology 
engineering, multilingual documents’ analysis, 
language-agnostic ontology. 

  
1. Introduction 

  
Knowledge management and collaboration systems are 
key instruments for creating successful organizations’ 
collaboration networks. In recent decade this problem 
was investigated actively by computer scientist and 
computer linguists [2], [6]. Unfortunately, some 
semantic technologies for smaller languages, such as 
Lithuanian are still insufficient. Nevertheless, research 
in these areas did not emphasize enough attention to 
cooperation in a multilingual context, which is related 
to the complex and specific tasks. 
Creation and adaptation of multilingual content still 
lacks tool required to develop convenient knowledge 
representation which can be expressed in more than one 
language [3]. Multilingual knowledge representation 
becomes an open area of interests that requires the 
cross-contribution from knowledge engineering, 
terminology, ontology engineering, natural language 
processing and other sciences. Ontology engineering is 
a basis for the semantic technology: it allows 
representing and defining the meanings of terms, as 
well as relationships between them. 
The purpose of the project Environment for 
Multilingual Documents’ Analysis (EDMA) is to 

develop, manage and use a cross-language co-
operational knowledge network system. The outcome of 
this paper is a prototype of the language-agnostic 
ontology, suitable for the multilingual document 
analysis and other services in the semantic network. 
The contributions of this work include: (2) role and 
purpose of EDMA with description of the objective of 
the project, (3) multilingual ontology engineering 
process and localization, (4) central language-agnostic 
ontological conceptualization fundamentals, (5) 
implementation of prototype demonstrating the structure 
of the ontology for the multilingual documents’ analysis 
and (6) conclusions with summarized work ahead. 

  
2. Environment for multilingual documents’ analysis 

  
Many IT companies in Lithuania work with foreign 
partners and therefore must manage document’s 
collections in several languages and to ensure software 
operation quality in multilingual environments. 
Conventional information technology methods do not 
provide sufficient efficiency and quality, but the 
semantic and language technology (SLT) can help solve 
these challenges. Unfortunately, SLT tools for 
Lithuanian, Slavonic, Azerbaijani, Turkmen and other 
similar languages are far from industry-level quality. 
EDMA project aims to inventory existing SLT methods 
and to develop / improve existing tools after the 
assessment of the viability of the respective languages 
for Lithuanian companies. It integrates a number of 
activities such as creation of the corpora, initial text 
processing, recognition of the concepts, classification 
and clustering, and ontology creation. Ontology 
development and management tools will relate 
documents to their descriptive semantic structures, 
allowing creating better quality corpora, text processing 
and recognition, classification / clustering tools, and 
facilitate the search and other services. 
The possible use of a multilingual ontology services 
scenarios are listed below. 
Scenario 1: A user looking for a certain documents and 
submitting query in own language can obtain 
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documents in own and any other language, if they meets 
the query criteria. 
Scenario 2: A user looking for a certain documents and 
submitting query in own language can obtain 
documents, that satisfy the search criteria, in own 
language with the list of semantically related documents 
in any other language. 
Scenario 3: Semantic links between all of the 
documents in all languages to realize semantic browsing 
between them as a guide or prompter service. 

  
3. Multilingual ontology engineering and localization 

  
A more general goal of ontology localization is to 
provide semantic interoperability in trans-lingual large 
scale information environments, which typically consist 
of multiple heterogeneous and distributed knowledge 
sources. Specification of the method by which the 
localization could help strengthen inter-lingual semantic 
interoperability between heterogeneous specific area 
resources, requires taking into the account and acting in 
accordance with the context of ontology development 
and knowledge sharing in the very beginning stage [7]. 
It is also necessary to take into account the goals and 
aspirations of those who are likely to be users of such 
knowledge system. Therefore, the focus on 
understanding the complexity of the subject area, the 
abundance and semantics diversity is essential [2]. And 
at the same time, all the existing methods and tools must 
assist representing multilingualism, which must be 
described in the specification stage as well. 
Specification phase is very important for the success in 
the ontology development processes as in this stage the 
entire social and semantic consensuses are arranged. 
Social cognitive deviations are necessary in ontology 
engineering in order to create tools that are efficient 
enough for contexts processing with its complexity, un-
structuration and high dependence on the situation [7]. 
Ontology engineering is an iterative process involving 
concepts finding or extraction, automated concepts 
analysis and expert evaluation, see Fig. 1. 
The engineering process begins with the available 
documents and other (on-line) sources pre-processing. 
The next step is the analysis stage where data evaluation 
is performed in order to gain the concepts of the subject 
matter and to identify the taxonomic relationships 
among them. The results are generated concepts – 
examples – from subject-specific scope. Initial training 
is essential to take advantages from the external and 
common sources of knowledge. Step by step, the 
domain ontology is increasing with the potential 
viability as it becomes sufficiently enriched with the 
examples. Evaluation of the ontology is performed with 
the expert method of a thorough values evaluation in an 
attempt to find a general consensus in accordance with 
the domain knowledge base. The evaluation process 
includes translation of the values as well, i.e., ontology 
localization [5]. 

  

 
  

Fig. 1. The domain ontology engineering chain 
  

There are some challenging things identified that need 
to be taken into account in the process of localization of 
ontologies. This is referred to as 1) translation problems 
that occur due to the exact matching, on the context-
dependent correlation and conceptualization of non-
compliances; 2) management problems associated with 
the management and update of ontologies “label” fields 
in the ontology life cycle; and 3) multilingual content 
representation problems [6].  

  
4. Multilingual ontology conceptualization 

  
In order to solve variety of the trans-lingual information 
translation, management and representation problems, 
proposed conceptual modelling method for the 
multilingual information processing is based on the 
extraction ontology, language-agnostic ontology and 
mapping rules principles. Extraction ontology is a 
linguistically grounded conceptual model capable of 
populating its schema with facts extracted from the text 
sources. The key idea of that ontology model is the 
mapping of each language-specific extracted ontology 
to and from a central, language-agnostic ontological 
conceptualization of a particular domain [3]. 
Based on the proposed model, multilingual ontology for 
EDMA with N localizations should consist of: 

 Language-agnostic ontology A; 
 N localizations, each Li having: 

o Extraction ontology Oi; 
o Set of mappings from Li to A and 

backwards. 
 
The main advantage of the proposed ontological 
strategy is that the mappings are through a 
language-agnostic ontology that allows new 
languages to be added by providing only one 
mapping. Furthermore, such an approach needs only 
one-to-one translation to the main language. 

  
5. The prototype 

  
Based on the chosen ontological model 
conceptualization and considering the specificity of 
EDMA, multilingual ontology realization requires: 1) 
central language-agnostic ontology, 3) ontology 
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localizations, and 2) specification of the mapping rules 
for each localization, see Fig. 2. 
 

 
  

Fig. 2. Multilingual ontology concept for EDMA 
 
Examples of the language-agnostic and localized 
ontology prototype structures for multilingual document 
analysis environment are given below, see Figs. 3 and  
4.  
 

 
  

Fig. 3. EDMA language-agnostic ontology 
 

 
  

Fig. 4. EDMA Lithuanian ontology localization 
 
Based on the proposed model of multilingual ontology 
for EDMA, initial ontology mapping rules are:  

 Structural mapping (scheme level); 
 Instance mapping (data level): 

o Scalar units conversions, e.g. 
measures matching tables;  

o Lexicon matching, e.g. statistical 
machine translation;  

o Transliteration, e.g. person-names 
variations;  

o Currency conversions, e.g. currency 
exchange web services. 

 
The features of proposed multilingual domain ontology:  

 Language-agnostic ontology is most common 
case of all ontology localizations; 

 One specific ontology localization is chosen as 
the main ontology;  

 According to the features of each language, 
ontology localizations are made from the 
language-agnostic ontology; 

 Each ontology localization concept is linked 
with the concept in language-agnostic 
ontology, but not vice versa. 

 
According to the ontology development strategy 
described above, the EDMA language-agnostic 
ontology RDF structure was designed, see Fig. 5. 
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Fig. 5. Visualization of the EDMA language-agnostic ontology RDF structure 
 

6. Conclusions 
  

The ontological model for cross-language co-
operational knowledge network system is proposed 
according to the requirements for multilingual 
documents’ analysis environment. The main advantages 
of this model are simple localization principles and 
independent ontology structure for separate 
localizations. In this paper, the main part of the 
proposed model – language-agnostic ontology – is 
presented. The proposed structure is the basis for the 
localization of other ontologies to build. 
One of the steps ahead is to expand proposed ontology 
with Russian, Azerbaijani and English localization. 
Finally, we are working on number of ontology 
mapping rules to be developed. 
Acknowledgements. This research is funded by 
European Social Fund and the Republic of Lithuania 
(grant number VP1-3.1-ŠMM-10-V-02-025). 
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Abstract: This paper introduces a comparison of two 
one step predictive models that were used to model the 
relationship between human emotional signals – 
excitement and frustration – and three virtual 3D face 
features – distance between eyes, nose width, and chin 
width. Two volunteers’ data werezas used for the 
comparison. Two input-output model building methods 
are proposed that allow building stable models with the 
least output prediction error. Validation results of the 
models demonstrate relatively high prediction accuracy 
of human reactions and both models produce similar 
prediction accuracy.  

 
Keywords: 3D face; human emotions; input-output 
model; parameter estimation; prediction; model 
validation. 

 
1. Introduction 

 
Automatic emotion recognition and control are actual 
problems these days. Several systems and classification 
methods are created and used for emotion recognition, 
but only few systems and methods are used for affective 
control in virtual environment. In order to control 
human affective state his bio-signals or behavior has to 
be observed.  
There are plenty of bio-signals used for human state 
monitoring. We have chosen to use EEG-based signals 
for human affective state monitoring because of the 
reliability and quick response [1], [2]. 
There are control mechanisms that model virtual 
environment object features using EEG-based or raw 
EEG signals [3], [4]. Partial least squares approach is 
also used for creating models [5].  
In one of our previous papers a predictive model with 
one set of model parameters was built and dependencies 
between virtual stimuli – 3D virtual face features – and 
human reaction to them were investigated [6]. Our 
further works concentrated on identifying the most 
appropriate model parameter sets that allow predicting 
human reaction to the stimuli with the least prediction 
error [7], [8].  

The purpose of this paper is to introduce a comparison 
between two possible predictive models, using the same 
parameter sets that were identified as giving the least 
prediction error.  

 
2. Observations and data 

 
Virtual 3D face with three changing features (distance 
between eyes, nose width, and chin width) was used for 
input as stimulus (seen in a monitor) and EEG-based 
preprocessed human emotional signals (excitement and 
frustration) of a volunteer were measured as output 
(Fig. 1). The output signals were recorded with Emotiv 
Epoc device that 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 [9]. 

 

 
 

Fig. 1. Input-Output scheme for the experiments 
 
Seven 3D woman faces created with Autodesk MAYA 
were used. One 3D face was used as a “neutral” one 
(Fig. 1, left). Other 3D faces were formed by changing 
their features in an extreme manner: large/small 
distance between eyes (Fig. 2 left top/bottom), wide/thin 
nose (Fig. 2, middle top/bottom), and wide/thin chin 
(Fig. 2, right top/bottom).  
 

 
   

 
 

Fig. 2. The largest/smallest (left top/bottom) distance between 
eyes, the widest/thinnest (middle top/bottom) nose, the 
widest/thinnest (right top/bottom) chin 
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Experiment plan for input signals can be seen in Fig. 3.  
3D faces with different features were changed suddenly 
during the experiment. “Small distance-between-eyes”, 
“thin nose” or “thin chin” was shown for some period of 
time, then the picture was suddenly changed to 
“normal” face and after some time to “large distance-
between-eyes”, “wide nose” or “wide chin” and again to 
“normal”. It was repeated two times with different time 
steps between each change. “Neutral” face was equal to 
0, “largest distance-between-eyes”, “widest nose” or 
“widest chin” were equal to 1.25 and the smallest 
features to -1.25. 
 

 
 

Fig. 3. Input signals: experiment plan 
 
Values of the output signals – excitement and frustration 
– varied from 0 to 1. If excitement and frustration were 
low, the values were close to 0 and if they were high, 
the values were close to 1. The signals were recorded 
with the sampling period of T0=0.5 s. 
Two volunteers (one female and one male) were tested. 
A volunteer was watching three animated scenes of 
approximately 1 minute one after another, and EEG-
based preprocessed signals were measured and recorded 
simultaneously.  
 

3. Mathematical models’ building 
 

All dependencies between virtual 3D face stimuli and 
human reactions are described by input-output structure 
models [10]: 
 

 (1) 
 
or 

 
; (2) 

 
where 

 

, 				 1 , (3) 

 
 is an output (excitement, frustration),  is an input 

(distance between eyes, nose width, chin width) signals 
respectively calculated as  
 

, 		  (4) 
 
with sampling period , and  as well as  are centered 
output and input signals respectively, calculated as  
 

, 		 ̅ , (5) 
 

̅
1

,
1

, (6) 

 
 corresponds to noise signal, and z-1 is the backward-

shift operator (z x x ). 
Parameters (coefficients of the polynomials (3)) and 
orders (degrees m and n of polynomials (3)) of the 
models (1) or (2) are unknown. They have to be 
estimated according to the observations obtained during 
the experiments with the volunteers.  
Eqs. (1) and (2) can be expressed in the following 
forms: 

 

, (7) 

 

. (8) 

 
It is not difficult to show that in the case of using model 
(1), the following relationship exists between functions: 

 

; (9) 

 
where 
 

1
, 

1
 

(10) 

 
and in the case of model (2), the relationship between 
covariation functions are as follows: 

 

; (11) 

 
where 
 

1
̅ , 

1
̅ ̅ . 

(12) 

 
Eqs. (9) and (11) can be expressed as the linear 
regression equations: 

 
; (13) 

 
where  

 
, 1 , … , , 
1 ,… , 		  

(14) 
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and 
 

		 ; (15) 
 

where  
 

		 , 1 , … , , 
1 ,… , 		 . 

(16) 

 
In both cases: 

 
, , … , , , , … , , (17) 

 
and T is a vector transpose sign.  
For the estimation of unknown parameter vector c we 
use a method of least squares [10], [8]:  

 
, (18) 

 

.			 (19) 

 
In the case of (9)  is expressed as  

 

 (20) 

 
and in the case of (11) it is expressed as  
 

. (21) 

 
M is a number of functions’ values in (10) and (12).  
Vector  – estimates of model parameters – is calculated 
when M=0, 1, … and models’ stability condition is 
verified [8]. It means that the following polynomial 

 

 (22) 

 
roots 
 

:					 0, 1, 2, … ,  (23) 
 

have to be in the unit disk 
 
1. (24) 
 

In that way, we get a subset  with M values where 
the models are stable. From this subset we choose 

 
:					 | , , 		 ; (25) 

 
where  
 

| ,
1

̂ | ,  (26) 

 
is one step output prediction error standard deviation, 

 
̂ | , | | ,  (27) 

 
is one step output prediction error, 

 
| | ,  

1  
(28) 

 
is one step forward output prediction [11] in the case of 
model (1) and  
 

| | ,  
1  

1 ̅ 
(29) 

 
in the case of model (2), and z is the forward-shift 
operator (zy y ). 
Estimates of the model orders –  and  – are defined 
from the following conditions [8]: 

 

:
| , 1 | ,

| ,
,  

1,2, … 

(30) 

 

:
| 1, | ,

| ,
,  

0,1, … , ;
(31) 

 
where 0 is a chosen constant value. Usually in the 
practice of identification ∈ 0,001 0,01  what 
corresponds to a relative variation of prediction error 
standard deviation from 0,1% to 1%.  
This way stable input-output models are built that 
ensure the best one step output signal prediction. 

 
4. Validation of predictive models 

 
Validation was performed with two output and three 
input signals for each of two volunteers (female and 
male). Each model is selected from five possible models 
(when n=1, 2; m=0, …, n) using the rules (30) and (31). 
The analysis of both volunteers’ data showed that 
relations between each of three stimuli (distance 
between eyes, nose width, and chin width) and 
excitement output signal can be modeled when model 
order is 0 and 1. Relations between each of 
three stimuli and frustration output signals is best 
modeled when model order is 0 and 2.  
The predicted output signals of every model have the 
following expressions [10] 
 

| 1  

 
(32) 
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in the case of model (1) and  
 

| 1  
̅  

 

1 ̅ 

(33) 

 
in the case of model (2).  
Prediction accuracies were evaluated using the 
following measures:  

 prediction error standard deviation 
 

1
| , (34) 

 
 relative prediction error standard deviation 

 

1 |
∗ 100%, (35) 

 
 and average absolute relative prediction error 

 

| |̅
1 |

∗ 100%. (36) 

 
Prediction accuracies are provided in Table 1 and 
Table 2 for female and male volunteers respectively.  
 
Table 1. Prediction accuracy measures, female volunteer 

 

Input Output  
Model (1) Model (2) 

 
,

% 
| |, 
% 

 
,

% 
| |, 
% 

Eyes 
Excitement 
Frustration 

0.0245 
0.0096 

9.2 
2.2 

7.4 
1.6 

0.0242 
0.0085 

9.0 
2.0 

7.2 
1.5 

Nose  
Excitement 
Frustration 

0.0326 
0.0216 

11.0
3.4 

8.3 
2.5 

0.0316 
0.0202 

10.9
3.2 

7.9 
2.4 

Chin  
Excitement 
Frustration 

0.0402 
0.0206 

11.9
3.5 

9.7 
2.5 

0.0393 
0.0174 

11.9
3.0 

9.6 
2.2 

 
Table 2. Prediction accuracy measures, male volunteer  

 

Input Output  
Model (1) Model (2) 

 
,

% 
| |, 
% 

 
,

% 
| |, 
% 

Eyes 
Excitement 
Frustration 

0.0601 
0.0256 

17.1
7.3 

12.8 
4.9 

0.0597 
0.0227 

17.9
6.7 

13.1
4.7 

Nose  
Excitement 
Frustration 

0.0637 
0.0301 

12.4
5.1 

10.0 
3.2 

0.0616 
0.0279 

12.3
4.7 

10.2
3.3 

Chin  
Excitement 
Frustration 

0.0630 
0.0349 

17.0
7.9 

11.8 
5.8 

0.0626 
0.0329 

17.4
7.7 

11.8
5.5 

 

Figs. 4-9 show prediction results when using both 
models for a female volunteer and Figs. 10-15 show the 
same for a male volunteer. 
 

 
 

Fig. 4. Female volunteer, distance between eyes input. Solid 
thick line – observed signal, dotted line – predicted signal 
 

 
 

Fig. 5. Female volunteer, distance between eyes input. Solid 
thick line – observed signal, dotted line – predicted signal 
 

 
 

Fig. 6. Female volunteer, nose width input. Solid thick line – 
observed signal, dotted line – predicted signal 
 

 
 

Fig. 7. Female volunteer, nose width input. Solid thick line – 
observed signal, dotted line – predicted signal 
 

 
 

Fig. 8. Female volunteer, chin width input. Solid thick line – 
observed signal, dotted line – predicted signal 
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Fig. 9. Female volunteer, chin width input. Solid thick line – 
observed signal, dotted line – predicted signal 
 

 
 

Fig. 10. Male volunteer, distance between eyes input. Solid 
thick line – observed signal, dotted line – predicted signal 
 

 
 

Fig. 11. Male volunteer, distance between eyes input. Solid 
thick line – observed signal, dotted line – predicted signal 
 

 
 

Fig. 12. Male volunteer, nose width input. Solid thick line – 
observed signal, dotted line – predicted signal 
 

 
 

Fig. 13. Male volunteer, nose width input. Solid thick line – 
observed signal, dotted line – predicted signal 
 
Predictions with both predictive models are of similar 
accuracy in both volunteers cases. Frustration signal is 
predicted with larger accuracy than excitement.  
 

 
 

Fig. 14. Male volunteer, chin width input. Solid thick line – 
observed signal, dotted line – predicted signal 
 

 
 

Fig. 15. Male volunteer, chin width input. Solid thick line – 
observed signal, dotted line – predicted signal 
 
Both models demonstrated that female volunteer 
prediction errors are smaller than man volunteer 
prediction errors. Average absolute relative prediction 
error for female volunteer is less than 8.5 % for 
excitement and less than 2 % for frustration signal. The 
same error for male volunteer is less than 12 % in 
excitement signal case and less than 4.5 % in frustration 
signal case. 
 

5. Conclusions 
 

Two predictive mathematical models were proposed to 
describe the dependencies between every input signal 
(distance between eyes, nose width, and chin width) and 
every output signal (excitement and frustration).  
The two models allow building a stable model for 
output signal prediction with the least prediction errors. 
Average absolute relative prediction errors of female 
volunteer are approximately 2 times smaller than male 
volunteer for both signals. 
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Abstract: Rational models of electoral behavior 
emphasize the need of sufficient information for voters to 
make their decisions. Monitoring the behavior of a single 
politician is not easy to implement, not to mention of the 
whole parliament, since for the latter one must apply 
statistical methods designed for the analysis of large 
amounts of information. In this paper we propose 
methods and techniques for the analysis of voting 
behavior of the Lithuanian Parliament (Seimas) that 
allow for clearer identification and recognition of voting 
patterns of the Seimas. Votes of the last sessions of the 
2008-2012 term of the Seimas (pre-election period) are 
analyzed employing cluster analysis. Also, 
multidimensional scaling is used to visualize the 
generated results. Results obtained using different vote 
coding methods and clustering techniques are compared 
in the paper, too. 
 
Keywords:  clustering, multidimensional scaling, 
political science 
 

1. Introduction 
 
One of the main features that characterize democratic 
countries are free elections [1]. In Lithuania, there are 
four periodic elections taking place: President, Parliament 
(the Seimas), municipalities and European Parliament. 
The former two – President and Seimas – are considered 
the most important. The actions of both the President and 
the Seimas are being quite closely monitored during their 
terms. This is quite natural -- the aforementioned 
governmental bodies are formed by majority voting of 
Lithuanian citizens themselves, therefore, politicians are 
expected to serve the interests of the electorate. One of 
the methods to evaluate this is monitoring and analyzing 
behavior of the elected politicians. 
It is possible to monitor the behavior of the President by 
directly analyzing his decisions and opinion on certain 
issues. However, the analysis of the parliamentary 
behavior is a much more challenging task since one has 
to monitor many people simultaneously (there are 141 
members in the Seimas). Thus, it is crucial to apply 

appropriate research methods and techniques for the 
analysis of parliamentary behavior patterns. In this paper 
we direct our attention to the analysis of voting of 
members of the Seimas (MPs) with the aim to identify 
the homogeneity inside the factions, as well as their 
positions in regard to each other. 
An assumption is made that a solid and disciplined 
faction is more influential than a faction of the same size 
but less disciplined. Accordingly, outcomes of voting are 
more strongly influenced by more disciplined factions. 
Factions of the Seimas are formed on the basis of the 
elected parties. They usually make coalitions, when 
different factions agree to work jointly. Factions forming 
the governing majority are usually called position, and 
factions opposing government's programme are called 
opposition. On most issues opinions of position and 
opposition are very different and this is well reflected in 
the voting behavior patterns of MPs [3], [6]. 
However, sometimes opinions are voiced that some MPs 
are voting differently from their factions while seeking 
personal benefits or acting on the behalf of certain 
interest groups. It is doubtful if this assumption could be 
true, yet testing it is a quite important and interesting task 
from the political science perspective. 
While seeking to introduce proper methods and 
techniques for voting analysis of LR Seimas, the main 
tasks being tackled in this paper include: 
1. Examining MPs loyalty towards their factions, as 

well as position or opposition; 

2. Examining congruence between real composition of 
the factions and statistically defined groups based on 
the voting results; 

3. Identifying MPs routinely voting differently from 
factions they represent, and similarly to MPs from 
other factions. 

The analysis of parliamentary voting is a rather well 
researched subject [2], [3], [4]. Lithuania is no exception, 
i.e. work of the Seimas has been analyzed using various 
methods from both political science [5] as well as 
statistical perspectives. Political scientists and 
statisticians working together also produced interesting 
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results [6]. Importantly, quite many different methods has 
already been applied, such as homogeneity analysis [7], 
social networks analysis [8], multidimensional scaling 
[9]. 
Cluster analysis was also been applied for the analysis of 
the Lithuanian parliament voting [9]. The main 
challenges discerned include: selecting a proper coding 
for voting data, selecting the best dissimilarity measures, 
and selecting the best methods and techniques for 
analysis and visualization of the results. 
 

2. Data 
 
2.1. Seimas in the pre-electoral period 
 
Roll-call voting (further on voting or roll-call) data used 
in the research was taken from the database of the project 
atviras-seimas.info [10]. Time period analyzed was the 
end of the 2008-2012 year term of LR Seimas (pre-
election period for 2012-2016 year term). This period 
lasted from 2012-03-10 to 2012-11-16 and included 8th 
ordinary session and both 9th ordinary and 9th 
extraordinary sessions of LR Seimas. There existed 8 
factions during the analyzed time period (Table 1). 
 
Table 1. Factions in Seimas during pre-electoral period 

Abbrev. Full name of the faction 
Political 
position 

DPF Labour party faction Opposition 
FTT Faction „Order and justice“ Opposition 
KPF Christian party faction Opposition 

LCSF Liberal and center union faction Position 

LSDPF 
Lithuanian social democratic party 

faction 
Opposition 

LSF Liberal movement faction Position 

TS-LKDF 
Homeland union  Lithuanian 
christian democrats faction 

Position 

Other 
MPs who represented several factions 

or Mixed group during the period 
analyzed 

Other 

 
There were analyzed 1489 roll-call votes in total. Two 
MPs had to be removed from the original dataset as there 
were lack of information about the majority of their 
votings. Therefore votings of the 139 remaining MPs 
were analyzed. 
 
2.2. Coding of votes 
 
Every roll-call in Seimas can have 6 different outcomes: 
1. Aye: voted for the bill or proposal; 
2. No: voted against the bill or proposal; 
3. Abstain: abstained during the voting; 
4. No vote: registered for the voting but did not vote; 
5. No participation: did not participate in the plenary 

sitting when the voting was taking place; 
6. No info: there is no information about the outcome 

of the voting. 

In order to analyze votings using statistical methods we 
must encode their outcomes with numeric values. There 
are quite a few different ways to do that, but in this paper 
we examine 2 particular codings at length (Table 2). 
 
 

Table 2. Coding of votes 

 Standard Alternative 
Aye 2 1 

No participate 1 0 
No vote 0 –1 
Abstain –1 –1 

No –2 –1 
No info –10 0 

 
Standard coding uses different numeric value for each 
different outcome of the voting, hence in this case there is 
a difference how exactly an MP opposed the bill or 
proposal (abstained, did not vote or voted against). The 
goal of standard coding is to compare a position of MP 
with his factions position in the most accurate way (i.e. if 
the majority of the faction abstains, but one of its 
members votes against, his position is a little bit different 
than it "should be"). Numeric values used in the standard 
coding were introduced in the [6] paper. "No info" value 
was intentionally selected unlike the others in order for 
outliers (MPs with too much information of their votings 
missing) to be clearly seen among the other MPs. 
The goal of the alternative coding is to present a 
simplified view of general tendencies. Keeping in mind 
that in most votings principle not aye = no is correct (the 
bill or proposal is passed according to the number of 
ayes), voting outcomes no, abstain and no vote are 
considered equal, meaning that MP opposes the bill or 
proposal. Absence of MP in the plenary sitting may have 
many reasons, therefore no participation is considered a 
neutral outcome, as well as no info. 
 

3. Tools and methods 
 
The research (both clustering and multidimensional 
scaling) was performed using R [11]. It is a free software 
programming language and software environment for 
statistical computing and graphics. The R language is 
widely used among statisticians and data miners for 
developing statistical software and data analysis [12]. R 
enables its users to build and develop their own additions 
to R, also known as packages [13]. 
Clustering, or cluster analysis is a distribution of 
objects into several groups according to their similarity 
[14]. In turn, cluster is a group of similar objects. The 
goal of clustering is to distribute the objects into clusters 
in such a way that the differences between objects inside 
the clusters would be as little as possible, while keeping 
the difference between clusters as big as possible. 
In order to estimate the similarity of the objects a variety 
of dissimilarity measures are used. Most common 
dissimilarity measures are metric. A common name for 
metric dissimilarity measures is a distance [14]. Most 
popular distances are Minkowski distances. 
 

| |

/

,					 0. (1) 

 
Separate cases of Minkowski distance: Manhattan with l 
= 1); Euclidean with l = 2 and Chebyshev with l infinity 
 

85



3.1. K-means method 
 
One of the most popular clustering methods is k-means 
[15]. It is best used for large datasets. The following 
algorithm is being used while applying k-means: 
1. Objects are distributed into k initial clusters; 
2. Distance between the object and the center of every 

cluster is calculated for every object; 
3. Objects are assigned to the nearest cluster; 
4. Centers of every cluster are recalculated; 
5. Steps 2-4 are repeated until there are no more 

redistribution of the objects. 

An inconvenience may occur while applying k-means 
method – it is necessary to define the number of clusters 
beforehand. There is a wide variety of techniques for that 
[15], but in this paper we stick to 8 clusters because that 
as well is the number of factions. 
 
3.2. Clustering quality evaluation 
 
In this paper we apply 2 internal and 2 external clustering 
quality measures (also called validation indexes). 
Dunn index. This criterion is internal, which means it 
defines the accuracy if the clustering process itself, 
regardless of the classes assigned to the objects a priori 
[17], see eq. (2). 

 

min min
,

max
; (2) 

 
here ,  is a distance between clusters  and , 

 defines distances between objects inside cluster 
, and c is the number of clusters. 

To put it simply, Dunn index is a ratio of the smallest 
distance between clusters, and largest distance between 
two objects in the same cluster. The aforementioned 
distance in this case is the shortest way between two 
points – an Euclidean distance. 
Davies-Bouldin (DB) index. This is also an internal 
quality evaluation criterion [17], see eq. (3). 

 

1
max

,
; (3) 

 

here c is the number of clusters,  and  are 
distances between objects and centers of the clusters  
and  respectively, and ,  are the distances 
between the aforementioned clusters. 
Davies-Bouldin index is a similar measure to Dunn index 
eq. (5), however the values used in the latter are 
calculated generally for all clusters, while in DB index 
the values are calculated for every cluster separately and 
the quantity is then divided by the number of clusters (an 
average is produced). 
Rand index. This criterion defines a similarity between 
statistically structured clusters and initial classes (factions 
in this case) [16]. It is an external quality evaluation 

criterion (Eq. 4), here TP, TN, FP and FN are defined in 
Table 3. 
 

	. (4) 

 
Table 3. Definitions of TP, TN, FP and FN 

 Is in the class Is not in the class 
Assigned to cluster TP – true positive FP – false positive 

Not assigned to 
cluster 

FN – false negative TN – true negative 

 
Rand index is a ratio of correct decisions to all decisions 
made by clustering algorithm. 
Purity index. This is also an external quality evaluation 
criteria. Purity is a simple and popular validation measure 
[16]. We get its value using formula: 
 

,
1

max ∩ ; (5) 

 

here n is the number of objects, , , … ,  is a 
set of clusters (i – number of clusters), , , … ,  
is a set of initial classes (j – number of initial classes).  
Basically , the value of Purity index is produced by 
totaling the amount of objects of the most popular class 
in each cluster and dividing the count by the number of 
objects. 
When evaluating quality of the clustering it is desirable to 
get a value of Davies-Bouldin index as little as possible, 
while the higher value 3 other criteria produces the better 
the clustering is. 
 
3.3. Visualization of multidimensional data 
 
Multidimensional data can be visualized by applying 
direct or projection methods. Direct methods has the 
advantage of maintaining 100% of explained variance, or 
in other words, no initial information is lost during the 
process of visualization. However, processing many 
variables by using direct methods often becomes a 
complicated task due to readability of the results – it is 
very difficult or nearly impossible to understand and 
interpret them [18]. The goal of projection methods is to 
reduce the amount of variables (dimensions) to 2 or 3 in 
order to clearly and understandably present them in a 
graphic form. Naturally, the consequence of such actions 
is a loss of a certain percentage of initial variance 
explained. 
It is very important to choose proper amount of 
dimensions when using projection methods. For example, 
4-dimensional plot would contain more initial 
information than a 3-dimensional one, yet it is the latter 
that would be much easier to understand and interpret. 
General rule of thumb states that we cannot lose a 
relatively large part of variance explained just for the 
sake of simplicity, and vice versa – we should prefer 
simplicity over a relatively small part of variance 
explained. 
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3.4. Multidimensional scaling (MDS) 
 
Suppose I is a dataset (a set of objects). Let ,  be the 
distance between objects i and j. All these distances 
together produce a square distance matrix: 
 

∆

, ,

, ,

… ,

… ,

⋮ ⋮
, ,

⋱ ⋮
… ,

. (6) 

 
Having ∆ matrix, the goal of multidimensional scaling 
[20] is to find I vectors , … , ∈  such as the 
following condition would be met: , , for 
all , ∈ . Here ‖∙‖ is a vector norm. The most 
commonly used norm is an Euclidean norm (it is used in 
this paper as well). 
Using the eigenvector of distance matrix ∆ we can find 
the percentage of variance explained [19]: 
 

∑
∑

; (7) 

 
here m is a chosen number of dimensions, n is a full 
number of dimensions,  and  are i-th and j-th 
eigenvalues respectively. To put it simply, ∑  is a 
sum of m first eigenvalues, and ∑  is a sum of all 
eigenvalues. 
 

4. Experimental evaluation 
 
4.1. Data preparation 
 
The original data was stored in the CSV type files. 
The initial data matrixes had voting results stored in their 
rows and the IDs of MPs in their columns. Hence these 
matrixes had to be transposed, turning MPs into objects 
(rows) and votings into variables (columns). 
Two data files were prepared in total – for two different 
codings of votes (standard and alternative). 
 
4.2. Clustering of the MPs 
 
The number of clusters was chosen according to the 
number of initial classes (factions in this case) – 8. It is 
an optimal choice for comparing the results with initial 
data. 
3 different distances were applied for each of the 2 
different codings of votes, thus generating 6 sets of 
clustering results in total. Best versions of clustering were 
selected according to their quality evaluation (Table 4). 
 
Table 4. Clustering quality evaluation 

Coding Distance Rand Purity Dunn DB 

Standard 
Manhattan 0,845 0,683 0,543 3,047 
Euclidean 0,823 0,676 0,469 2,956 
Chebyshev 0,823 0,676 0,469 2,956 

Alternative 
Manhattan 0,845 0,662 0,627 3,364 
Euclidean 0,788 0,583 0,614 3,27 
Chebyshev 0,788 0,583 0,614 3,27 

 

Identical clustering results were produced when using 
Euclidean and Chebyshev distances (for both standard 
and alternative coding), therefore the values of their 
validation indexes are identical as well. 
Considering the external quality evaluation criteria 
(Table 4, Rand, Purity) and assuming that clusters should 
resemble factions (initial classes) as accurately as 
possible, it can be proposed that the standard coding and 
Manhattan distance are a little bit better than the others. 
To estimate quality of clustering internal validation 
indexes should be taken into account (Table 4, Dunn, 
Davies-Bouldin). In this case the results of alternative 
coding are visibly better than those of the standard one. 
However, it is quite difficult to define the best distance – 
Dunn index marginally favors Manhattan distance, and 
DB index suggests Euclidean or Chebyshev distance by 
the same narrow margin. Manhattan distance is examined 
further by choice. 
Tables 5 and 6 displays the distribution of objects (MPs) 
into clusters and initial classes (factions). Numbers in 
bold indicate the cluster being assigned to the faction in 
the same row. 
 
Table 5. Manhattan distance, standard coding 

   Clusters 
   1 2 3 4 5 6 7 8 

F
ac

ti
on

s 

O
pp

os
it

io
n DPF – – 6 – 2 1 1 – 

FTT – – 1 – 11 1 1 3 
KPF – – – 1 – 6 – – 

LSDPF 
 

– – 15 1 – – 6 – 

P
os

it
io

n 

 

LSF 9 – 1 1 – – – – 
LCSF 2 1 – 8 – – – – 

TS-LKDF 
 

16 26 – 1 – – – – 
  Other – 1 3 2 – 10 2 – 

 
Table 6. Manhattan distance, alternative coding 

   Clusters 
   1 2 3 4 5 6 7 8 

F
ac

ti
on

s 

O
pp

os
it

io
n DPF – – 6 – 2 1 1 – 

FTT 1 2 – – 9 – 2 3 
KPF – 1 – – – – 6 – 

LSDPF 
 

– 15 – 1 – 5 1 – 

P
os

it
io

n 

 

LSF – 1 8 1 – – 1 – 
LCSF 1 – 1 9 – – – – 

TS-LKDF 
 

30 – 12 1 – – – – 
  Other 2 1 – 2 1 2 9 1 

 
42 out of 43 members of TS-LKDF (which is the core 
faction of position) were assigned to 2 clusters (26 in one, 
16 in another). In the same way, 21 out of 22 members of 
LSDPF (which is the main faction in opposition) were 
assigned to 2 other clusters (15 and 6 respectively). These 
results point out that although the locations of these 
factions are rather clear, polarization do exist in the two 
largest factions of Seimas. Otherwise the vast majority of 
faction members would be assigned to one cluster. 
In accordance with Purity index, we can state that the 
factions of position are more solid than those of the 
opposition (Table 7). It is determined by the lack of 
strong and clear location of the factions in opposition. 
Meanwhile, the location of LSF and LCSF appears to be 
very solid – that partially compensates the polarization in 
TS-LKDF. 
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Table 7. Manhattan distance 

 No. of MPs 
Purity criterion 

Standard Alternative 
Position 65 0,769 0,785 

Opposition 56 0,625 0,571 
Other 18 0,556 0,5 

 
4.3. Visualization and analysis of clustering  results 
Before we generate the results in a graphic form we must 
choose the number of dimensions that will contain the 
aforementioned results. The percentages of variance 
explained according to number of dimensions are 
displayed in Table 8. 
 
Table 8. Variance explained 

Coding 
No. of dimensions 

1 2 3 4 5 ... 
Standard 17,8% 23,4% 26,4% 29,1% 31,2% ... 

Alternative 16,3% 22,2% 24,9% 27,5% 29,4% ... 

 
Standard coding is better than the alternative one in 
regard to variance explained. 
3-dimensional solution explains just a little bit more 
variance than the 2-dimensional one, therefore the latter 
was selected for the visualization of the results. 
 

 
Fig. 1. Manhattan distance, standard coding 

 
The results of the two best clusterings are rendered in the 
Figs. 1 and 2. Different colors show different factions, 
and different shape of the points means different clusters. 
It is seen in the plots that the location of position and 
opposition clearly differ. Also, it is interesting that 
although the unity of both position and opposition is 
unarguable, it shows differently. Factions in the position 
show more inner solidarity while keeping a certain 
distance between them, and no faction in the opposition 
shows a unique posture comparing to the others, and their 
inner solidarity is poorer in comparison to position. 
Alternative coding of votes "pushes" MPs closer to the 
center of position/ opposition (this is partially influenced 
by a smaller amount of different coding values). 
However, the interpretation of the solution is essentially 
the same as the one generated using standard coding. 
According to the results of clustering we can visualize the 
predicted assignment of MPs to factions, using Table 5. 
In this case each cluster would be assigned to the 

factions, therefore we must take external validation 
indexes into account. The best values of the external 
quality evaluation criteria were produced using 
Manhattan distance and standard coding (Table 9). The 
prediction are depicted in Fig. 3. 
Percentage of correctly assigned to factions MPs is 
68,35% (Purity, Table 4). While predicting the 
assignment smaller factions occasionally are 
overshadowed by larger and their members are assigned 
to larger factions. The best example would be cluster no. 
1 containing 9 of 11 members of LSF, but despite that 
TS-LKDF is assigned to the aforementioned cluster due 
to the fact that it contains 16 members of TS-LKDF. 

 

 
Fig. 2. Manhattan distance, alternative coding 
 
Table 9. Prediction of MPs assignment to factions (Manhattan 
distance, standard coding) 

Cluster 
Objects 

in cluster 
Faction 
assigned 

No. of MPs 
assigned 
correctly 

Actual no. 
of MPs in 

faction 
1 27 TS-LKDF 16 43 
2 28 TS-LKDF 26 43 
3 26 LSDPF 15 22 
4 14 LCSF 8 11 
5 13 FTT 11 17 
6 18 Other 10 18 
7 10 LSDPF 6 22 
8 3 FTT 3 17 

 
5. Results and conclusions 

 
1. Clustering is a suitable method for parliamentary 

voting analysis. The prediction of MPs assignment 
to factions according to their respective cluster was 
performed with 68% accuracy. It is a good result, 
especially when in consideration of the lack of clear 
and unique arrangement of the opposition factions. 

2. Multidimensional scaling is a useful set of 
techniques for visualization of parliamentary 
voting data. The differences between position and 
opposition are displayed nearly perfectly. The 
(un)solidarity of factions can be seen quite well too. 

3. Manhattan distance seems to be the most suitable 
distance with k-means method. Alternative votes 
coding produced clustering of higher quality, 
however, assuming each cluster should be assigned 
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to a certain faction, it is the standard coding that 
appeared more suitable. 

 

 
Fig. 3. Prediction of MPs assignment to factions 
 
In accordance with results, several important political 
conclusions can be made as well. 
1. MPs vote quite solidly with their colleagues in the 

same factions (differences between position and 
opposition are especially visible).  

2. Unity of position and opposition is represented in a 
different way. Each of the 3 factions in position has a 
solid location that is a little bit different from the 
others. Members of opposition factions incline to 
vote against position, but with no clear location 
among themselves. 

3. It is more difficult to keep unity among the members 
of a large faction. It is clearly seen in the votings of 
TS-LKDF and LSDPF (two largest factions). 

4. No clear groups, whose members would vote 
consistently differently from their faction, were 
detected. 

Future research: 
1. Different codings and dissimilarity measures. Two 

different codings were examined in depth, but 
choosing the most suitable coding is trivial and other 
codings will be analyzed. The same goes with 
dissimilarity measures – only a small part of them 
was discussed in this paper. 

2. Different meaning/weight of the votings. Some of 
the votings in Seimas are much more important than 
the others. Hence the results of the research would be 
much more accurate and objective assigning 
different importance to every voting. 

3. Software development. An R package with the 
options to automate the calculations and 
visualization of the results is being developed at the 
time of writing. The goal of the aforementioned 
package is to quicken the analysis of parliamentary 
voting significantly. 

Research is funded by ESFA (VP1-3.1-ŠMM-10-V-02-
025). 
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Abstract: This paper introduces an educational software 
tool that allows the student to program their complete 
robotic vision system using a high level language while 
saving them time on the implementation of the lower 
level algorithms. The tool consists of an integrated 
development environment (IDE) where the student 
practices with the different methods and parameters and 
learns what combination works best for their purpose. 
While this may appear like a common image processing 
tool, it’s quite different in that the tool only performs 
the basic methods studied in the course. The 
engineering of the vision system is not performed by the 
tool. Once the student decides on the best combination 
then the student can implement a complete software 
program using the same library of methods used to 
implement the tool thereby saving them implementation 
time.  

 
Keywords: Robotics education, robotic vision simulator, 
image processing. 

 
1. Introduction 

 
1.1. General background 

 
Robotic vision is typically part of an introductory 
robotics course. It includes some image processing and 
computer vision algorithms related to robotics. The 
material consists of learning about a collection of low 
level algorithms that perform specific operations on the 
image or extract specific information from an image. 
Each algorithm needs to be given parameters to get it to 
perform the desired tasks. The student must learn how 
to select the combination of algorithms and how to 
select the parameters for each in order to accomplish the 
desired tasks. Due to their simplicity implementing the 
algorithms has minimal educational benefit and yet 
requires significant amount of time. Since the main 
educational objective is to learn how to find the 
combination of methods each with their own parameters 
that produces the best result, the best tool is one that 

provides all of the algorithms and allows the student to 
simply use the algorithms and their parameters. 
The tool consists of an image rendering panel and a tool 
box of image processing routines. The graphical user 
interface is shown in Fig. 1. The student selects the 
routine to perform and provides the parameters. The 
image then is processed by the routine. This allows the 
student to use routines without implementing them. The 
routines are elementary image processing routines that 
are only as good as the selection of input parameters. 
This is not like a commercial image processing tool 
where the routines are very complex, carefully designed 
to perform some well-defined task in an optimal way. 
For example, one cannot tell the tool to clean an image. 
Rather one tells the tool to perform a series of 
elementary operations with specified parameters which 
will then hopefully clean the image. The engineering is 
not performed by the tool but left to the student.  

 

 
 

Fig. 1. The graphical user interface of the IDE. Default values 
are present where possible 
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1.2. Similar work 

 
This tool is specifically designed to support the robotic 
vision portion of the basic Introduction to Robotics 
course. Therefore it is not a general purpose image 
progressing tool such as Irfanview [1]. Most image 
processing tools perform image processing that are 
complex and actually may involve a sequence of the 
basic functions. The engineering is completely done by 
the tool. For example, in a tool, to clean an image the 
user selects that process and the image gets cleaned. In 
our tool the student needs to engineer a sequence of 
elementary steps to perform such a process. 
Furthermore our tool consists of an Integrated 
Development Environment (IDE) interfaced to a library 
of functions.  
The library of basic image processing functions can be 
called directly from the student’s source code and 
linked in to their executable file. This is generally not 
allowed in the general purpose tools. Some examples of 
image processing tools include MATLAB toolbox and 
Gimp. MathWorks has a toolbox that can be added to 
their MATLAB software that performs image 
processing [2]. Gimp has an image processing tool [3] 
that can be downloaded free. 
 
1.3. Tool design 

 
The tool can be used in two forms, as a stand-alone 
environment and as a library of vision functions. It 
consists of an IDE that is the interface between the user 
and the library of functions. As a stand-alone tool the 
students can use the IDE and run the included vision 
algorithms with their selected parameters. This mode is 
useful for programs that are not software intensive 
where students are not proficient in software 
development, for example, in industrial engineering or 
systems engineering courses. 
As a library of support functions the student can create 
a program to perform various vision steps by calling 
library functions that implement the algorithms. The 
students need to determine what functions to call and 
provide its parameters. The student interacts with the 
tool by accessing the source code written in C++ and 
linking in any functions they write. They must call a 
function that loads an image and then call a sequence of 
functions to produce the information they need. 
Ideally the student will start by using the IDE with a 
sample image and determine the best sequence of 
functions to perform on the image along with their 
corresponding parameters. Then the student will write a 
program that loads the image and call the same 
sequence of functions along with their parameters and 
link everything together to produce a complete robotic 
vision system. 

 
2. Tool description 

 
This section describes the tool in detail. It includes a list 
of operations the tool can perform with figures 
illustrating the result of each operation. 

An image is a two dimensional array of pixels 
representing grey levels or colors. In robotics it’s very 
common to use grey levels only and therefore the 
simplest format is to use one byte per pixel representing 
the grey level or darkness of the pixel. 
The IDE can read an image into the tool but it must be 
in portable graymap format (PGM). This image file 
format is part of the Netpbm format family that stores 
the image as a simple uncompressed ASCII file using 1 
byte per pixel. Therefore each pixel can represent a 
value between 0 and 255 with 0 being white and 255 
black. 
Most file formats can be converted to PGM using free 
software such as Irfanview [1]. It also has an IDE where 
one can load an image then save it in a PGM format. 
The tool includes functions that implement the 
following algorithms that are described in detail further 
below. The elementary operations the tool can perform 
at this time are as follows: 

 Histogram 
 Image threshold  
 Low and high pass FFT based filters 
 3x3 mask convolution,  
 Hit-Miss morphological transform 
 Hough transforms to detect Lines 
 Hough transforms to detect circles 
 Add random noise 
 Image moment computations and image 

negative (not included here). 
In each case the IDE displays the image on the left and 
a control panel on the right. The student loads an image 
then performs a sequence of operations. The 
engineering is in the selection of the sequence of 
operations and the parameters each operation needs. 
Following is a description of all the operations and the 
required parameters each must have. 

 
2.1. Histogram 

 
A histogram is a chart representing the total number of 
pixels in an image with a particular value [4] (Fig. 2). 
The horizontal axis is the value and the vertical axis is 
the number of pixels with that value. This information is 
useful for many techniques including image 
thresholding presented next. 
 

 
 

Fig. 2. Left, the original image, right the histogram of the 
image 
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2.2. Image thresholding 
 

Image thresholding is the function of visiting every 
pixel and making it 0 if the value of the pixel is less 
than the threshold and 255 if it is greater [4] (Fig. 3). 
The threshold value is a function of the image and 
depends on many factors such as the darkness, the value 
of the information you want to keep and other factors. A 
poor choice may return an image that is almost all white 
or black. The student needs to determine what value to 
use. The use of a histogram may provide some 
information to help determine this threshold value. 
 

 
 
Fig. 3. Left, the original image processed with a threshold 
value of 64, right, the threshold was set to 128 

 
2.3. Low and high pass FFT based filter 

 
Image filtering can be performed by using the Fourier 
transform [5]. The algorithm basically performs the 
convolution of a Butterworth filter and the image. First 
an FFT [6] is performed on the image producing an 
image spectrum. Then the spectrum is multiplied by the 
Butterworth filter and an inverse FFT is performed 
resulting in the original image convoluted with the 
filter. The engineering in these filters is in the selection 
of parameters which include order and the cut-off value.  
The order (1st, 2nd or 3rd) determines sharpness of the 
edge of the filter. The cut-off frequency determines the 
frequency boundary to filter. One can perform a low 
pass filter where frequencies above the cut-off 
frequency are attenuated or a high pass filter for 
frequencies below the cut-off (Fig. 4).  The student 
needs to learn how to select the parameters to perform 
desired filtering. The student can run algorithms using 
different parameter combinations and observe the result. 
 

 
 

Fig. 4. Left, The original image processed by a 10th order, 50 
Hz cutoff high pass filter using the Fast Fourier Transform 
algorithm, right the original image processed by a low pass 
filter using the same algorithm with the same parameters 

2.4. Mask convolution 
 

Convolution is a family of algorithms used for filtering, 
edge detection, morphology, testing for connectivity, 
etc. [4]. The algorithm consists of passing a 3x3 pixel 
mask over the image visiting each pixel and replacing 
the pixel in the image directly under the center pixel of 
the mask with a value generated by multiplying each of 
the 9 pixels in the mask with the corresponding pixel in 
the image that is directly under it.  
The process that this algorithm performs, whether it’s 
filtering, edge detection or another task is dependent 
only on the mask used. The engineering the student 
must learn is in the selection of the optimal mask 
(choosing 9 values in the mask).  
Most textbooks present a few masks that perform 
specific processes. For example, the sharpening mask 
can be used to sharpen an image (Fig. 5 left) while an 
edge detection mask can be used to emphasize the edges 
(Fig. 5 right). They also generally present guidelines for 
creating custom masks. 
 

 

Fig. 5. Left the original image, right the original image after a 
sharpening operation using convolution with a 3 x 3 
sharpening mask 

 
2.5. Hit-Miss morphological transform 

 
Morphological transformations are a family of 
algorithms that change the shape of the figure in the 
image [5]. This algorithm is similar to convolution but 
involves a collection of masks. Like the convolution, 
Hit-miss algorithm slides the masks over the image 
making the center pixel under the mask on or off 
depending on whether the pattern in the neighboring 
pixels matches one of the masks.  
Using the tool as a library of functions, the student can 
create any mask and call the Hit-miss algorithm. Two 
special masks are provided in the tool, one for thinning 
and the other for dilation which can be called directly 
from the IDE. Using these masks, the engineering 
required is to determine when to thin or dilate and by 
how much.  
It is required to thin an image to perform many other 
image processing techniques. Dilation is mostly used to 
fill small holes in the image which will become larger 
loops after thinning. For example, Fig. 6 shows how an 
image changes after using 7 applications of the Hit-miss 
algorithm using the thinning mask set.  
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Fig. 6. Left, the original image, right the same image thinned 
using 7 applications of the thinning Hit-miss algorithm 

 
2.6. Hough transforms to detect specific shapes 

 
The Hough transform is a family of algorithms that are 
used to detect geometric shapes in an image [5]. The 
engineering is in the design of the transform and 
determining the image processing needed before the 
algorithm can be applied to the image. To find a 
particular shape the student needs to find the equation 
of the shape, and then put it into a form where the 
constants are the variables and the variables become the 
constants and finally solve it for a constant. A system of 
counters needs to be designed to count the number of 
pixels that contribute the each shape.  
 

 
 

Fig. 7. Left, the thinned image, right 20 lines the Hough 
Transform found superimposed 

 
Since implementing this algorithm from scratch may be 
too difficult or time consuming for an introductory 
course, two algorithms are included in the tool, to detect 
line and to detect circles.  The engineering then 
becomes the design of the preprocessing of the image 
and the appropriateness of the particular image. For 
example, Fig. 7 shows how running the Hough 
transform to detect lines produces a set of the top 20 
lines which are then superimposed on top of the original 
image. Knowing how tricky these algorithms are is also 
part of the learning process.  

 
 
2.7. Adding random noise 

 
To help the student practice cleaning an image the tool 
provides a function to add random noise to the image. 
The student enters the percent of the pixels that will 
become white. Fig. 8 shows how making 2% and 10%, 
of the pixel white affects the image. The pixels were 
selected randomly. 
 

 
 

Fig. 8. Random noise is added to the original image. Left, 
white pixels are added to 2% of the image selected randomly, 
right, white pixels are added to 10% of the image selected 
randomly 

 
3. Conclusion 

 
Presented in this paper is a tool used to support the 
robotic vision portion of the basic Introduction to 
Robotics course. The tool allows students to run many 
common robotic vision algorithms without having to 
implement each one in code. The tool can also be used 
as a library of functions that the student can link into 
their program. Once the students learn the best sequence 
of functions along with their corresponding parameters 
they can then simply call the individual functions as 
needed in creating their complete vision system. 
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Abstract: Reliability of the electric power supply is 

essential in modern society. The electric power system 

with its generation, as well as its transmission and 

distribution networks, is one of the most complex 

technical systems that humanity has created. Improved 

reliability can be obtained by increased investments, 

reinvestments and maintenance. The goal of this study is 

to examine the impact of components failure on 

distribution reliability. The paper describes a fault 

restoration sequence and duration in a distribution 

system and interruptions frequency and duration for 

different components. 

 

Keywords: distribution system, power supply, reliability, 

failure rate. 

 

1. Introduction 

 

In liberalized markets, an optimized asset management 

should consider the reliability of supply and power 

quality aspects as well as the reduction of maintenance 

and capital costs. This is of great importance for 

operators of distribution networks, because distribution 

networks have a significant influence on both quality 

and costs of power supply. In this area of conflict 

between supply quality and cost effectiveness, a 

comprehensive asset management procedure provides 

technical and economic information on the equipment 

and on the entire network especially for distribution 

networks that form the basis for planning and 

entrepreneurial decisions. 

In distribution networks a fault of one of the network 

components causes the outage of all consumers 

belonging to the protection area of the feeder. 

Restoration of supply is performed by repeated 

sequences of fault location and switching actions 

executed by the staff. The fault action results on the 

identification of the not involved area and its isolation 

followed by switching actions for partial customer 

restoration. In that way the extent of the faulted feeder 

area is step by step reduced until fault is found and 

power supply is restored for customers which are not 

connected to faulted area [1]. 

This paper represents the evaluation of the historical 

failure data from distribution networks. For the 

quantitative evaluation we collect failure record data of 

distribution networks. Reliability assessment results are 

summarized and the application of the calculated 

performance statistics in planning, operating and 

maintaining of distribution systems can be used [1]. 

 

2. Failure rates and outage process 

 

Traditionally, failure rates have been treated as constant 

in most reliability studies. A constant failure rate means 

that the time to outage (TTO) will have an exponential 

distribution [3]. It seems that constant failure rates are a 

reasonable approximation to the actual failure of the 

components. However, utilities’ experience has shown 

that most components follow a certain pattern in their 

life cycle. This pattern is not one of constant failure 

rates, but of time-varying failure rates [4]. 

The components in a distribution system, such as lines, 

cables, transformers and breakers, are usually modeled 

as either operating or not operating due to outage. The 

Time to Outage (TTO) for a component is the time until 

an outage occurs, and the component is no longer 

operable. The time until a broken component is 

available again, is the time it takes for it to automatic 

and manual switching (TTA) or to be replaced or 

repaired (TTR) (Fig. 1.) [5]. 

 

TTO

TTR

...

...

...

TTO ...

TTA
...

TTA
... TTO ...

TTA

 
 

Fig. 1. The outage process of the component 

 

Efficiency of distribution networks reliability assessment 

strategy is based on failure rates. Customer failure rates 

such as interruption frequency, interruption duration, not 

supplied energy and interruption cost are dependent on 

network structure, switching devices, information and 
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protection equipment, the possibility of switching and 

emergency supply and on post fault management. For 

reduction of interruption duration automatic and remote 

control equipment control level is promoted, that 

provide the rapid electric supply restore of involved 

customers where it helps to improve electric supply 

restore time. Apart from the fault clearing strategy the 

influence of other features such as network structure or 

network technology - switches, protection system, fault 

locators, substation automation system - on system 

reliability has to take into account as well [4]. 

Distribution networks are depended on the influence of 

meteorological conditions and mechanical faults 

therefore electric supply reliability indices could be 

different even in a close geographical territory [6]. 

 

3. Interruption causes in Latvian distribution system 

 

Latvian Distribution system operator provides electric 

power supply to more than one million electric power 

customers, and its service covers more than 99% of the 

territory of Latvia. Electric power consumption in 

production, service and household sectors has been 

rapidly increasing during the past years. 

The total length of the electricity distribution network in 

the end of 2012 reached 90,928 km. Latvian 

Distribution System Operator renders distribution 

services using low voltage (0.4 kV) and medium voltage 

(6-20 kV) equipment. Approximately one third (34.964 

thousand km) from the distribution system consists of 

medium voltage (6-20 kV) network and approximately 

two thirds – of low voltage (0.4 kV) network. The total 

number of 25,700 transformer substations (6-20/0.4 

kV). 

After restructuring of the Latvian distribution network – 

consolidations of 7 distribution network districts, 

separation of distribution and realization business 

processes, dispatch control modernization and 

optimization are an actual question. After introduction 

new model structure in correlation on the operative 

work, as one from main challenges is the optimization of 

local dispatchers certain tasks such as their 

disengagement from the inoperative functions, including 

from the customers calls. Call Center (CC) were 

developed to support call distribution, capturing the 

caller line identification, priority customer handling, 

reduce average electric supply restoration time, lighten 

dispatchers daily tasks [2]. 

Customers’ interruptions are caused by a wide range of 

phenomena including equipment failure, animals, trees, 

severe weather and human error. These causes are at the 

root of distribution reliability, and understanding them 

allows abstract topics like reliability simulation to be 

viewed from a practical perspective. Equipment failures 

and trees falling on lines are almost always the major 

causes of interruptions on distribution system (Fig.2.).  

As such, there are several important strategies for 

utilities striving for high reliability. First and foremost, 

system operators should purchase quality equipment and 

install it properly. Even if quality equipment is 

purchased, poor installation can result in higher than 

expected failure rates and lower than expected reliability 

[3, 4]. 

 

 
 

Fig. 2. Interruption causes in Latvian distribution network in 

2007 and 2012 

 

In Latvian Distribution network System Average 

Interruption Duration Index (SAIDI) and System 

Average Interruption Frequency Index (SAIFI) are 

achieving higher compared with other European 

Countries due to less substations with medium voltage 

outputs and significantly longer medium voltage [9]. 

 

4. Interruptions analysis 

 

Interruptions duration in Latvian Distribution system in 

2011 was 8 hours and 29 minutes and 7 hours and 7 

minutes in 2012 [9]. 

Interruption analyses were performed taking in an 

account interruption statistics of 3 years in normal 

weather conditions. 

Interruption prevention includes operations – localizing 

failure, localizing and prevention of failure expansion, 

restoration power supply, establish a reliable power 

supply, finding out the location and cause of failure, 

organizing repairing works. The report includes 

information of interruption starting time, switching, 

protection operations. 

 
Table 1. Interruptions frequency and duration in Latvian 

20kV distribution system 

  

Duration, 

h 

Frequency, 

1/year 

Switches (per pcs.) 3.22 0.0048 

Overhead lines (per km) 4.12 0.0935 

Circuit breakers (per pcs.) 1.74 0.0440 

Cable lines (per km) 0.52 0.0217 

20/04kV substations and 

components in substations (per 

pcs.) 

5.19 0.1038 

 

The report includes information of the failure duration 

of the switching, protection and automatic operations. 

After data collection, data analysis was performed 

according to interruptions durations, causes, failure 

location, disconnected customers. From 82 914 entries 

in a corresponding period there were selected 

interruptions in medium voltage network. 
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Table 1 shows a breakdown of interruption causes for 

20kV Latvian Distribution system. Numbers are based 

on distribution network operator database information 

and dispatch centers information. All data was collected 

for 3 years and summarized according to dispatches 

remarks in one common data base, exported to table 

format and summarized. 

 

5. Restoration sequence 

 

When a failure occurs in a distribution system, the 

system usually experiences a series of processes of fault 

isolation, determination of affected area, decision 

making for the service restoration, switching and 

repairing/replacing actions. Restoration times for load 

points after a failure may be different due to the failure 

location, the number and type of switches involved, and 

the available manpower for the restoration and the 

switching sequences. Some load points can be restored 

using remote control, whereas some may require manual 

switching actions and others may wait until the failure 

component is repaired or replaced by spare element. 

Some load points may require more switching actions 

than others, which depends on the system configuration 

and the fault location. The duration of switching and 

repairing actions depend on the degree of system 

automation and available switching resources. Even for 

the same customer, the interruption time changes with 

the location of the failure. The processes involved in the 

restoration can be classified into the followings (Fig. 3.) 

[7, 8]. 

Call Center (CC) registers interruptions information 

from customers and staff reports information of the 

malfunctions directly to the dispatchers. Dispatchers 

receive information from Dispatch management system 

(DMS) and perform switching commands using DMS. If 

interruptions persist, dispatchers evaluate information of 

interruptions and decide on furtherer actions. 

Information processing is done when dispatchers receive 

registered information from CC, staff reports on the 

event or fault, information from DMS and/or 

information about task of preventing fault.  

Dispatchers according to the available information give 

operational tasks to prevent failure or localization of 

failure. After localization power supply is not restored 

only related customers. Interruption case is taken into 

account fault location and power supply can be restored 

all unrelated customers. 

According to dispatchers’ tasks, switching has been 

made to find fault location. Within this period of time it 

takes staff tasks receiving, the way to fault components, 

detection fault components. According to priorities of 

customers staff performed fault localization and 

switching to restore power supply for reserved 

customers with reservation. 

Failure or interruption is urgent prevented, if power 

supply is not restored for all customers or if fault can 

lead to technological malfunction or present a hazard to 

people. Staff assesses the failure and stop works at 

night. If power supply is not restored or failure is urgent 

preventable, then for power supply restoring involve 

additional staff. Staff prevents failure or takes faulty 

components replacement, e.g., fuses, support 

replacement, wire connection and power supply 

restoring with manual or automatic switching. After 

restoring power supply staff informs dispatchers of the 

completion of tasks and tests, where available. 

 

 

Fig. 3. Elimination sequence of interruptions 

 

6. Restoration duration 

 

In interruptions analysis total duration was divided into 

a maximum of 6 sections – failure location finding, 

localization duration, reservation, starting of failure 

prevention, repairing works and power supply restoring 

duration, taking into an account amount of disconnected 

customers and substations, location of failure and 

causes. 

Total interruption duration may last from several 

minutes to 24h or more 
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 ,restrepr ttt     (1) 

 

where rt  - total repairing duration, s, rept  - repairing 

works duration, s, restt  - power supply restoring 

duration, s. 

The total power supply restoring duration depends on 

the fault location, in a case of transient failure it is isolt , 

in a case of permanent failure, using sectioning it is 

 

 ,2det1 isolrezisols ttttt     (2) 

 

where )2,1(isolt  - failure localization duration, s, dett  - 

failure location finding duration, s, rezt  - reservation 

duration of power supply, s, st  -switching duration, s. 

In the case of interruption total duration is equal to 

[3, 90 ] 

 

 ,waitrs tttt     (3) 

 

where t  - total interruption duration, s, waitt  - starting 

of failure prevention duration, s (Fig. 4.). 

 

7. Restoration duration analysis 

 

Interruptions eliminate duration in one interruption are 

disconnected average 241.06 customers and respectively 

14,35 substations. 

Maximal amount of disconnected customers for one 

interruption was 4725 and maximal disconnected 

substations for one interruption was 244 (Fig.5.). 

For localization of failure is assumed duration required 

for automatic or manual switching, isolating of failure 

and preparing of works. For interruptions, where was 

recorded localization of failure duration, amount of 

disconnected customers and amount of disconnected 

substations is higher than total failure eliminate 

duration, respectively, disconnected average 277.09 

customers and average respectively 16.72 substations.  

 

 

 

 

 

 
 

Fig. 5. Duration histogram of failure interruption 

 

Regardless of it 75.26% of all interruptions were 

recorded localization of failure duration. This is due to 

switching frequency, failure location localization 

(Fig.6.). 

 

 
 

Fig. 6. Duration histogram of failure localization 

 

For failure location finding duration is assumed duration 

required for team readiness time till switching duration. 

For interruptions, where was recorded location finding 

duration, amount of disconnected customers and amount 

of disconnected substations is lower than total failure 

eliminate duration, respectively disconnected average 

185.35 customers and average 12.65 - substations. 

Regardless of it 7.85% of all interruptions were 

recorded failure location finding duration (Fig.7). 

For reservation of power supply duration is assumed 

duration required for switching customers from other 

power source wherever possible. 

Waiting of failure 

prevention duration, 

twait

Repairing duration, trep Power supply restoring 

duration, trest

Switching duration, ts Repair working duration, tr

Failure location 

finding duration, tdet

Failure 

interruption
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Failure location 
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Reservation of 

power supply
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Duration
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duration, tisol

Reservation duration, 

trez

Operations with 
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Failure interruption duration, t
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duration, tisol

Fig. 4. Failure interruptions elimination duration sectionsFig. 4. Failure interruptions elimination duration sections 
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For interruptions, where was recorded reservation of 

power supply duration, amount of disconnected 

customers and amount of disconnected substations is 

significant higher than total failure eliminate duration, 

respectively disconnected average 493 customers and 

average 27.82 - substations. 

 

 
 

Fig. 7. Duration histogram of failure location finding 

 

Regardless of it 24.06% of all interruptions were 

recorded reservation of power supply duration (Fig.8.). 

 

 
 

Fig. 8. Duration histogram of reservation of power supply 

 

For starting of failure prevention duration is assumed 

duration occurred late at night or a large number of 

customers, works shall be stopped and continued the 

next day, need delivery of equipment for restoring 

power supply, taking into account the importance of a 

disconnected customers, location. 

 

 

 

Fig. 9. Duration histogram of starting of failure prevention 

 

For interruptions, where was recorded for starting of 

failure prevention duration, amount of disconnected 

customers and amount of disconnected substations 

insignificant number varies from total failure eliminate 

duration, respectively disconnected average 245.33 

customers and average 15.75 - substations. Regardless 

of it 10.41% of all interruptions were recorded starting 

of failure prevention duration; all of them happened and 

/ or continued at night. In a calculations there can be 

assumed, if disconnected customers and substations 

does not exceed average data and interruption occurs 

after 18:00, starting of failure prevention need to take 

into an account (Fig.9 ). 

For repairing duration is assumed duration required for 

replacing or repairing damaged components. 

For interruptions, where was recorded repairing 

duration, amount of disconnected customers and amount 

of disconnected substations is less than total failure 

eliminate duration, respectively disconnected average 

207.15 customers and average 12.52 - substations. 

Regardless of it 82.08% of all interruptions were 

recorded repairing duration (Fig.10.). 

 

 
 

Fig. 10. Duration histogram of repairing 

 

For power supply restoration duration is assumed 

duration required for switching for restoring power 

supply for all customers, such as reserve power supply 

sources disconnection.  

For interruptions, where was recorded power supply 

restoration duration, amount of disconnected customers 

and amount of disconnected substations is close to total 

failure eliminate duration, respectively disconnected 

average 244.14 customers and average 14.89 - 

substations. Regardless of it 59.22% of all interruptions 

were recorded repairing duration (Fig.11.). 

 

 
 

Fig. 11. Duration histogram of power supply restoration 
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8. Conclusions 

 

This paper describes the concept required for evaluation 

of distribution network interruption restoration duration 

and sequence. 

This paper represents the evaluation of the historical 

failure data from distribution networks. For the 

quantitative evaluation collected failure record data of 

distribution networks in the special failure statistic. 

Reliability assessment results were summarized. 

The paper describes detailed information, large – scale 

information collecting, structuring and analysis in 

Latvian Distribution system for 3 years period. There 

had been analyzed in Latvian Distribution system power 

supply restoring sequence and duration, detailed power 

supply restoring sequence methodology by applying real 

data. Power supply restoring sequence had been divided 

into 6 sections - localization of failure, finding of 

failure, reservation of power supply, starting of failure 

prevention, repairing work and power supply restoring 

duration. 

As well as there had been made evaluation of power 

supply interruptions durations and separate power 

supply interruptions impact analysis and total power 

supply interruptions duration impact analysis on the 

separate customers and substations. 

The application of the calculated performance statistics 

in planning, operating and maintaining distribution 

systems can be used. 

Authors’ further plan is to use simulation of network 

power supply restoration using probability distribution 

of frequency and repair duration. 
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Abstract: Many Transmission system operators (TSO) 
use simulators for training dispatcher to act properly in 
emergency situations. Simulators are software systems 
that transmit the commands sent by dispatcher or other 
changes to the power system model, produce 
calculations and display the results in the usual for 
operator form. Reliability, realism and efficiency of 
dispatcher training simulator (DTS) are determined by 
the weakest link in the chain. This article focuses on 
how to use the steady-state Power Flow Calculation 
(PFC) program as simulation engine for the DTS, taking 
into account possible changes in the frequency of the 
power system.  

 
Keywords: TSO; DTS; SCADA/EMS; frequency; 
infinite bus; power flow calculations. 

 
1. Introduction 

 
Training Simulator for dispatcher solves three primary 
objectives. First, it simulates the dispatcher workplace. 
Second, it runs a model of the power system. Finally, it 
connects these two models among themselves. Thereby, 
dispatchers see the results of events and control via 
impacts on the model, as reaction from the real power 
system using DTS. It is obvious that the best model of 
workstation in Supervisory Control And Data 
Acquisition/Energy Management System 
(SCADA/EMS) will be spare, but not the same, 
SCADA/EMS workstation. Therefore SCADA/EMS 
developers often offer, as an option, a program for 
electromechanical transient calculations or PFC 
program embedded in SCADA/EMS. Engineers can 
create and set up the model for DTS in this case.  

 
2. “Dynamic” model or “Static” model in DTS 

 
The creation of the “dynamic” model for 
electromechanical transient calculations associated with 
very large work and difficulties. It is not always feasible 
to collect qualitative information about the dynamic 
behavior of power system generators, especially in area 

outside TSO control. Model of single power plant can 
be built, but several such models need a mutual tuning. 
Sensitivity to the quality of the input generators data for 
modeling of electromechanical transient processes 
complicates the model creation routine at the scale of 
several TSO significantly. The total electrical power of 
consumers is slightly less than the total power of 
generators. Therefore, if the engineers wish to add the 
extra quality data for generators, they also need in more 
detailed load representation in order to make sense in 
this. However, the problem how to collect information 
about dynamic behavior of individual consumers is 
mostly outside any DTS. 
The advantage of the “static” model is that it is less 
demanding on the quality of the data and, on the other 
hand, more reliable in terms of stability of solution. If 
the “static” model not converges, but calculation 
algorithm is stable, then the “dynamic” model of the 
system will not be stable. If the “dynamic” model is 
unstable, then the “static” model sometimes can get a 
solution. The question how this is in a real power 
system requires scenario interpretation in both cases. 
The only downside to the “static” model is the 
impossibility of calculating the electromechanical 
transients, which are usually least no more than 10 
seconds and, therefore, cannot seriously affect the 
dispatcher actions. Someone believes that the PFC 
program loses validity, if the regime in power system 
goes out the normal limits, and “dynamic” feels more 
realistic. These conclusions may be based on analysis of 
incorrectly constructed power system model and, in rare 
cases, on some algorithmic features of the PFC 
program. It should be noted that similar errors, in case 
of “dynamic” model, result in even greater loss of 
confidence. However it is not so easy to catch on these 
errors. 
Suppose that a power system model set up and DTS 
works on a spare SCADA/EMS. This is a significant 
engineering achievement. The lack of flexibility is the 
main disadvantage of any integrated system. The model 
is linked to a database. Changing the model, generally, 
is difficult. If you bought a new SCADA/EMS, the 
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model might not be able to migrate to a new system, 
and require a solid amount of work. Common 
Information Model (CIM) and standardization among 
the SCADA/EMS vendors will probably simplify 
SCADA/EMS integration and migration processes in 
future. But today, the possible integration and migration 
problems make TSO to consider creating the DTS 
independent from SCADA/EMS or partially integrated 
into SCADA/EMS. Use of the PFC program as the 
calculation engine for DTS is the simplest and more 
feasible way to create a working system. 
 

3. PFC program as the part of DTS 
 

There are a few prerequisites, let’s call them the 
minimum requirements, which determine the possibility 
of using the PFC program as the part of DTS. The PFC 
program must to work with no conflict inside the 
operating system and must to have efficient algorithms. 
Data import from external sources, such as files or 
databases, and also a similar mechanism for export of 
the calculation results must be implemented in the PFC 
program. It should be noted, that most contemporary 
programs meet these requirements. Therefore, the TSO 
may use them not only for PFC, but also for DTS. 
However, there are also certain features that can 
significantly improve or reduce the efficiency of PFC 
program inside DTS. The program should work quickly. 
Then it will be possible to reduce the time from setting 
the command to the model till acquisition the result of 
calculation from the dispatcher interface. The switches 
and breakers can be modeled not only as logical 
elements, but also as physical lines with no resistance 
and a very small reactance, if the PFC program works 
with double precision. Bus sections can be modeled as 
buses in this case. Of course, this is not enough for 
realistic representation inside DTS, since the PFC 
program also must to  distinguish between the “off” and 
the “no voltage” states for switches not energized in 
PFC. What we will gain using “bus oriented model for 
breakers” approach? First off all, breakers can be 
represented not everywhere in the grid. As a result, we 
can use simpler model of external network. Next one, 
we avoid temporary buses in model because the absence 
of model conversions after each commutation. 
Unfortunately, the rule “more buses – more calculation 
time” stays in force as decreases our gain, but finally, 
we can reduce the total time for PFC in most conditions. 
Information about membership in the subsystem like a 
zone, an area, a district is recorded to bus data in many 
programs. Therefore, not the bus is defined inside the 
subsystem, but subsystem is the attribute of bus. Really, 
we can form the subsystem by collecting bus IDs inside 
the folder of subsystem. This approach adds flexibility 
in subsystem definition. Program can create some 
temporary areas itself without changing the specified 
hierarchy of subsystems. It can be useful in case of 
electrical islands for instance. 
PFC program solves the tasks for normal operational 
cases easily. If the initial power consumption differs 
from the generation significantly, there might be 
problems with the transfer of power from the infinite 

bus. Mostly, since the infinite bus is far from the study 
system, PFC shows results with good confidence if the 
infinite bus is powerful enough to cover the initial 
imbalance. But PFC program must to have at least one 
infinite bus in each electrical island by default. 
Therefore many engineers consider electromechanical 
transient calculation program as the better choice in 
case of system split. Obviously, just add new infinite 
bus or disconnect a group of buses and branches in case 
of islanding automatically is not enough for practical 
PFC program usage in DTS. The PFC program results 
can be unrealistic because the effect of new infinite bus. 
Problem is how to add new infinite bus with no effect 
on the power system in case of split. Analysis of the 
described task leads to the evaluation of the frequency 
while using PFC program for the calculation in DTS. 

 
4. Frequency definition based on PFC results 

 
It is known, that dynamic equilibrium between active 
power generated and consumed is nature of any electric 
power system. For the steady state regime the equation 
(1) is valid: 
 

Pgen = Pload+Plosses;              (1) 
 
where Pgen – total active power generation; Pload – total 
active power load; Plosses – total active power losses in 
the system. 
 Because losses are not known in advance, the 
unbalance appears in PFC model. This unbalance can be 
covered by infinite bus where both the voltage 
magnitude and the voltage angle are fixed. The total 
load and, subsequently, the total consumption depend 
on the total active power generation in the real power 
system. If the active power generation becomes 
insufficient for current load, then all generators slow 
down. As a result, the frequency of the power system 
decreases and consumption decreases too. In case of 
excessive generation, generators speed up and 
consumption increases. As a result, the equilibrium 
between the active power generated and the active 
power consumed will be reached with higher frequency. 
The mains frequency does not change instantly then the 
“unbalance” occurs. Moreover, during the transient 
process, local frequencies slightly different from the 
average may appear in different points of the island. 
However, when considering any single disturbance, it 
can be concluded that mains frequency will be the same 
everywhere inside the island when the system will come 
in a new state of equilibrium at the end of the transient 
process. The equality (1) will be true again for this new 
state. At the same time, there is no infinite bus in a real 
power system. 
Suppose mechanical power of turbines will remain 
constant during the transient process. Therefore, 
electrical power of generators remains the same. In fact, 
the electrical power for the generator with no generation 
control depends on the moment characteristics of 
turbine and will change relatively less than the change 
in mains frequency for the feasible frequency range 
according to [1, 3]. Typically, the power system load 
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depends on frequency much more and the changes in 
load are faster. That is, the power generated will change 
considerably less than the changes in load until the 
response of the automatic frequency (speed) governors. 
Then you can perform PFC with keeping the constant 
power generation in infinite bus by proportional load 
changes for each island. It is described in [6, 7] how to 
solve the case with definite result of calculation 
automatically. Finally, the base load at each bus will be 
changed in case of total generation and load mismatch. 
If the initial base load is known and the final base load 
is calculated, it is possible to define the factor for each 
bus according the equation (2): 

 
Kfi=Pload_0_calc_i / Pload_0_fnom_i;        (2) 

 
where, Pload_0_calc_i – current base load at bus i (get after 
the last calculation); Pload_0_fnom_i – initial base load at 
bus i (set before the last calculation); Kfi – factor of 
relative local active power change because the 
frequency deviation. If Kf1 is not equal Kf2, then bus 1 
and bus 2 definitely not in one electrical island. 
 
Using the coefficient Kfi, PFC program can calculate the 
frequency trend at any online bus in case of active 
power balance changes if online generators will work as 
was scheduled. In order to calculate Kfi, PFC program 
needs in the positive base load. Also at least one 
generator must be energized in electrical island.  
Generally, frequency is not used by PFC, so further 
assessments and implementation of control actions is 
better to make outside the PFC program. The program-
manager [8] calculates the bus frequencies in case of 
AST (Latvian TSO) DTS. This program also connects 
the power system model with the model of the 
dispatcher workplace. The following formulas that are 
based on [9] are used: 

 

1   (3a) 

2 1 0 1  (3b) 

 
 

where, Fnom – rated frequency [Hz]; γ – exponential 
factor that shows how load depends on frequency; F0i – 
F2i frequency value at bus i from the last time 
calculation [Hz]; F1i – value of frequency trend value at 
bus i [Hz]; F2i – current frequency value value at bus i 
[Hz]; dt – time from the last formula calculation [s]; Tf – 
time constant for frequency changes [s]. 
Exponential factor in (3a) is more useful for practical 
calculations in DTS because it works on entire 
frequency range. On the other hand, usage of more 
common linearized factor is the logical choice in 
feasible frequency deviation range (±5%). In case if the 
value of linearized factor is known from the field tests, 
the frequency trend can be calculated also according the 
equation (4a).   

 
F1i = Fnom + Fnom × (Kfi -1)/ Klinear;         (4a) 

 

where, Klinear – linearized factor expressed as percent of 
active power change on percent of frequency change.  
However, it is not possible to show the close to zero 
frequency with linearized factor in case of massive 
generation shortage. Therefore the formula (3a) is 
recommended for frequency calculations in DTS. The 
exponential factor γ can be found as approximately 
1/Klinear if linearized factor Klinear is known. For 
example, 2% of load deviation on 1% of frequency 
deviation can be corresponded with γ in (3a) is equal 
0.5.  
Formula (3a) gives slightly less frequency values on 
whole frequency range in comparison with (4a) if γ is 
equal 1/Klinear and Klinear is more than 1 because straight 
line (4a) is tangent to curve (3a) in point of rated 
frequency Fnom. This deviation is not critical for DTS 
because it is less than 0.07 Hz if the power system has 
10 percent generation and consumption mismatch and 
Klinear is more than 1. 
Time constant for frequency changes (Tf) describes the 
relative reserve of kinetic energy accumulated in the 
system. If the active power deviates from the state of 
equilibrium in power system and (1) became not valid 
then the rotating masses inertia of generators and 
motors rotors is evident. The power system accumulates 
kinetic energy during rotors acceleration and produces 
kinetic energy while braking, thereby slowing down the 
process of frequency change. The inertia of the system 
depends on the actual composition of the equipment. 
More powerful steam and hydro turbines increase the 
total system inertia. To a first approximation, the Tf can 
be taken about 4-8 [s] with no recalculation in 
simulation process. Time Tf for frequency changes in 
general is not constant and depends on Kfi and also 
depends on how generators are loaded or unloaded. The 
frequency in the majority of cases goes down more 
quickly than it goes up because there are relatively more 
generators and subsequently more rotating masses in 
redundant system [1]. However, when calculating the Tf 
should be kept in mind that PFC program must be able 
to perform at least more than two cycles of calculations 
during Tf, otherwise decrease the time for frequency 
changes has no reason. This is because we need in two 
or more intermediate PFC solutions in order to follow 
the transient process of frequency change with no 
accuracy error. The calculation cycle takes a time. 
Moreover, program does not know about the process 
immediately at zero dt as can be seen from (3b). On the 
other hand, this is no difference for dispatcher if the 
frequency value changes with one or ten seconds time 
constant, because the time for dispatcher response is 
more than ten seconds in most cases. Therefore Tf must 
not be very small and Tf recalculation in simulation 
process has less sense for calculations inside the DTS. 

 
5. Conclusions 

 
The current value of frequency at bus i (F2i) in DTS 
simulation process allows use the frequency as the input 
signal for generation controls or for power system 
automatics [4], for instance under frequency load 
shedding [2, 5], which are implemented or can be 

, 

; 
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implemented in the program-manager. In this case, the 
system will get the property of self-regulation. 
Therefore, it is possible to reduce the infinite bus impact 
on PFC results almost completely. Moreover, the 
simulation of large system events can be done in more 
realistic manner. Approach, described in this article, 
allows to model power system splits into the islands and 
starting process after the total power system blackout 
with acceptable confidence if PFC program is used as 
an engine for calculations in DTS. Nobody wants to use 
power flow calculation program for electromechanical 
transient process calculation. However it is interesting 
that slow dynamics can be modeled using almost 
classical automated steady-state power flow 
calculations. 
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Abstract: Among other relevant electricity policy goals, 
Lithuanian electricity policy aims at keeping electricity 
prices at a competitive level; as well generating more 
electricity from renewable energy sources (RES-E). 
Thus far there is a shortage of publications which 
investigate the relationship between the goals and their 
compatibility in Lithuania. Considering to the fact that 
RES-E is supported and traded based on the Rules for 
Electricity Trading, this the paper aims at disclosing the 
effect of support to RES-E, which promotes increasing 
production of RES-E, on electricity market price. 
Statistical time series analysis methods are used to 
disclose the relationship.  
 
Keywords: electricity, wind, renewable energy sources, 
market price, ADF test, time-series analysis. 
 

1. Introduction 
 
In 2009, the third energy package was approved. It aims 
at making energy markets fully effective and creating a 
single EU electricity market. The energy package for 
electricity sector acquired the form of Directive 
2009/72/EC concerning rules for the internal market in 
electricity and repealing the Directive 2003/54/EC [1]. 
It is expected that after the Directive is transposed into 
the national legislation and is implemented, then this 
will help to achieve competitive prices and 
sustainability, increase standards of service and security 
of supply. Integration of large and small-scale 
generation of electricity from renewable energy sources 
(RES-E) into the market is recognized as a way, which 
could help to keep electricity prices at a competitive 
level; as well it could contribute in achieving other EU 
energy policy goals - reduction of greenhouse gas 
emissions, sustainability and ensuring security of 
supply.  
Regarding to the development of RES sector in EU, 
Directive 2009/28/EC on the promotion of the use of 
energy from renewable sources was approved [2]. It 
proclaims to increase production and consumption of 

RES in electricity, heat and transport sectors. It also sets 
the mandatory targets for RES use. Considering to the 
Directive 2009/28/EC Lithuania committed to increase 
the share of RES from 15% (2005) till 23% (2020).  
Thus, by summarizing the main aims and provisions of 
Directives 2009/28/EC and 2009/72/EC, this paper aims 
to evaluate the impact of RES-E support schemes 
applied in Lithuania to increase production of RES-E 
(wind) on electricity market prices. Seeking to 
implement the aim the following tasks are set: 

 to overview RES-E policies in Lithuania; 
 to describe the methodology applied; 
 to assess the impact of RES-E support scheme on 

electricity market price in Lithuania. 
 

2. Renewable energy policy 
 
Lithuanian energy policy aims to increase consumption 
and production of RES in electricity, heat ant transport 
sectors. A package of strategies, laws and regulations 
has been already taken to develop RES-E sector. 
The National Energy Independence Strategy (NEIS) [3] 
recognizes RES sector as an important constituent part 
of the energy sector in Lithuania, since it contributes to 
achievement of energy independence goal till 2020. The 
NEIS [3] emphasizes that seeking to implement 
obligations taken under the Directive 2009/28/EC, it is 
essential to increase the share of RES in electricity 
sector from 4% (2005) till 21% (2020). It is necessary 
to install total 500 MW of wind, 10 MW of solar, 335 
MW of biomass PPs in Lithuania by 2020 and to use 
hydro energy only at a level, which has not a negative 
impact on the environment. 
Fundamental provisions of NEIS regarding RES sector 
development were taken from the National RES 
Strategy [4]. This Strategy emphasizes that a priority to 
the development of RES sector should be given, since 
RES provides sustainable energy to consumers, 
contributes to reduction of greenhouse gas emissions, 
savings of fossil fuels, decreases of dependence upon 
imported fossil fuels. RES sector improvement 
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directions are documented in the National RES 
Strategy. They are the following [4]: 

 to improve legal base for development of RES; 
 to include municipality institutions into the 

implementation of RES policy; 
 to provide effective, efficient and high value 

added creating RES support schemes; 
 to support scientific research and communication 

of business entities and scientific institutions; 
 to inform society and increase its education. 

Based on the National RES Strategy the National 
Action Plan for RES Sector Development [5] was 
approved. It is planned to provide 435 million EUR 
from the state budget for implementation of agreed RES 
measures during 2010-2015 [5]. 
Law on RES [6] determines legal basis for RES sector 
management, monitoring and control in Lithuania. It 
also determines principals for RES-E sector promotion, 
planning, development and connection of RES plants to 
electricity networks. The Law sets that RES-E producer 
is promoted through the difference between a fixed 
tariff and a price at which RES-E is sold by generator. 
This shows that support to RES-E is unstable and highly 
dependent on the market conditions. A fixed tariff and 
promotional quotas to RES-E are set in the auction, 
which is organized by the NCCEP. When organizing 
the auction the NCCEP publishes maximum fixed tariffs 
(they are differentiated under the two criteria: 
technology and installed capacity) and promotional 
quotas for various groups of generators. Generators 
compete for a price - win these generators who offer the 
lowest fixed tariffs. The NCCEP supervises that the 
maximum RES installed capacity in the auction zone 
wouldn't be higher than 40% of total maximum 
generating capacities allowed to connect to the network 
in the region. Support is provided for 12 years since the 
permission to produce electricity is issued. Table 1 
provides information on the average size of support. 
 
Table 1. Support to RES-E in Lithuania 

RES type 

Maxi-
mum 
fixed 

tariffs in 
2013, 
EUR 

ct/kWh 

Appro-
ved 

fixed 
tariffs, 
EUR 

ct/kWh 

Electri-
city 

market 
price in 
2013, 
EUR 

ct/kWh 

Avera-
ge 

support 
to RES-
E, EUR 
ct/kWh 

Wind PPs 
connected to 
transmission 

network 

7.53 
6.95-
7.10 

5.11 
1.99-
1.84 

Wind PPs 
connected to 
distribution 

network 

7.27 
10.431 

7.24 
10.431 

5.11 
4.461 

2.16 
5.971 

Hydro PPs 7.821 7.821 4.46 3.36 
Biogas PPs 16.80 13.61 5.11 8.50 

Biomass PPs 
9.85-
13.03 

9.70 5.11 4.59 
1 in 2012 

 
As it is seen from table 1, maximum fixed tariff for 
wind electricity, when power plant is connected to the 
transmission system, was by 8% higher than the 

approved fixed tariff for generators. Approved fixed 
tariff was by 2 EUR ct/kWh higher than the average 
electricity market price in 2013. All promotional quota 
(210 MW) has been already distributed to four 
generators. In a case of wind PPs, connected to the 
distribution network, maximum fixed tariff was higher 
than the average electricity market price by 0.40% 
(2013), but generators agreed only with maximum fixed 
tariffs (10.43 EUR ct/kWh) in 2012. The support to 
wind electricity generators that are connected to 
distribution network was reduced from 5.97 EUR 
ct/kWh (2012) till 2.16 EUR ct/kWh (2013). 42.37 MW 
of promotional quota is not allocated yet. Biogas case 
disclosed that independently on the technology (landfill 
gas or gas from biodegradable waste) approved fixed 
tariff was higher than electricity market price by 8.5 
EUR ct/kWh in 2013. 17.1 MW of promotional quota 
has been already allocated in the auction at a price of 
13.61 EUR ct/kWh. Five companies decided to built 
biomass PPs of total installed capacity 23.99 MW. They 
agreed with 9.70 EUR ct/kWh fixed tariff. Only 4.46 
MW of promoted hydro capacities was allocated. These 
capacities were allocated for a maximum fixed tariff of 
7.82 EUR ct/kWh in 2012. 
Law on RES [6] points out that RES-E generators are 
not responsible for balancing andconnection of RES-E 
plants to the network is supported. Cost related to 
connection of PPs to the network is distributed between 
electricity generators and operators of the network. 
RES-E electricity generator pays:  

 40% of PP connection to network cost, if 
installed capacity of this plant exceeds 350 kW; 

 20% of PP connection to network cost, if 
installed capacity of this plant does not exceed 
350 kW. 

Order on Public Service Obligation [7] sets that Energy 
Ministry commits electricity company or public 
electricity supplier to purchase electricity from RES on 
compulsory (mandatory) basis if the electricity producer 
delivers a request. Currently, Lietuvos energija is 
obliged to mandatory purchase RES-E. Since January 
2013 part of this electricity (wind electricity) is traded 
via power exchange. Thus, it can make an impact on 
electricity market price.  
RES electricity generators, who do not participate in the 
fixed tariff system, can apply for the financing provided 
by Lithuanian Environmental Investment Fund (LEIF) 
[8]. Investment projects under the LEIF program are 
financed using financial resources from the state 
budget, i. e. by using 30% of the taxes levied on the 
environment pollution. These financial resources are 
committed and provided to beneficiaries in a form of 
subsidy. The maximum subsidy to one beneficiary does 
not exceed 199.84 thousand EUR for three years. 
Subsidy covers up to 80% of total eligible cost. In 2010, 
financial resources (1 million EUR) were exceptionally 
distributed to wind and in 2011, for solar sectors. Due 
to economic recession and other priorities, provision of 
subsidies to RES-E sector was suspended in later years. 
LEIF implements Climate Change Special Program 
(CCSP) [8]. CCSP is financed through financial 
resources received from selling emission allowances 
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and from voluntary financial resources provided by 
legal and natural persons. Promotion of RES utilization 
and implementation of environmentally friendly 
technologies are directions under which subsidies and 
soft loans are provided. The maximum subsidy level for 
entity that executes commercial activity is 199.8 
thousand EUR and for entity, who executes non–
commercial activity, – 1.5 million EUR. In any case 
subsidy cannot exceed 80% of total eligible cost.  
Due to support schemes production of RES-E is 
increasing (see Fig. 1). 
 

 
Fig. 1. RES-E electricity (excluding large-scale hydro) 
generation volume in Lithuania during 1990-2013, GWh 
 
As it is seen from Fig. 1, production of RES-E has a 
tendency to increase since middle of 2000s. This is 
related to the fact that RES support policy was 
established in 2002, when feed–in tariff system for 
RES-E promotion was introduced. Feed–in tariffs were 
increased in 2007, 2008, 2009. In 2011 Lithuania 
switches to varying premium support scheme. 
Currently, considering to a set of factors, fixed tariffs 
with time varying support are updated every quarter. 
Approved tariffs had significant impact on RES-E 
generation. RES-E generation volume increased by 25 
times (see Fig. 1), i.e. from 40.98 GWh (2002) till 
999.32 GWh (2013). Electricity production volume in 
wind power plants increased the most and with 
reference to data of 2013, wind electricity covered 60% 
in the total structure of RES-E. During the last five 
years production of RES-E from biomass was 
increasing by 30.6% and 224.7 GWh were produced in 
2013 (22.5% of RES-E). On average 90 GWh of 
electricity is produced at small-scaled hydropower 
plants in Lithuania every year. Since 2010 feed–in tariff 
was approved for electricity produced using solar 
energy. Fixed tariff was applied for 2.4 GWh of 
electricity in 2012 and 44.8 GWh in 2013. With 
reference to data of NCCEP, till June 2013 there were 
issued permissions for production of solar electricity to 
1791 generators. These generators plan to install 69.7 
MW of solar PPs. Based on the information of 2013, 
permissions are issued for 278.81 MW of wind PPs, 
55.96 MW of biomass PPs, 32.93 MW of small-scaled 
hydro PPs and 21.78 MW of biogas PPs. 
 
 
 

3. Methodology 
 
A multivariate regression method is used to assess the 
impact of RES-E support scheme on electricity market 
price. It is accepted that RES-E support scheme impacts 
on increased production volume of wind electricity. 
Integration of wind electricity into the market will have 
an impact on electricity market price. Since wind 
electricity has low variable cost, therefore it is expected 
that increased production volume of wind electrcity will 
reduce electricity market price for Lithuanian zone. 
Thus, negative relationship between variables is 
expected in a multivariate models. This is based on the 
observation of data of the year 2013. When on average 
50–150 MWh of electricity was produced in wind 
power plants in Lithuanian zone, an average electricity 
market price was 50 EUR/MWh. When climatic 
conditions were very favorable for wind electricity 
production (more than 150 MWh was produced), then 
electricity market price could on average reduce till 
39.56 MWh. However, when low wind electricity 
production volume (less than 50 MWh) was produced, 
then electricity market price increased till 52.33 
EUR/MWh. However, electricity market price is 
influenced by many factors [9], therefore a set of factors 
of electricity market price is analyzed. Namely, to 
model electricity market price for Lithuanian zone the 
following available explanatory variables are analyzed: 
electricity consumption volume in Lithuania, 
international trade volume (trade volume with Russia, 
Belarus and Latvia) and electricity production volume 
in wind power plants in Lithuania.  
Hourly data, which are provided by Lithuanian 
transmission system operator LITGRID AB [10], are 
analyzed. Data of the year 2013, when wind electricity 
was started to be traded via power exchange, are 
collected.  
Before creating electricity market price models, 
properties of selected time series are analyzed. 
Existence of a unit root in time series is estimated by 
applying an augmented Dickey-Fuller (ADF) test, 
which expression is equation (1): 
 

; 



p

1j
εjtyj1tφytDβty            (1) 

 
here: Dt – a vector of deterministic terms (constant, 
trend etc.). The plagged difference terms, Δyt−j , are 
used to approximate the ARMA structure of the errors, 
and the value of p is set so that the error εt is serially 
uncorrelated. 
ADF test refers to the hypotheses that selected time 
series is: 

H0: Non-stationary 
HA: Stationary. 

Seeking to reject the H0 it is necessary to compare t-
statistics of ADF test to critical values at 1% or 5% 
level of significance. When asymptotic p-value of the 
test is less than 0.01 or 0.05, then H0 can't be approved. 
Thus, an alternative hypothesis HA is accepted. It states 
that the selected time series is stationary. Further 
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analysis is performed with stationary data. Seeking to 
correctly perform ADF test, it is important to select the 
appropriate number of lags. Considering to [11], the 
maximum number of lags can be calculated based on 
equation (2): 
 

; 4
100

T
12maxp       (2) 

 
here: pmax – maximum number of lags; T – total number 
of observations. 
The appropriate number of lags is such which 
minimizes value of Akaike Information Criterion; as 
well ensures that value of the first order autocorrelation 
coefficient is small. An alternative way to select an 
appropriate number of lags is the following: estimation 
of the ADF test regression with p = pmax. If the absolute 
value of the t-statistic for testing the significance of the 
last lagged difference is greater than 1.6 then it is 
necessary to set p = pmax and perform the unit root test. 
Otherwise, it is recommended to reduce the lag length 
by one and repeat the process. Both methods are applied 
in this paper. 
Multivariate regression models are based on equation 
(3): 
 

;
543
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here: PRICEt – electricity market price for Lithuanian 
zone at time t; CONSUMPTIONt – electricity 
consumption volume in Lithuania at time t; BYt –
 electricity trade volume with Belarus at time t; LVt –
 electricity trade volume with Latvia at time t; RUt –
 electricity trade volume with Russia at time t; WINDt –
 electricity production volume in wind power plants in 
Lithuania at time t. 
 
 
 

4. Results 
 
With reference to methodology described above, 
stationarity of time series of electricity market price and 
its factors is tested. The results are presented in table 2.  
 
Table 2. Unit root for stationarity at level: test statistic 
(asymptotic p-value) 

Variables ADF (Constant) 
ADF (Constant and 

Trend) 
Price -6.38 (1.37  10-8) -6.41 (1.07  10-7) 

Consump-
tion 

-8.33 (5.05  10-14) 8.44 (6.18  10-14) 

Trade with 
Latvia 

-5.18 (8.90  10-6) -5.17 (8.32  10-5) 

Trade with 
Belarus 

-4.80 (5.24  10-5) -5.20 (7.12  10-5) 

Trade with 
Russia 

-5.21 (7.59  10-6) -5.35 (3.44  10-5) 

Wind -11.16 (5.91  10-23) -11.47 (4.85  10-26) 
 
Table 2 provides information about ADF test results of 
variables in levels. The results reveal that time series of 
selected variables is stationary, when constant and 
constant with trend is included. 
Estimates of analyzed regression models, which explain 
formation of electricity market price in Lithuanian zone, 
are provided in table 3. 
7 different regression models for formation of 
electricity market price in Lithuanian zone were 
prepared. They differ in a number of factors included 
into the model; as well an intercept in the first 5 
multivariate regression models is included. Inclusion of 
an intercept discloses that other electricity market price 
factors, which were not analyzed in this paper, had an 
explanatory power. An intercept was not included in 
models 6-7. It was assumed that electricity market price 
could be well described by selected variables and 
explanatory power of other variables was not 
significant. 
 

 
Table 3. Estimates of regression models, which explain formation of electricity market price in Lithuanian zone in 2013 

Variable 
With an intercept Without an intercept 

1 2 3 4 5 6 7 

CONSUMPTION 
0.03886* 
(0.00074) 

0.04046* 
(0.00074) 

0.04234* 
(0.00077) 

0.03928* 
(0.00078) 

0.03890* 
(0.00073) 

0.04737* 
(0.0002) 

0.05384* 
(0.0005) 

BY  
0.01222* 
(0.00078) 

0.01579* 
(0.00086) 

0.02206* 
(0.00093) 

0.02483* 
(0.00088) 

 
0.1633* 

(0.00086) 

LV   
0.00769* 
(0.00084) 

0.01656* 
(0.00098) 

0.02229* 
(0.00094) 

 
0.00916* 
(0.00084) 

RU    
0.02069* 
(0.00123) 

0.02545* 
(0.00117) 

 
0.004023* 
(0.00090) 

WIND     
-0.0956* 
(0.00284) 

-0.07480* 
(0.00290) 

-0.07534* 
(0.00285) 

Adjusted R2 24.04% 26.16% 26.86% 29.18% 37.47% 91.68% 92.03% 
F 2702.59 1513.39 1046.10 880.59 1024.39 47069 19701 

p-value 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Standard error of 

regression 
15.52 15.30 15.23 14.99 14.08 14.99 14.67 

* indicates that p<0.001; standard error is provided in brackets. 
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The results provided in table 3 represents that in all 
models positive relationships existed between electricity 
market price and electricity consumption volume and 
international trade volume in 2013. Model 1 represents 
that an increase of electricity consumption volume by 1 
MWh could increase electricity market price for 
Lithuanian zone by 0.04 EUR. However, consumption 
volume could explain only 24.04% of electricity price 
changes in 2013. Better explanation power is received 
in models 2–4, where international trade volumes are 
additionally included. These models show that 
elasticities of electricity market price to electricity trade 
volumes with neighboring countries are similar, i.e. 
electricity price is tended to increase by 0.02 EUR if 
additional 1 MWh of electricity is imported. Models 5–
7 disclose the effect of wind electricity on electricity 
market price. It was set that increased volume of wind 
electricity production is negatively correlated with 
electricity market price. Results revealed that increased 
production volume of wind electricity had a reducing 
effect on electricity market price in 2013. Elasticity of 
electricity market price to volume of electricity 
produced in wind power plants is 0.07 (models 6-7) –
 0.09 (model 5). Explanatory power of models 6–7 is 
high (adjusted R2 is more than 90%).  
The models also allow to assess the average effect on 
electricity price, which could result from substitution of 
electricity import volume to volume of electricity 
produced domestically in wind power plants. Subject to 
a certain level of electricity demand, an additional 
increase of 1 MWh of wind electricity (model 7), which 
could substitute electricity import from Russia, is 
related to an average decrease of electricity market price 
by 0.08 EUR (β5-β4). During 2013, on average 56.30 
MWh of electricity was produced in wind power plants 
during an hour. Based on the model 7, this could reduce 
electricity market price by 4.24 EUR/MWh.  
 

5. Discussion 
 
The results of the analysis revealed that increasing 
electricity production volume in wind power plants 
reduces electricity market price in Lithuanian zone in a 
short-run. This is a benefit, which is received by final 
electricity consumer. However, based on the Lithuanian 
regulations, support to RES-E production is included in 
the final electricity price, since RES-E is a public 
service obligation in Lithuania. Support to RES-E in the 
average electricity price for households increased from 
0.03 EUR ct/kWh (2002) till 0.59 EUR ct/kWh (2013) 
or from 0.4% (2002) till 4.1% (2013) in the structure of 
electricity price for households. Considering to the 
RES-E generation structure in 2013, average RES-E 
fixed tariffs and total cost of public service obligation, 
support to wind electricity in the final electricity price 
could be 0.35 EUR ct/kWh in 2013. Based on the 
finding, that electricity market price could reduce by 
0.008 EUR ct/kWh due to support to wind power 
plants, and considering to the fact, that support to wind 
was included in final electricity price (0.35 EUR 
ct/kWh), it is evident that thus far final electricity 
consumers do not receive real price reductions. They 

are wind electricity promoters, since total cost is 0.342 
EUR ct/kWh (0.350-0.008). Thus, based on the results 
of analysis for year 2013, it could be argued that the 
aim of Lithuanian energy policy to increase production 
of wind electricity and achieve competitive prices is 
right only at a wholesale level, since here a negative 
relationship between wind electricity production 
volume and electricity market price was found. 
However, in retail level, final electricity consumers 
remain promoters of wind electricity and thus far they 
do not receive real price reductions. 
 

6. Conclusions 
 
Based on the results the following conclusions might be 
drawn: 
1. Lithuanian support scheme is favorable to 
development of RES-E sector. Fixed tariffs contribute 
to increasing production of RES-E, including wind. 
2. Increased volume of wind electricity and its impact 
on electricity market is compatible with the aim of 
Lithuanian energy policy, which is to achieve 
competitive prices, only at wholesale level. It was found 
that large production volume of wind electricity 
contributes to reducing electricity market price for 
Lithuanian zone in a short-run. Due to increased 
production volume of electricity in wind power plants 
by 1 MWh, electricity market price could reduce by 
0.08 EUR/MWh. In retail level, final electricity 
consumers remain promoters of wind electricity and 
thus far they do not receive real price reductions. 
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Abstract: This article reveals the combination of solar 
and wind power, which could supply everyday energy 
needs of an household. Hybrid system of wind and solar 
with interactive inverter was constructed which is 
designed for a residence. The power will be produced 
by a hybrid system which consists of an 1 kilowatt 
horizontal axis wind turbine and 1.5 kilowatts of solar 
power which will result in a total system power of 2.5 
kilowatts. The main purpose of this system is to save 
money and lower carbon emissions by producing 
electricity from renewable sources. Calculations of 
supply and demand are presented using real life 
measurements of solar irradiation and average annual 
wind speeds are presented. Economic and payback 
calculations are presented.  
 
Key words: Wind plant, solar plant, interactive inverter, 
hybrid system. 
 

1. Introduction 
 
Renewable energy has become not only a discussion 
object for engineers, but also for public. 
A better way to integrate renewables into the electricity 
system or to change the entire system into the 
centralized electricity system is being worked on 
intensively in order to please the increasingly growing 
energy demand. 
A way for renewables to fully contribute to the control 
of electrical system and increase present systems 
efficiency is currently being searched.  
Low power hybrid system of solar and wind plants 
could fulfill the needs of an residential house or cover a 
portion of the power consumed where the remainder of 
power would be provided by the grid. This system could 
be useful in a case of emergency when the power is not 
accessible from the grid. Also this system can be used 
for houses that are so remote that connecting to the grid 
would cost more than installing the hybrid system.  
Micro grid with renewable energy sources and 
connected to public grid has to meet the quality 
requirements of the voltage range.  

The hybrid system has to be protected from power 
surges and lightning on both AC and DC side of the 
power in order to maintain its overall performance. 
 Problems encountered while connecting wind and solar 
power plants to electricity grid mostly consists of 
generated power fluctuation or no generation at all 
(nighttime for solar power plant and no winds for wind 
power plant) and it is impossible to disconnect the 
loads. 
In this article small hybrid solar and wind plant system 
with an interactive inverter will be analyzed which 
would fulfill the needs of a residential house.  
 
2. The principle of operation and devices used in the 

hybrid system 
 
The main advantage of hybrid power system is its 
autonomous power generating and storage for consumer 
use. In addition, in case of an accident in the grid the 
hybrid system’s user can consume the generated power 
and does not lose the energy for his basic demands. 
The DC power generated by both wind and solar plants, 
which includes six of silicon monocrystalline modules 
each having 250 W of power making total of 1,5 kW of 
solar electricity power and  1kW horizontal axis wind 
turbine, will be able to be transferred to the interactive 
inverter or the battery bank. The frames of modules are 
not angle adjustable. Wind turbine at 10 m/s nominal 
wind speed, achieves nominal power of 1000 W and can 
start generating power at speeds as low as 3 m/s. Wind 
turbine consists of three blades made from fiber glass 
and permanent magnet generator. 
The main goal of the hybrid system is to supply the load 
the additional electricity energy can be stored at battery 
bank, which consists of 8 batteries with capacity of 
75Ah, four of them are connected consistently in order 
to have 48V and other four connected in parallel. 
 Battery bank has 7.2kWh capacity but because of 
maximum 70% discharge of batteries, the real capacity 
of battery bank is 5.04kWh. Other possibility is to sell 
excess electricity power to the public grid. 
Two charge controllers control batteries’ status of 
charge and transfers DC power to the interactive 
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inverter, which is able to change the 48V, and 2000W 
DC power to AC power with 230V and 50Hz frequency 
to supply the loads or sell it to the public grid. 
Interactive inverter is able to work with 2600W power 
for 30 minutes. When there is not enough power in the 
batteries to fulfill the needs of consumer, the required 
power is bough from the grid. 
The consumer has the option to control and monitor that 
generating process. Remote control and programing 
center allows controlling the generation process. It is 
possible to select to charge batteries over using the 
power for residential loads. Entire generating process 
can be observed through the internet servers provided 
by the manufacturer of interactive inverter, which also 
allows controlling the inverter itself using the internet. 
Temperature sensor checks and informs what the 
temperature of the battery bank is at the given moment. 
The hybrid system principle of operation and devices 
are shown on figure 1. 
 

 
 
Fig. 1. Hybrid system scheme and devices 

 
3. Methodology 

 
Methodology for the hybrid system was made. 
Wind speed at specified area was calculated by formula 
[3]: 
 

  ∗  ; (1) 

 
where: V1  - known wind speed, h2- projected height of 
the wind plant, h2 - height at which wind speed was 
measured, - roughness factor which at the city is 0.4. 
Electricity energy consumed by the appliances was 
calculated by formula [1]: 
 

 ∑   ;              (2) 
 
where: t- time that appliances are operational, Pi- power 
of individual appliance, Ti- time period which 
individual appliance is used 
Installed power operational factor was calculated by 
formula [1]: 
 

  ;  (3) 

 
where: PN is rated power of appliances, Pavr is average 
power of appliances 
Total power of appliances was calculated by formula 
[1]: 
 

  ∑  ;  (4) 
 
where: Pni- the power of individual appliance. 
Efficiency factor of battery bank was calculated by 
formula [6]: 
 

  η  ;  (5) 

 
where: Wd- electricity energy of battery bank when it is 
discharged,  Wr- electricity energy needed to charge the 
battery bank. 
Payback period was calculated by formula [5]: 
 

  ;  (6) 

 
where: C- investments for the system, W(yearly)- 
generated electricity energy by the system, which can be 
converted into yearly profits. 
Loads graph shape factor was calculated by formula [1]: 
 

  ;  (7) 

 
where: Pef is effective power, Pavr is average power of 
appliances. 
Energy generation from solar power plant was 
calculated using formula [7]: 
 

  ,

, ,
	.  (8) 

 
 
Yf energy yield, PmaxG,STC, obtained in Standard Test 
Condition of the installed PV array, EPV energy output, 
that is injected in the grid. 
Solar plant electricity energy production was calculated 
using software PV Systems 5.0  
 
4. Work day and weekend power balance in different 

seasons 
 
In order to create a model of hybrid system operation 
for different seasons measurements were taken from a 
working solar plant at different seasons and different 
hours of the day. Wind plant  generated power of 
different seasons and differents hours of day was 
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calculated using formula (1) where wind speed was 
taken from source [6]. Loads of residence were 
calculated using formulas (2), (3), (4) and (7). 
Battery banks efficiency factor was calculated by 
formula (5)		η 0.43. 
Loads of a typical residence with 4 people living in it 
was taken. Typical appliances with power factor are 
shown in table 1. 
 
Table 1. Typical residence loads with power factor 

Appliance Power W cos Φ 

2x TV 2 x 120 0.9 

Computer 400 0.8-0.9 

Portable computer 150 0.8-0.9 

Washing machine 700 0.8 

Microwave 1200 0.9 

Oven 1000 0.8 

Hob 200 0.9 

Stereo system 100 0.9 

refrigerator 26 0.9 

Dish washer 400 0.8 

Illumination 200 0.95 

 
Winter season is the most efficient season for wind 
plant electricity power production compared with other 
seasons. During 11:00 till 18:00 hours wind turbine 
generates the most electricity power. The peak of 
generation is from 14:00 till 18:00 when wind plant 
produces 172W of electricity power. Solar plant 
generates least amount of electricity energy compared 
with other seasons. Solar plant is generating electricity 
power from 9:00 to 17:00 and at 13:00, the peak of 
generated power is 400W. 
On weekends a lot of electricity power is being used by 
the residence, therefore battery bank does not store any 
electricity energy and generated electricity power 
partially supplies the needed electricity power of 
appliances that are being used. Weekend generation and 
consumption graph is shown in figure 2.  
 

 
 
Fig. 2. Winter weekend generation and loads 

 
On workdays not as much power is needed for 
residence, therefore additional electricity power is 
stored in battery bank, which is being charged from 
11:00 until 15:00. From 16:00 appliances start being 
used and the power is taken from the battery bank, 
which can provide power for residence until 18:00 
without buying any electricity energy from the grid. 
Workday generation and consumption is showed in 
figure 3. 
 

 
 
Fig. 3. Winter workday generation and loads 
 
Spring season wind plant electricity energy generation 
is lower compared with winter season and its 
productivity is from 13:00 until 18:00 hours. At 15:00 
wind plant generates maximum electricity power of 
172W. Solar plant generates twice as more electricity 
energy compared with winter season. Maximum 
electricity energy generated by solar modules is 930W 
at 15:00. Solar plant is operational from 7:00 till 21:00.  
During the weekends, some additional power is being 
generated and stored in battery bank from 13:00 until 
15:00. Therefore, from 15:00 until 18:00 electricity 
energy from the grid is not needed. Weekend generation 
and consumption graph is shown in figure 4. 
 

 
 
Fig. 4. Spring weekend generation and loads 
 
During work day produced electricity energy is being 
stored in battery bank from 9:00 until 16:00 and then 
stored electricity energy can be used until 20:00 without 
buying any additional electricity energy from the grid. 
Workday generation and consumption graph is shown in 
figure 5. 
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Fig. 5. Spring workday generation and loads 
 
Summer season wind plant generates the least electricity 
power compared with other seasons. Peak wind plant 
electricity power generation is 25W at 13:00. 
Solar plant produces most power compared with other 
seasons. From 8:00 until 23:00 solar plant generates 
electricity energy when the peak of generation is 1000W 
during 13:00 and 15:00 hours.  
During the summer season solar plant produces the 
greatest amounts of electricity energy for storage in 
battery bank even on weekends when the most power is 
being consumed by the residence. 
On the weekends during the peak production period 
enough electricity energy is stored in battery bank to 
supply residence with electricity power for 2 hours 
without buying it from the grid. Having an additional 
capacity of battery bank is useful in summer season. 
Weekend generation and consumption graph is shown 
in figure 6.  
 
 
 

 
 
Fig. 6. Summer weekend generation and loads 
 
On the workday when the loads are low and a great 
amount of electricity power is being stored in the 
battery bank from 9:00 until 16:00 after that stored 
electricity power can be used for 5 hours without buying 
any electricity energy from the grid. Weekend 
generation and consumption graph is shown in figure 7. 
 

 
 
Fig. 7. Summer workday generation and loads 
 
During autumn season wind plant generated electricity 
power increases and solar plant generated electricity 
power decreases. Wind plant peak generation of 
electricity power is 42W but the operational period is 
from 10:00 until 23:00 therefore more electricity power 
can be generated during the day. Solar plant generates 
only 572W electricity energy during the peak of 
generation period at 13:00. The electricity power 
produced by the hybrid system during autumn season is 
not enough to be stored in batteries on weekends and the 
whole system can only partially supply the needs of 
residence. Weekend generation and consumption graph 
is shown in figure 8. 

 

 
 
Fig. 8. Autumn weekend generation and loads 
 
During work day electricity energy is stored in battery 
bank from 11:00 until 16:00 and it can be used for 2 
hours without the need to buy electricity energy from 
the grid. Workday generation and consumption graph is 
shown in figure 9. 
 

 
 
Fig. 9. Autumn workday generation and loads 
 
To sum up graphs of weekend and workday for different 
seasons, during the weekends the amount of stored 

113



electricity energy at the battery bank is low because 
there is more electricity energy used by the residence. 
During the winter and autumn seasons, the hybrid 
system does not generate enough electricity energy to 
charge the battery bank at all. 
Wind turbine produces the most electricity energy 
during the winter and the least electricity energy during 
the summer. 
Solar plant produces the most electricity energy during 
the summer and spring and the least electricity energy 
during the winter. 
The most electricity energy stored at the battery bank 
will be during the workdays of summer season. 
Simulation of hybrid systems electricity generation and 
consumption showed that this system could only 
partially supply the needs of an average residence 
forcing the consumer to buy the remainder of electricity 
energy from the grid. 
Implication was made that with the hybrid system the 
consumer can be able to have electricity energy even 
when the grid does not provide it. 
 

5. Economical evaluation of the hybrid system 
 
For hybrid system economic estimation formula (6) was 
used by taking into account that hybrid system will be 
operational for 25 years. For comparison of investments 
additional system was modulated which will consist of 
only solar provided electricity energy with a total power 
of 2.5 kW. Comparison is showed in table 2. 
 
Table. 2. Investment comparison of different systems 

 Hybrid 
system 

Solar plant 
2.5 kW 

Product Price in 
EUR 

Price in 
EUR 

Solar modules 160 x 6 160 x 10 
Frames for solar modules  145 232 
Wind plant 1200 0 
Tower for wind plant 203 0 
Charge controller 217 x 2 217 
Batteries 1740 1740 
Interactive inverter 1450 1450 
Temperature sensor 0 0 
Remote control module 0 0 
Installing 580 580 
Sum 6712 5819 
 
According to measurements taken from source [6] and 
after simulating solar electricity energy production with 
software total electricity energy production is shown in 
table 3 and table 4. 
 
Table 3. Average residence electricity power consumption 
and electricity energy production with hybrid  system 

Energy Winter Spring   Summer Autumn 

Average house 
consumption 
kWh 

875 910 964 1084 

Wind production  151 131 119 139 

kWh 

Solar production 
kWh 

150 517 592 256 

Needed 
electricity from 
grid kWh 

574 263 256 589 

Power saved 
kWh 

304 647 707 395 

 
Table 4. Average residence electricity power consumption 
and electricity energy production with 2.5 kW system 
Energy Winter Spring Summer Autumn

Average house 
consumption kWh 

875 910 964 1084 

Power generated by 
2.5 kW solar plant 
kWh 

251 864 988 428 

Needed 
electricity 
from grid 
kWh 

624 46 0 656 

 
Selling electricity energy to the grid in not lucrative 
therefore entire produced electricity energy will be 
treated as saved energy and the price is assigned at 0.14 
EUR/kWh rate. 
Table above shows that the hybrid autonomous system 
will generate 2053 kWh of electrical energy per year, 
which translates to 282.61 EUR profit for the consumer.  
 In the second scenario, system without wind plant and 
solar plant with 2.5 kW of power, generated electricity 
power would be 2526 kWh per year, which translates to 
347.78 EUR profit for the consumer.  
After estimating both scenarios it is known that the 
hybrid system will have a payback period of 24 years 
and will bring pure profit of 399 EUR in 25 years. The 
system consisting of only solar plant will have a 
payback period of 17 years and will bring pure profit of 
2885 EUR in 25 years.  
 
€

 
Fig. 10. The hybrid system payback period 
 
Figure 10 and figure 11 graphically show the payback 
period for both scenarios. Horizontal axis shows the 
years from 0 to 25. Negative values show the amount of 
money invested in the system and at the payback point it 
becomes 0 and after the payback point values become 
positive and show the profit that the consumer is 
making.  
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Fig. 11. 2.5 kW solar plant system payback period 
 
Calculations were made and conclusion was made that 
system consisting of 2.5 kW of solar modules produces 
more electricity energy then hybrid system with 1 kW 
wind plant and 1.5 kW of solar modules.  
 In the future as the technology keeps improving the 
payback period will become shorter. 
 

6. Conclusions 
 
1. After installing the hybrid system for residential 
house the consumer becomes independent from grid 
accidents and can partially supply its electricity needs. 
2. The hybrid system will save the consumer about 283 
EUR per year by producing 2015 kWh of electricity 
energy. 

3. Installed system with 1 kW wind plant and 1.5 kW 
has optimized generated and consumed electricity 
energy balance.  
4. Hybrid system has a payback period of 24 years and 
solar plant with the 2.5kW power has a payback period 
of 17 years. 
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Abstract: This research article reveals work phases of 
smart micro grid with integrated renewable energy 
sources. For research purposes realistic micro grid 
model is created, with renewable energy sources as the 
main energy supply. Loads of the micro grid were 
calculated as well as generated energy from wind 
turbine and solar power plant. According to the 
calculations, during winter months it is advisable to use 
biodiesel generator. In order to cover required peak 
power all the excess energy is collected in the capacity 
bank. Calculations were made according to selected 
micro grid installation place, with its annual amount of 
irradiance and average wind speed as well as modeling 
was made using real electrical plant equipment 
parameters.In case of problem occurs in electrical grid 
smart micro grid has to work autonomously. The main 
purpose is to cover planned loads using energy from 
renewable energy sources. 
 
Keywords: Wind turbine, solar power plant, electrical 
grid, smart micro grid renewable energy sources. 
 

1. Introduction 
 
Renewable energy has become not only a discussion 
obejct for engineers, but also for general public. 
A better way to integrate renewables into the electricity 
system or to change the entire system into the 
centralized electricity system is being worked on 
intensively in order to please the increasingly growing 
energy demand. 
A way for renewables to fully contribute to the control 
of electrical system and increase present systems 
eficiency is currently being searched.  
Renewables in a smart micro grid with capacitors can 
form decentralized electricity network neighborhoods to 
be used in cases of emergency which is a real vison of 
the future. 
Present, weak electricity grid problems can be resolved 
by creating and installing the micro grid. It is 
unnecessary to change or install new cables. In case of 
an emergency in the electricity grid, reliability issue in 
energy supply is resolved. If consumers category is 

increased, there is no need to install a rezerve 
transformer or an extra power line. Environmental 
issues are resolved, because all or part of energy 
produced is clean. Also, electricity grid shutdowns 
because of overloads or natural conditions have no 
effect on microgrid.  
Micro grid with renewable energy sources and 
connected to public grid has to meet the quality 
requirements of the voltage range.  
Problems encountered while connecting wind and solar 
power plants to electricity grid mostly consists of 
generated power fluctuation or no generation at all 
(night time for solar power plant and no winds for wind 
power plant) and it is impossible to disconnect the 
loads. The electricity grid was not fitted to take on large 
amount of electrical energy flow, produced by wind 
power plants when solar and wind power plants were 
connected to it or energy system. Electricity grid 
limitations were introduced because of renewable 
energy sources connected to it like grid permeability or 
length of power lines. Wind turbines working at 
maximum power can overload the power lines, which 
leads to accidents or disconnection of power lines.  
In this article a micro grid which consists of renewable 
energy sources  will be analyzed, including its various 
modes of operation while working with public grid.  
 
2. Devices used in the smart microgrid and principle 

of microgrid operation 
 
The purpose of micro grid is to provide electrical energy 
to user independently from the public grid, or sell 
unused energy to public grid. The main advantage of 
this system is being independent from grid, its power 
outages and fluctuations, which means a more stable 
and reliable system. 
24 of monocrystalline modules each at 250 W will be 
used, making total of 6 kW of power. It will be 
connected 6 module panels in 4 strings of photovoltaic 
modules (PVM1-PVM6) . (1)  The vertical axis wind 
turbine used in the microgrid has 3 aluminium blades, 
with 2 meter rotor diameter. It achieves  maximum 
power of 1000 W. (2) A device to rectify the current 
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produced by the wind turbine generator to feed the wind 
inverter will be used. (3) Additionally it provides over-
voltage protection and drives a dumpload braking 
system. It also converts AC power from turbine to DC 
power to feed the wind inverter. A three-phase on-grid 
inverter, which changes DC power from PV modules to 
AC power for grid (4). This inverter has a maximum 
DC input of 6125 W. Another inverter, used to change 
DC power from wind turbine to AC power for feeding 
the grid (5). It can supply the grid with maximum power 
of 2200 W. A battery charger will be used, which is also 
an inverter. It changes AC input from solar power and 
wind inverters to DC power in order to charge the 
battery bank and inverts DC power from batteries to AC 
power to supply the smart microgrid. This device is also 
a controller, as it controls all of the system. This device 
is also capable of selling unused power to public grid, or 
buying when demand in the microgrid surpasses the 
supply. A generator can also be connected parallel with 
the public grid. This particular inverter model is rated 
for 4600 W of AC power supply and has 11,5 kW of 
maximum AC input power. It has 48 V battery charging 
voltage and 90 A rated charging current. Also it only 
supports one phase, so for three phase systems 3 
chargers are needed. In this cluster of three inverters one 
of the inverters is master inverter (6.1), which controls 
system and other two (6.2) and (6.3) supports system. 
Also a device to protect the battery bank will be used 
(7). 24 gel batteries connected in series and rated at 2 V 
and with 240 Ah each, making total voltage of 48 V 
with 11,5 kWh of power, with possible discharge of 
80% (8). CHP generator will be used for off-grid 
operations when the demand is too high for renewables 
to supply (9). This particular generator also heats water. 
It generates 3 kW of electrical power and 6.7 kW of 
thermal energy. This generator is fueled by biodiesel 
with a possibility to use diesel. In order to register 
energy supplied from generator or public electrical grid 
smart electronic energy meter is used (10). The 
automatic transfer switch is used to quickly switch 
between generator and grid, depending on the situation 
(11). 
Two devices for monitoring are used, which can 
perform, remote diagnosis, data storage, configuration 
and visualization. It gathers information and can upload 
it to data servers for further analysis (12). 
Meteorological device used for monitoring wind speed, 
global irradiation, temperature, relative humidity and 
PV temperature (13). A sensor device is installed 
directly onto the modules and measures solar irradiation 
and module temperature, optionally wind speed and 
ambient temperatures (14). There also is a remote 
control device for charger which is used to control and 
monitor the performance of chargers remotely used  
(15). The device which lets remotely control the plant 
performance in cases when the grid is overloaded is 
used (16).  
Electrical energy produced in PV modules is transferred 
to inverter which converts DC power to AC used to 
power AC loads. Unnecessary power then is transferred 

to battery charger, which if needed charges the batteries, 
or if batteries are full, to supply other loads in the 
building, outside the microgrid. When demand 
surpasses the supply charger then uses energy from 
batteries to supply the microgrid, or if the batteries are 
empty it uses the generator if it is present or electricity 
from the public grid. Also the power from wind turbine 
is transferred to the device which rectifies the AC 
current and converts it into DC current, while also 
providing overvoltage protection and dump load, then it 
is transferred to wind power Inverter, which is an on-
grid inverter to feed the AC loads. Whole system will be 
monitored using various monitoring devices that will be 
connected to a router for monitoring via internet and 
will be controlled by charger automatically. Composed 
scheme of the microgrid with the devices listed above 
and methods of their connection is presented in the 
Fig. 1. 
 

 
 

Fig. 1. Wiring diagram of the microgrid 
 

3. Methodology 
 

In order to calculate optimal structure of microgrid with 
renewable energy sources methodology was conducted. 
Wind turbine generated energy calculations were made 
using formula (1) . 
V2 is wind speed at specified area, V1 is known wind 
speed, h2 is projected height of the wind turbine, h1 is 
height at which wind speed was measured,  is 
roughness factor which at the city is 0.4. 
 

∗   [3]. (1) 
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Electricity energy consumed by the appliances was 
calculated with formula (3). W is electricity energy that 
is being consumed by appliances, T is the time that 
appliances are operational. P is power consumption of 
appliances. 
 

∑ 	 2  .        (2) 
 
Total power of appliances was calculated using formula 
(4). 
Pn is the total power of appliances, Pni is the power of 
individual appliance. 
 

∑ 	 2 .  (3) 
 

Calculations for battery bank were done by formula (4) 
and formula (5) 
η is efficiency factor which tells the battery bank 
discharge potential. Wd is electricity energy of battery 
bank when it is discharged, Wr is electricity energy 
needed to charge the battery bank. 
 

η 	 [5].   (4) 

 

H is the rated discharge time (in hours),C is the rated 

capacity at that discharge rate (in ampere-hours),I is the 

actual discharge current (in amperes),k is the Peukert 

constant (dimensionless),t is the actual time to discharge 

the battery (in hours). 
 

∗ 1 .																														 5  

 
Energy generation from solar power plant was 
calculated using formula (7) 
Yf energy yield, PmaxG,STC, obtained in Standard Test 
Condition (STC - 1000 W/m2 , 250C) of the installed 
PV array, EPV energy output, that is injected in the grid. 
 

,

, ,
		 7 .                              (6) 

 
In order perform economic analysis a formula (7) was 
used: 
t is the payback period, C are investments in the system, 
W (yearly) is generated electricity energy by the system, 
which can be converted into yearly profit. 
 

  [4]. (7) 

 
Solar power plant and wind turbine energy generation 
was calculated using software “PV Systems 5.0” (8). 
 

4. Analysis of energy production 
 
In order to sort out annual energy production of system 
which consists of a few renewable energy sources 
working in conjunction with a generator or electricity 

grid, three separate systems were simulated and their 
performance analysed during all four seasons. 
Three different systems were analysed: system with 
CHP generator, another system with electricity grid and 
system with a diesel generator. Systems with CHP or 
diesel generator can work autonomously.  
Wind speed and power generated by wind turbine 
during all the seasons were both analyzed for electrical 
energy production assessment. Wind speed was 
calculated using formula (1), also considering the results 
from simulation software (8).  
Electrical energy produced in the solar power plant was 
calculated using formula (6), including parameters from 
a specific location, in addition to the calculations, data 
from a real solar power plant and simulation software 
were used (8).  
Also the needed capacity for the battery bank was 
calculated using formula (5) and formula (4), for the 
microgrid to reach full or partial autonomy, considering 
optimal level of discharge which should not exceed 
80 %. 
Power loss in the system during the power production 
was also taken in consideration. 
Loads and their alteration during the year were used 
from a specific location, considering load trends at 
commercial and production companies. Consumptions 
of appliances were calculated using (3) and (4) 
formulas. Loads during the year are very similar when 
the system is in stand by mode, which is achieved 
during the weekends and at night time. 
Changes in the loads and generation during all of the 
seasons can be seen in the graphs, as well as modes of 
operation of the microgrid during work days and 
weekends. 
Winter graphs (Fig.2) reveal high energy generation 
from wind turbine and low energy generation from solar 
power plant in tandem both energy sources generates 
10743.56 Wh during the day. Because of that on work 
days there is a need for an additional energy source – 
generator or public electrical grid, which could cover 
additional 10579.8 Wh of energy demand. 
Loads start to rise at 8:00 and reach maximum value at 
noon. After noon loads tend to start decreasing until the 
end of workday – 20:00 when it reaches its minimum 
value. Energy demand in total on work day is 24514 
Wh. 
Discharging period of the capacity bank is divided in 
two intervals: from midnight till morning – 9:00  it 
discharges around 11% from its 8064 Wh capacity and 
from the end of workday – 20:00 till next morning 9:00 
it discharges 28% from its 8064 Wh capacity. 
Charging period of the capacity bank starts at 8:00 and 
lasts till 16:00, when the loads reach its peak value. 
When microgrid system is working in conjunction with 
public electrical grid it is expected that system would 
have as many days of autonomy as possible, in 
particular case, system can work up to 5 days 
autonomously covering energy demand for 16 hours per 
day, when loads are minimum. 
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Fig. 2. Winter season loads and generation work day 
 
Loads decreases greatly during the weekends (Fig. 3), in 
total energy demand is 5300 Wh, so there is no any need 
to use any additional energy sources to cover system 
energy demand. 
 

 
 

Fig. 3. Winter season loads and generation weekend 
 
Summer season graph (Fig. 4) reveals energy generation 
from solar power plant and wind turbine. Jointly both 
energy sources generate 27736.6 Wh during the day. 
Period of energy generation from solar power plant lasts 
17 hours. Yield of generated energy is more than 
enough to recharge capacity bank. Significant part of 
energy yield, which is approximately 6573.4 Wh is left 
unused. Excess energy can be transferred to public 
electrical grid.  
Work day graph indicates decrease of the loads in the 
system. Energy demand in total during the work day is 
17930 Wh.  
 

 
 

Fig. 4. Summer season loads and generation on work day 
 
Loads of the system decreases during the weekend 
(Fig. 5) in total energy demand is 5129 Wh that enlarges 
part of generated energy yield to 21235.2 Wh, which is 
transferred to public electrical grid as an excess energy.  
 

 
 

Fig. 5. Summer season loads and generation weekend 
 
Spring season graphs (Fig. 6) indicate energy generation 
from solar power plant and wind turbine, in conjunction 
both energy sources generate 24957 Wh during the day.  
Energy generation from solar power plant lasts 15 
hours. Energy yield generated from solar power plant, 
wind turbine is sufficient to cover energy demand 
during the work day which in total is 20350 Wh and to 
recharge capacity bank. Therefore no additional energy 
source is required. 

 
 

Fig. 6. Spring season loads and generation work day 
 
On the weekends (Fig. 7) system loads decrease and 
reach 5235 Wh. Therefore large part of generated 
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energy – 18224.8 Wh is unused. This energy is 
transferred to public electrical grid. 
 

 
 

Fig. 7. Spring season loads and generation weekend 
 
Graphs of the Autumn season (Fig. 8) reveals energy 
generation from solar power plant, wind turbine, in total  
both energy sources generate 14424.4 Wh of energy 
during the day. It is not enough to completely cover 
energy demand of the system. Additional 7820.4 Wh of 
energy is required in order to cover system loads, which 
in total is 23140 Wh and recharge a capacity bank. As 
an ancillary energy source a generator or public grid 
could be used. 

 
 

Fig. 8. Autumn season loads and generation work day 
 
 

When system is working jointly with generator, no 
autonomy of the system is required. Capacity bank is 
discharging in intervals. From midnight till 9:00, 
discharge of the capacity bank is 8,9% from its 8064 W 
capacity and second interval from 18:00 till midnight, 
discharge of the capacity bank is 20.2% from its 
8064 W.  
When system is working in conjunction with the public 
electrical grid energy storage is required. Capacity bank 
covers energy consumption from midnight till 9:00 and 
from 18:00 till midnight without recharging and can 
reach 6 days of autonomy. 
During the weekend (Fig.9) loads in total add up to 
5287 Wh . Therefore no additional energy source is 
required. Because of decreased loads, system produce 
more than enough energy to cover the energy needs, that 
causes excess energy production, which in total is 
5078.6 Wh. Excess energy is transferred to a public 
electrical grid 
 

 
 

Fig. 9. Autumn season loads and generation weekend 
 

5. Economic analysis 
 

In order to know if the system, containing renewable 
energy sources is profitable, economic evaluation was 
made using formula (7). Three systems without the 
generator and with CHP or diesel generators. 
 

 
 
 
Table 1. Results of economical analysis 
 

Seasons 
Solar, wind and 
CHP generator 

Solar, wind and 
no generator 

Solar, wind and 
diesel generator 

10 kW solar 
power plant 

15 kW solar 
power plant 

Winter 80,55 € 25,02 € -66,49 € 175,46 € 197,55 € 
Spring 272,81 € 272,81 € 272,81 € 396,26 € 594,10 € 

Summer 303,19 € 303,19 € 303,19 € 469,83 € 704,39 € 
Autumn 117,74 € 96,58 € 7,17 € 160,07 € 276,66 € 

Profit per year 774,29 € 697,60 € 516,68 € 1.201,62 € 1.772,70 € 
Profit with 

maintenance 
672,84 € 596,15 € 415,23 € 1.100,17 € 1.671,25 € 

Price of the system 48.512,38 € 35.872,41 € 40.135,54 € 31.108,93 € 33.128,06 € 
Payback time (Years) 72,10 60,17 96,66 28,28 19,82 
 

120



were analyzed, including two different systems, which 
consists of 10 kW and 15 kW of solar power, without 
generators and wind turbines to see how payback times 
vary. 
Calculations were made with 0,18 €/kWh electrical 
energy price, 0,08 €/kWh thermal energy price and 0,65 
€/l price for generator fuel. 
According to the results (Table 1.) wind turbine is not 
profitable in the selected location, because of its high 
price of 2750,70 €, also CHP generator is very 
expensive, it costs 12639,71 €, which makes payback 
time of 72,1 years. Although, a diesel generator costs 
less, around 4262,89 €, but it’s produced heat cannot be 
used, it pushes the payback time to 96,6 years. 
According to the calculations the microgrid will have 
the best payback time without a generator, thus 
removing the ability to work autonomously.  
Economic analysis was conducted according to prices 
presented in (Table 2). 
 
Table 2. Prices of used devices 
 

6 kW on grid inverter 1.905,76 € 

Batteries 5.066,14 € 

PV modules 5.313,12 € 

Off grid inverter - charger 9.177,00 € 

Meteorological device 2.669,00 € 

Fuses for batteries 925,00 € 

Sensor device 989,49 € 

Performance monitoring device 913,92 € 

Monitoring devices 1.033,80 € 

Meter device 265,14 € 

Horizontal axis wind turbine 544,84 € 

Wind current rectifier 544,84 € 

2 kW wind inverter 1.402,33 € 

Constructions for solar panels 2.728,67 € 

Devices for communication 2.393,62 € 

System price, without generator 35.872,67 € 

 
To find the best payback time the generator and wind 
turbine were both removed from the system, which in 
return made the whole system much cheaper. Also, 
increasing the power of solar power plant to 10 kW  
shortened the payback time to 28,3 years. And 
expanding solar power plant to 15 kW made the system 
profitable with payback time of 19,8 years, considering 
the lifespan of microgrid is around 25 years.  
Payback time is shortened if the power of the solar 
power plant is increased 
 

6. Conclusions 
 

1. Conducted structure of smart microgrid increases 
reliability of energy supply, when technical 
problems occur in electrical network for not less 
than 4 hours. However complete autonomy is only 
achieved when generator is present. 

2. Energy generation and consumption calculations 
prove that during the winter season work days lack 
of energy production is 10,743. kWh. On the 
weekends energy generation meets energy 
consumption. During the autumn season microgrid 
has a shortage of 7,820 kWh of energy and on the 
weekends 5,287 kWh of energy is transferred to 
electrical grid. During the summer season the 
microgrid will supply electrical energy to the public 
grid. At work days the system will generate 6,573 
kWh and on weekends 21,235 kWh of energy. On 
spring season the system will generate excess 
energy of 18,224 kWh only during the weekends. 

3. Calculations prove that, although wind turbine 
provides generation on night time, however project 
itself become 30% more expensive than system 
configuration with only solar power plant. 
Therefore for the system it is not profitable to use 
it.  

4. Diesel generator is not profitable, because its 
payback time is 96 years, but is needed if the 
system needs to work independently from public 
electrical grid.  

5. Microgrid with CHP generator is financially a 
better option, because of its 1.3 times shorter than 
systems with a diesel generator payback time. 

6. Capacity bank can provide autonomy to the system 
from 4 to 6 hours when the loads are at maximum 
and can provide up to 5 days of autonomy when 
loads are at minimum. 
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Abstract: In Lithuania energy system are places where 
the electric field strength exceeds the value set in EU 
directive 2013/35/EU. These zones could be set by 
analytical or numerical modelling. Hazardous zones 
could not be only under the high voltage wires but near 
the fences, other low-level connected to earth structures 
which are located near the high voltage power lines as 
showed by investigation. Algorithm for high voltage 
dangerous zones investigation is proposed. 
 
Keywords: Electric field strength, distribution of the 
electric field strength, finite element method.  

 
1. Introduction 

 
Values of the electric field strength could not be 
exceeded of the values set in the Europe Union 
directives for safety of the staff working in the area of 
the electromagnetic field high values zones. In 2013 
years appeared the third directive [1] which regulates 
permissible electric and magnetic field values. Where 
maximum permissible value of the electric field strength 
for the 50 Hz frequency is 10 kV/m as in previous 
directives. 
All high-voltage equipment including high voltage lines 
and switchyards are appointed to previously Lithuanian 
hygienic norms. Employees may expose in higher 
electric field values, but limited time, according these 
norms. In the places where electric field exceeded the 
set values are not allowed to work at all by the directive 
[1]. Therefore necessary to investigate the electric field 
generated by high-voltage equipment and set dangerous 
zones where the work can be achieved through a 
number of safety implements or switching off voltage in 
the devices. 
Investigations are performed from 2005 years in the 
Kaunas University of Technology to identify dangerous 
electric and magnetic fields places and making 
suggestions how to implement directives of the 
European Union [2-6]. 

The main sources of the electric field are power lines, 
open switchgear and autotransformers. The electric field 
values may exceed the set hygienic and directives 
values in the country and European Union standards 
was found in investigation [4-6].  
Analytical study enables to identify dangerous zones 
and estimate boundaries. Analytical results could not be 
estimate in all real conductors and grounded equipment 
configuration and results could be get only from the 
numerical modelling. Finite element method is the 
recently used for these applications. 
Exiting or projected objects models could be calculated 
with properly made finite element method algorithm. 
Distribution of the electric field could be calculated by 
this method and propose implements for electric field 
strength reduction or verify effective and correctness of 
these implements.  
We will focus in the insufficiently studied area – the 
electric field strength near the low grounded 
constructions and metallic fences near the high voltage 
environment before we make finite element algorithm.  

 
2. Electric field analysis near the fences and other 
grounded equipment under the high voltage power 
lines  
 
Metallic fences near the high voltage power lines are 
one of the basic sources of the dangerous increased 
electric field. The metallic fence we can reduce to the 
grounded metallic tube parallel to the surface of the 
earth and acting in parallel to the high-voltage power 
line.   
We assume that the line has no sag and there are no 
other constructions which can do influence to the 
electric field. Therefore the field are flat and uniform in 
all parallel planes to the wires and fence.  
The cross-section view of the wires and the fence is 
shown in figure 1. 
Electric field strength at the point M, which is the height 
of the fence T and located from the fence at the distance 
xM in general case, could be calculated: 
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MTMGM EEE  ;     (1) 

 
where EMG – electric field strength, which is created by 
charge densities τA, τB, τC and their reflections τA

*, τB
*, τC

*, 
exiting against the power line wires A, B and C interaction 
with the earth G. Electric field strength – EMT, which are 
created by the charge density τT, exiting against the 
interaction of the power line with the fence. 
Calculation of the electric field strength EMG in paper [4] 
is analysed. We are interesting in electric field near the 
fence and component of the electric field strength EMG  is 
very small to the EM. Therefore electric field strength EM 
is determined from the component EMT which is creating 
from fence charge density τT and phase wires A, B and C 
charge densities τAT, τBT and τCT. 
 

 
 
 
 
 
 
 
 
 
 
 

 
Assuming that phase wires charge densities are positive, 
then the fence has negative charge density. Assessing the 
absolute values we get: 
 

CTBTATT      (2) 

 
Charge densities τAT, τBT and τCT are calculated evaluating 
that between power line wires A, B and C and the fence is 
voltage UA, UB and UC: 
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where rL – radius of the phase wires, lA, lB and lC – 
distances between axis of the fence and accordingly A, B 
and C wires axes.  
Electric field components EMTX and EMTY are calculated: 
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Estimating equations (2) – (6) we can get: 
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Electric field component EMTY  should not be estimated in 
the case, when rM<0,1lA , because of small value and EMTX 
expression simplifies: 
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expression from the equation (10) right side we can get: 
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Fig. 1. Cross-section view of the high voltage power line and 
the fence  
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Adopt that as in [4], that distance between wires is 
a=4.5 m, distance between the fence and wire A – 
xT=4.5 m, height of the fence 1.8 m, height of the phase 
wires from the surface of the earth 6.5 m, distance 
between wires and the fence is h=4.7 m, voltages of the 
wires UA=Umsinωt and UB=Umsin(ωt-120o). Electric 
field effective value we can express E≈0,03Uf/xM, 
where Uf power line phase voltage effective value. In 
the case when Uf≈208kV (330kV line voltage) human 
body approached to the fence closer than 0.65 m would 
be exposed impermissible electric field value.  
In general case to calculate electric field distribution it 
is better with modelling by finite element method when 
near the fence is other grounded objects. 
 
3. Numerical model algorithm of electric field strength 

generated by high voltage power devices calculation 
 
The finite element method is one of the most commonly 
used numerical solution method in solution of partial 
differential equations. The potential values found in 
area of computational grid nodes are solution of 
differential equations in this method.  
Solution of the electric field is found from the potential 
as a function of the coordinates and is made from 4 
stages: 

1. The calculation area is broken down into a 
finite number of sub domains or elements 
which are referred as finite element 
discretization. 

2. For every element is written equations which 
relates vertex of each element. 

3. These equations are combined into a whole 
system of equations for all computational area. 

4. Mathematical equations are solved. 
Equations made for finite element solution relates 
potential of the each point located in element inside to 
potential of his vertexes. Potential crossing the 
boundary of element can’t change salutatory. 
In general case the unknown node k potential is found 
from the equation. 

;
1 n

kj,1j
jkj

kk
k 



 CV
C

V              (12) 

where Ckk – finite element specific coefficient, Cjk – 
finite element mutual link coefficient, Vj – j-th node 
potential. 
 

 
Fig. 2. Numerical algorithm of the Finite element model  

 

 
Fig. 3. View from the top of the 330 kV open switchgear made 
by COMSOL Multiphysics modelling programme 
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4. Analyses of 330 kV open switchgear results made 
by finite element method 

 
Results received from the calculation with finite 
element method numerical algorithm and analytical 
results from [6] were compared. Analytical and 
numerical results in the plane perpendicular to the wires 
are shown in figure 4. 
Numerical results approximately 6 percents are bigger 
than analytical it is clear from the figure 4. To make 
assessment of the risk need to focus to modelling 
results. 
 

 

Fig. 4. The electric field effective values Eef distribution along 
the plane at 1.8 m height from the surface of the earth [2] 
 
It was also investigated changes by modelling of the 
electric field strength values at the maximum point 
moving from the power line side tower to the maximum 
deflection at the direction of z axis. On each side of the 
z axis is chosen seven investigation points with 
different deflection height hi (fig. 5). 
 

 

Fig. 5. Position of the observation point  
 

 
 

Fig. 6. The electric field effective values Eef distribution along 
the line at 1.8 m height  

 
Height of the wires is 6.5 m in the middle point of the 
observation. Accordingly, height of the wires is 7.0 m 
above the ground at the point N = 7. Height of the 
observation point N is 1.8 m above the ground [3].  
These results also showed that to identify hazardous 
areas should be focused on modeling results. 
 

5. Conclusions 
 

1. The Lithuanian energy system has work places 
in which the electric field strength exceeds the values 
set in the EU Directive 2013/35/EU. 

2. Hazardous areas can not only be under the high 
voltage power line wires but also near fences and other 
low-level grounded structures as showed in the study. 

3. The finite element algorithm to investigate 
hazardous areas near the high-voltage structures is 
proposed. 
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Abstract: Multi-input grid-connected converters are 
considered as promising and convenient technology for 
application in microgrids. Variation range of single-
phase multi-input converter parameters were researched 
by means of simulation. MATLAB/SIMULINK model 
of the grid-tied converter was worked out for this 
purpose. Results of the research are presented in shape 
of curves and described. Mainly active and reactive 
power circulating in the microgrid and between the 
microgrid and grid of the main electrical power system 
were investigated dependently on the index and phase 
angle of inverter modulation voltage. Results of the 
research will be taken into consideration in further work 
when researching and designing control system of the 
converter. 
 
Keywords: renewable energy, microgrid, grid-tied 
multi-input converter, variation of parameters. 
 

1. Introduction 
 
Multi-input grid-connected or stand-alone converters 
can be useful for integration of several small-scale 
power sources into one power unit having higher 
capacity. It allows avoiding of separate small-scale 
inverters applied for every source of the power 
conversion system. This is a common case in the 
microgrids, which are a new developing technology 
used for the power generation and supply. Positive 
peculiarity of this technology is high extent integration 
of fuel-free and smokeless power production and 
storage facilities, such as small-scale photovoltaic 
power plants, wind turbines and hydroelectric power 
plants [1]. Small-scale CHP installations running on 
biofuel and biogas also can be integrated in the 
microgrid. 
Development of microgrids and other small-scale power 
systems has a positive impact to the development of 
electronic power converters and boosting their 
production. A new varieties of power converters and 
inverters topologies emerged during the last ten years, 
including the multi-input inverters/converters [2]–[4]. 

Some results of our preceding investigations in area of 
multi-input converters are presented in previous 
publications [5, 6] and other. New results of the multi-
input grid-connected power converter research are 
presented in this paper.  
 

2. Object and goals of the research 
 
Object of our research was single-phase multi-input 
grid-tied converter, which simplified electrical scheme 
is depicted in Fig. 1 as a part of microgrid power 
system. The converter consists of the two step-up 
choppers DC/DC_1 and DC/DC_2 [7], the power 
storage capacitor Ck and the grid-tied inverter.  
The step-up chopper DC/DC_1 is comprised of the 
shorting transistor Vt1, the inductor Ld1 and flyback 
diode Vat1. The first chopper (DC/DC_1) is fed from the 
small-scale photovoltaic power source – the PV Array.  
The chopper DC/DC_2 has the same elements, but 
capacity of the elements may be different. It depends on 
the capacity of the second small-scale power source – 
the wind turbine having generator SG and Rectifier. 
Number of choppers in scheme of converter is not 
limited by two. It depends on the number of the power 
generating and power storage unites integrated in the 
microgrid. In this case number of the DC/DC choppers 
is limited to two in order to facilitate the achievement of 
the set goals. 
Scheme of the inverter power circuit consist of the 
IGBT transistors V1–V4 with monolithic free wheeling 
diodes (FWD) Vat1–Vat4 and two reactors of the output 
filter – Lf1 and Lf2. Pulses for the inverter control ICP 
are being supplied from the inverter pulse former IPF 
and pulses for the DC/DC_1 and DC/DC_2 choppers 
transistors Vt1 control (SCP1 and SCP2) are generated in 
the control units, which are not shown in Fig. 1. The 
inverter pulse former IPF is controlled according the 
signal received from the inverter modulation voltage 
former IMVF. Reference signals for referring frequency 
Uf and phase UFI of the modulation voltage are 
operating in the inlet of this former.  
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All electric loads of the microgrid are converged into 
two equivalent loads: one active load with equivalent 
resistor Rh1 and contactor IS3, and one active-inductive 
load with equivalent resistor RI1, inductor LI1 and 
contactor IS2. 
Goal of the research was determination of parameters 
variation range of the described converter in the 

operation mode when the loop of the converter control 
system is opened. This information will allow 
identifying the most dangerous modes of the converter 
operation and will pave the way for finding solutions 
useful in order to avoid the unwanted extreme values of 
the converter important parameters. The closed loop 
system operation will be the next our research. 

 

Fig. 1. Simplified electrical scheme of the small scale grid-tied microgrid power system 
 

3. Digital model of the grid-tied microgrid system 
 
Digital model of the grid-tied microgrid power system, 
which includes the mutual single-phase grid-connected 
two-input converter, is shown in Fig. 2. The model 
consists of PV power plant unit, wind turbine (WT) 
unit, inverter unit, the main grid and electric load units, 
unit of measurement of the main parameters (output of 
inverter, load and grid), unit of active and reactive 
power measurement, unit “Fourier_an” for calculation 
of the basic harmonic voltage on the inverter output and 
other units for measurement of various parameters. Unit 
“Fourier_an” calculates amplitude of the basic harmonic 
voltage on the inverter output, phase and shape of the 
curve. Unit “Fip” refers initial phase of the modulation 
voltage and unit “ma” refers the modulation factor. 
PWM principle is used for the formation of the grid-tied 
inverter control pulses. Particular string of control 
pulses for every transistor is generated by comparison of 
the sine shape modulation voltage with the triangle 
shape high frequency carrying voltage. Frequency of the 
inverter output voltage is coincident with frequency of 
the modulation voltage. Mathematical description of the 
modulation voltage can be expressed as follows: 
 
  mtmau   sinmod ; (1) 

 
where ma – the modulation index, m – the phase of the 
modulation voltage.  

The modulation index is defined as follows [8]: 
 

 

tri

con

U

U
ma  ; (2) 

 
where Ucon – the amplitude of the control signal, Utri – 
the amplitude of the triangular signal.  
The amplitude of the fundamental frequency Uim1 on the 
inverter output can be defined as follows [8]: 
 
 abim UmaU 1        Ucon≤ Utri. (3) 

 
As it can be seen in equation (1), the operation mode of 
the inverter can be controlled by using modulation index 
“ma” and phase of the modulation voltage “m”. The 
scheme of the modulation voltage forming model is 
presented in Fig. 3. The model consists of the PLL 
(phase locked loop) unit, which is used for the 
synchronization of inverter operation according the 
main grid frequency, amplifier 1 used for the converting 
of the grid voltage value into the relative units, unit for 
the converting of electrical degrees into the radians, 
units of sine function and multiplication. The grid 
voltage is converted into the relative units and passed to 
the PLL unit, where its instantaneous phase angle value 
“wt” is calculated. Further this value is added to the 
phase angle value in the adder and the result goes to the 
sine unit. 
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Fig. 2. Scheme of the microgrid model 
 

The signal of modulation voltage is calculated as 
multiplication of the unit 2 output value by the 
modulation index.  
 

 
Fig. 3. Model scheme for the formation of modulation voltage  
 
The generated in this way signal of modulation voltage 
goes to the control pulses former of the PWM inverter.  
 

4. Results of the research and discussion 
 

Research of the converter operation was performed by 
means of the digital model on the assumption that the 
main grid ideal. At first the DC voltage on the terminals 
of the inverter inlet was researched dependently on the 
factor of modulation voltage at constant values of the 
modulation voltage phase. The simulation results 
showed that relationship between these values can be 
described by the third degree polynomial:  
 

 01
2

2
3

3 amaamaamaaUab  . (4) 

Mathematical equations were written for five values of 
the modulation voltage phase angle. Values of the 
polynomial coefficients are presented in Table 1.  
 
Table 1. Values of the polynomial (4) coefficients 
 

m a3 a2 a1 a0

0 -3240,3 8881,9 -8733,3 3576,4 
5 -5132,4 11997 -9799,7 3273,1 
10 -3100,4 7469,2 -6375,4 2249,6 
15 -1731,5 4754,5 -4406,5 1633,4 
20 -2775,5 6534,8 -5063,1 1544,0 

 
Calculation of the curves Uab=f(ma), when m=const. 
was performed on basis of equation (4) and data given 
in Table 1. The curves are shown in Fig. 4. 
 

 
 

Fig. 4. Curves of the DC voltage on the inverter inlet versus 
modulation index for the following phase values of the 
modulation voltage: 0, 5, 10, 15, 20 deg. 
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The curves in Fig. 4 evidently show significant 
dependence of the inverter operation mode on the 
modulation index and phase of the modulation voltage. 
Thus, the inverter operation mode can be alternated by 
the proper control of the mentioned above variables. 
Mathematical expressions ma=f(Uab), when m=const. 
were applied for determination of the real range of the 
variables variation. As the best fitting shape for these 
expressions was found function of power: 
 

 n
abUkma  . (5) 

 
Values of the parameters for mentioned above function 
of power at the different values of the modulation 
voltage phase angle are presented in Table 2. 
 
Table 2. Values of the coefficients and degrees for the 
expression (5) at the different constant values of the 
modulation voltage phase angle m 
 

m k n
0 612,2 -1,033 
5 -330,93 -0,984 

10 243,65 -0,988 
15 242,45 -1,03 
20 136,9 -0,9788 

 
The calculated dependences ma=f(Uab) at different 
values of the modulation voltage phase angle m=const. 
are presented in Fig. 5. 
 

 
 

Fig. 5. Curves modulation index versus DC voltage on the 
inverter input for the following phase values of the modulation 
voltage: 0, 5, 10, 15, 20 deg. 
 
Range of the modulation index ma variations at the 
constant values of the modulation voltage phase can be 
determined by using the curves presented in Fig. 5. 
Secondly, the DC voltage on the terminals of inverter 
inlet has to be controlled and kept in the acceptable 
limits in order to have a proper mode of the inverter 
operation. This can be achieved only by the coordinated 
control of the both variables – the modulation index ma 
and phase of the modulation voltage m. 
Apart from the mentioned above, the simulation results 
showed the impact of the inverter operation mode into 

the operation of the DC/DC choppers. Thus, a proper 
operation of inverter is the condition for the qualitative 
operation of the DC/Dc choppers too. 
Results of investigation of the inverter modulation 
voltage phase variation impact into the main parameters 
of the inverter when the modulation index is constant 
are presented in Fig. 6 – Fig. 9. 
 

 
 

Fig. 6.  Dependences of the active power in the microgrid 
versus the phase angle of the inverter modulation voltage 
 
Dependences of the small-scale PV power plant and WT 
generated active powers, the inverter’s output power, 
the microgrid power and loads’ active powers on the 
inverter’s modulation voltage phase m when 
modulation index is kept constant (ma=const.) are 
presented in Fig. 6. The curves show stability of the 
generated active powers and stable power consumed by 
the loads. Meanwhile the active power of microgrid and 
the inverter’s output power has non-linear variations. 
The inverter output active power has maximum when 
the microgrid power has minimum. These extreme 
values coincide when the reactive power of inverter 
output is equal to the microgrid reactive power (Fig. 7). 
This coincidence is determined by the active power 
losses in the active resistance of the inverter filter.  
 

 
 

Fig. 7.  Dependences of the reactive power in the microgrid 
versus the phase angle of the inverter modulation voltage 
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The reactive powers of inverter output, of the microgrid 
and loads are presented in Fig. 7 for the case of steady-
state mode of the microgrid operation dependently on 
the inverter’s modulation voltage phase at the same 
constant values of the modulation index (as for Fig. 6). 
The curves show substantial variations of the inverter 
and microgrid reactive powers including the possibility 
to change the sign. It means that the inverter can 
consume the reactive power from the grid and can 
supply this power into the grid depending on the phase 
angle of the inverter modulation voltage. Thus, the 
inverter can compensate the reactive power consumed 
from the main grid by the loads of the microgrid. As it 
can be noticed in Fig.7, reactive power of the microgrid 
is equal to zero when reactive power of the inverter is 
equal to the reactive power of the load. In this case the 
inverter supplies only the active power from the 
microgrid into the main grid. So, it can be achieved the 
mode of microgrid operation when inverter supplies 
only active power into the main grid, if the system of 
automatic inverter control will be installed for this 
purpose. 
 

 
Fig. 8.  Dependences of the phase angles of the grid current 
(Figr), the load current (FiL) and the inverter output current 
(Fii) in regard to microgrid voltage versus the phase angle of 
inverter modulation voltage 
 
Curves of the phase angles of the inverter output 
current, the microgrid and load currents in regard of the 
main grid voltage are presented in Fig. 8. The presented 
curves show that phase angles of the inverter output and 
the microgrid currents in respect of the modulation 
voltage phase angle varies in the non-linear manner in 
the wide range and, besides, changes the sine of the 
phase angles. Shapes of these two curves show that 
phase angle of the inverter output current is closely 
related with the microgrid current phase angle. Only 
phase angle of the load current is constant and does not 
depend on the phase angle of the modulation voltage 
because the load in this case was not changing. 
Dynamic properties and dependences of the active and 
reactive powers operating in the microgrid are presented 
in Fig. 9. The first curve shows the active power of the 
microgrid. Initially the power is negative and it means 
that the power produced by the generators of microgrid 
is sufficient for the microgrid’s loads and therefore a 
certain surplus active power is being supplied into the 
main grid (see the third curve of active inverted power).  

At the moment of time when t = 2 s solar irradiance 
jumps down up to 400 W/m2 and the small-scale PV 
power plant reduces the generated power. Therefore it 
decreases the active inverted power. 
At the turn of time when t = 3 s the second load is 
switched on and the output active power of the inverter 
already is not sufficient. The lacking active power the 
loads is streaming from the main grid (see Fig. 1). The 
active inverted power retains the same value because the 
power generation in the microgrid remains at the same 
level. 
At the turn of time when t = 4 s wind speed jumps up to 
16 m/s the small-scale WT increases the generated 
power. Therefore active power in the inverter output 
gradually increases. The increment is rather slow due to 
the significant inertia of the wind turbine. 
 

 
 

Fig. 9.  Curves of the active and reactive powers in the system 
versus time at the jumps of solar irradiance (E jump from 600 
to 400 W/m2 at t = 2 s), of wind velocity (Vw jump from 7 to 
16 m/s at t = 4s) and of second load (load RL2=8 ), which 
was switched on after 3 s additionally to the operating load 
(RL1=9 , LL1=0,05 H) for the case when ma=0,55 and 

m=8 deg. 
 
Reactive powers of the microgrid and the inverter 
output are depicted correspondently as the second and 
fourth curves in Fig. 9. Reactive power of the first load 
is depicted as the sixth curve in the same figure. Fig. 1 
and Fig. 7 show that mentioned above reactive powers 
are interdependent and can be expressed by this 
equation:  
 
 griL QQQ  . (6) 

 
The first load has active-inductive character and is 
costant in this case. As it is reflected in Fig. 7, when the 
phase angle of the modulation voltage icreases, initially 
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the first load receives reactive (inductive) power from 
the inverter. Later in the range when QiQLQgr  the 
first load reactive (inductive) power takes both from the 
inverter and from the main grid. When Qgr>QL , this 
load takes reactive power from the main grid. 
The fourth curve in Fig. 9 shows that reactive power of 
the inverter significantly increases at the time moment t 
= 2 s when the power generated by small-scale PV 
power plant decreases. This reactive power starts to 
decrease after the time moment t = 4 s when the 
generated power of small-scale WT starts to increase. 
The seventh curve in Fig. 9 shows that switching on of 
the second load, which has active character, has no 
impact to the capacity of the reactive powers. 
Analysis of the presented rezults showed that efficient 
usage of the power generated in the microgrid on basis 
of renewable energy sources can be achieved at the 
relevant control of the inverter. 
 

5. Conclusions 
 

1. Digital model of the microgrid, which comprises 
the small-scale PV power plant, the small wind 
turbine, the mutual single-phase grid connected 
multi-input inverter and the two equivalent electric 
loads, is developed. The model allows detailed 
investigation of the converter parameters variation 
depending on the index and phase angle of the 
inverter modulation voltage.  

2. Dependences of the DC voltage on the inverter 
inlet terminals versus the index of the inverter 
modulation voltage were determined for the five 
phase values of the modulation voltage m=const. 
by means of simulation. It was found that DC 
voltage varies in the non-linear manner in a wide 
range and depends both on the index and phase of 
modulation voltage. It was found that relationship 
between the DC voltage and modulation index 
when m=const. can be described by the third 
degree polynomial. Therefore qualitative operation 
of the inverter is possible only in case of the DC 
voltage stabilisation, which can be achieved at the 
coordinated control of the index and phase of the 
modulation voltage. 

3. Results of simulation reflected in Fig. 7 and Fig. 8 
show that reactive power of inverter outlet Qi 
varies in a wide range and changes the sign. The 
reactive power of the inverter output initially has 
the inductive character, but when the phase angle 
of the modulation voltage exceeds 6.5 electrical 
degrees, the character of the reactive power 
becomes the capacitive. In this case reactive power 
of the grid needs to have the opposite character in 
order to hold the power balance. Therefore 

automatic control of the inverter reactive power is 
necessary in order to have a proper interaction 
between the microgrid and the main grid. 

4. As it is reflected in Fig. 6, high values of the 
reactive power in the output of the inverter reduces 
the active power in the inverter’s output and this 
reduces the efficiency factor of the power 
conversion system. This shortage also indicates the 
necessity of the reactive power automatic control 
in the output of inverter. 
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Abstract: Power production peculiarities and trends in 
the Lithuanian RES-based power plants are 
investigated, analysed and described. Hydroelectric 
power plants, combined heat and power plants running 
on biomass and biogas, wind turbines and PV power 
plants and their electricity production during the last 
seven years (2007–2013) were taken into consideration. 
Results of the investigation are presented in form of 
tables and diagrams. Prospects of further RES-based 
power production development and possibilities to 
achieve the national target for the year 2020 are 
discussed. 
 
Keywords: RES-based power production in Lithuania, 
growth rates, analysis of trends, prospects of 
development.  
 

1. Introduction 
 
Gradual substitution of fossil fuels used for power and 
heat production as well as in transport by the renewable 
energy presently is the main trend in the world’s energy 
sector. This is happening because of the well known 
reasons and despite of some barriers on the way of the 
RES-based energy technologies development [1, 2]. 
More and more small and big companies, corporations, 
universities, colleges and even entire countries are 
declaring about their transition to the heat and power 
production based 100 % on renewables (e. g., Iceland, 
Saudi Arabia, Scotland, the Philippines, Vatican, 
Denmark, etc.). The Philippines intend to achieve this 
goal during the next ten years. Iceland is already close 
to this aim presently producing 100 % of electric power 
and 85 % of heat energy by means of the RES-based 
technologies. Many countries in the world already have 
impressive achievements in the sector of electricity 
production from renewables. Shares of electricity 
production from renewable energy sources in percents 
in regard to the total electricity consumption in the 
world’s leading countries and Baltic region are 
presented in Table 1 (the presented data are collected 
from a number of official documents published in 2011–
2013). 
 

Table 1. Shares of electricity production from renewables in 
the world’s leading countries and Baltic region (2011–2013) 
 

Europe Africa America 
Country % Country % Country % 
Iceland 100 Lesotho 100 Paraguay 100
Norway 98 Mozambique 100 Honduras 97 
Georgia 86 Zambia 100 Guatemala 94 
Albania 85 Congo DR 100 Costa Rica 93 
Austria 74 Angola 97 Belize 91 
Portugal 70 Somalia 96 Brasilia 89 
Latvia 62 Tanzania 90 Colombia 86 
Sweden 61 Uganda 90 Venezuela 73 
Switzerland 60 Rwanda 87 El Salvador 63 
Croatia 46 Malawi 86 Canada 63 
Denmark 48 Congo 82 Peru 57 
Montenegro 48 CAR 81 Oceania
Finland 40 Cameroon 77 N. Zealand 76 

Asia Ghana 75 Papua N. G. 39 
Bhutan 100 Kenya 68 Baltic region
Nepal 100 Sudan 63 Belarus 1 
Tajikistan 98 Mali 58 Estonia 12 
Laos PDR 93 Madagascar 52 Lithuania 14 
Kirgizia 91 Gabon 46 Poland 11 

China, European Union and  World 
China–2012 19.2 EU–2013 23.8 World–2012 20.8

 
Data presented in Table 1 discloses substantial progress 
in entire world and mighty breakthrough in area of 
RES-based electricity production in leading countries in 
comparison with the recent situation, which existed just 
8–10 years ago. Then majority of traditionally-minded 
power engineering experts and opponents of carbon-free 
economy alleged that it would be impossible or 
economically unjustified to produce all necessary 
electricity in the main power system by means of the 
RES-based technologies. Now we have this myth 
already destroyed in a considerable number of countries 
from various regions of world. The top electricity 
producing country in the world is China (4936.5 TWh/a 
in 2012), which also made mighty steps forward in area 
of the RES-based electricity production during the last 
years and is the world’s leader by the total amount of 
green power produced per year (949.2 TWh/a in 2012, 
after follows USA – 536.9 TWh and Brasilia – 
462.2TWh). European Union in the year 2012 also 
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achieved a significant milestone – the total power 
produced by means of carbon-free technologies (RES 
and nuclear, 51.6 %) exceeded total fossil-based power 
(48.4 %) first time in history of the EU. 
In Lithuania and other Baltic region countries (apart 
from Latvia) shares of electricity production from 
renewables presently are not significant (see Table 1). 
They are lagging far behind from the leading countries 
of the Europe and world including the Papua New 
Guinea, which in 2012  produced 39 % of electricity 
from renewables (about 74 % in hydro electric PP, 24 % 
in geothermal PP and 2 % in biomass PP) in 2012 [3]. 
Latvia is among the leaders in Europe in this area with 
62 % share of electricity produced from renewables. 
 

2. Object and goals of the analysis 
 
Object of our investigation was data of RES-based 
power production in Lithuania over the period 2007–
2013 when amounts of the green electricity production 
started to became rather considerable. 
Goal of the mentioned above data analysis was 
determination of peculiarities and regularities of the 
RES-based electricity production growth rates in 
Lithuania. It allowed concluding the findings regarding 
the country’s targets for the year 2020, possibility of 
their fulfillment and formulating of proposals on 
feasible ways for further sustainable development of 
this power production sector, what is very important in 
many aspects [3] not only for Lithuania but also for 
entire world. 
 
3. Analysis of RES-based power production growth 
peculiarities in Lithuania in the period 2007-2013 

 
According to the data of Lithuanian Electricity 
Transmission Grid Operator (LITGRID) at the end of 
2013 in this country operated 2108 power plants 
running on the renewable energy sources. Majority of 
them (1879) were small-scale photovoltaic power plants 
(PVPP) and their most common capacity was 30 kWp. 
The top ten PVPP in Lithuania then had capacity from 
0.5 to 2.56 MWp. Total installed capacity of all PVPP 
in 2013 made up around 67 MWp (source: 
http://www.litgrid.eu/index.php/paslaugos/kilmes-
garantiju-suteikimas/ataskaitos/563) 
Number of registered electricity producers utilizing 
wind energy at this time was 107 (wind farms and single 
WTs). Their total installed capacity was 279 MW. 
Number of hydro electric power plants (HEPP) – 99 and 
vast majority of them (98) are small-scale HEPP. 
Capacity of the large Kaunas HEPP is 100.8 MW, while 
total capacity of all small HEPP was 26.7 MW (2013). 
Presently number of power plants running on biogas is 
16 (cumulative capacity in 2013 was 16.21 MW) and 
running on hard biofuel (CHP running on biomass, 
mostly wood and straw) – 8 (total capacity 74.21 MW). 
Amounts of power production from various renewable 
energy sources in Lithuania during the last seven years 
are shown in Table 2. 

“Hydro energy” in the second column of this table 
means the total electricity production in one large 
(Kaunas HEPP) and all small HEPP. In 2013 total 
installed capacity of all HEPP in Lithuania made up 
127.5 MW.  
 
Table 2. Growth of power production in Lithuania from RES 
in the years 2007–2013 (source: LITGRID) 
 

Year

Sources of electric power production 

Hydro 
energy

Small 
hydro

Wind 
energy

Solar 
energy 

Biofuel Biogas
All  

RES 

GWh 

2007 414.49 93.41 106.12 0.00 47.90 3.39 571.90 

2008 397.35 71.63 131.05 0.00 57.03 3.69 589.12 

2009 419.33 74.28 156.84 0.00 84.10 9.31 669.58 

2010 533.82 92.99 145.84 0.00 113.76 21.96 815.38 

2011 476.09 90.24 47.,50 0.08 119.10 29.81 1097.58

2012 420.88 96.35 537.68 2.32 161.87 33.55 1156.28

2013 516.20 91.86 599.99 44.80 224.71 31.77 1417.47

 
For more evidence alterations of power production from 
various renewable energy sources being used in 
Lithuania during the last years are shown in the 
diagrams Fig.1 – Fig.4. 
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Fig. 1. Power produced in Lithuania from RES in 2007 
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Fig. 2.  Power produced in Lithuania from RES in 2009  
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In Lithuania history of electricity production begun in 
April 17, 1892, when the first electric power plant was 
launched in Rietavas. Since the year 1900, when the 
first HEPP began electricity production, many years in 
Lithuania hydro energy actually was the only energy 
source utilised for green power production. During the 
last decade it was mostly due to the operation of Kaunas 
HEPP, which was launched for electricity production in 
1959 and prolonged the period of precedence of hydro 
energy in the green power production area. In the last 
century a negligible number of mostly self-made stand-
alone small-scale wind turbines were only marginal 
electricity producers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Power produced in Lithuania from RES in 2011  
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Fig. 4.  Power produced in Lithuania from RES in 2013  
 
The years 2007–2009 were the last years of HEPPs 
superiority in a long period lasting 109 years. In 2011 
cumulative capacity of operating wind turbines was 
already sufficient to compete with power plants based 
on hydro energy (Fig. 3). In 2012–2013 the wind 
turbines took over the leadership in Lithuania in the 
green electricity production area (see Table 2 and 
Fig. 4) but most probably not forever too. It happened 
because of the strict environmental limitations for 
installation of the new HEPPs and due to the 
significantly higher potential of wind energy utilisation 
in Lithuania in comparison with hydro energy. 
Apart from the HEPPs and WTs, new RES-based 
electricity production technologies were introduced in 
Lithuania one by one. In the years 2003–2011 new 
renewable power sources begun to be exploited and new 
players appeared in the Lithuanian power production 
market. The first grid-tied RES-based power plants 

began to supply electricity into the Power System grid 
in this order: 

 the first biogas power plant – 2003; 
 the first wind power plant    – 2004; 
 the first biofuel power plant – 2007; 
 the first PV power plant       – 2011. 

The first small-scale stand-alone PVPPs were launched 
in Lithuania in the last decade of 20 century, but it was 
not the grid-tied power plants. 
Presently the main renewable power sources exploited 
for electricity production are hydro energy and wind 
energy. Growth of electricity production in Lithuania 
produced in the investigated period in all installed 
HEPP, WT and total produced power from all exploited 
RES is depicted in Fig. 5 (source: LITGRID). 
Growth of electricity production in Lithuania produced 
in the years 2007–2013 in all small HEPP, all PVPP and 
all CHP running on hard biofuel and biogas is depicted 
in Fig. 6. 
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Fig. 5. Growth of electricity production in Lithuania by years 
produced in all HEPP, WT and total from all exploited RES 
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Fig. 6. Growth of electricity production in Lithuania by years 
produced in all small HEPP, all PVPP and all CHP running on 
hard biofuel and biogas 
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growing little by little, but this technology has not good 
possibilities and high enough potential for growth. 
Therefore presently the total RES-based electricity 
production in Lithuania mainly is growing at the 
expense of rapidly developing power plants running on 
the biofuel and wind energy. 
Every electricity production technology running on 
renewables has its own advantages and shortages. 
HEPP, WT and PVPP do no require any fuel; however 
their power production is not constant, but even 
intermittent and especially it is typical for WT and 
PVPP. However, PVPP has very low operation and 
maintenance costs (close to zero) and solar energy is 
universally available for free as well as wind energy.  
CHP running on biofuel is one of the best of the RES-
based technologies, but they have to reduce the power 
production in summer, because demand of the heat 
energy after the heating season is substantially 
decreased.  
Only coordinated combination of the proper and 
economically most efficient technologies can give the 
best results. Output of the HEPP and WT in 
summertime in average is also decreased but the bulk of 
power shortage in this period can be covered by the 
PVPP. Therefore it is useful to know the properties and 
peculiarities of every RES-based power production 
technology. Four main renewable energy conversion 
technologies used for power production in Lithuania are 
compared by the two indicators of operation efficiency 
according the data of the typical power plants recorded 
in 2012–2013 in Table 3. 
 
Table 3. Comparison of the main renewable energy 
conversion technologies for power production by the 
indicators of operation efficiency (capacity of PP and power 
production data from LITGRID) 
 

No 
RES-based PP 

Installed 
capacity 

Power 
per 
year 

Capacity 
utilization 

factor 

Average 
yearly 

efficiency
Type Name MW GWh/a % kWh/W 

1. HE 
Kaunas 
HEPP 

100,80 324,53 36,7 3,22 

2. WT Benaičiai 34,00 84,94 28,5 2,50 

3. PVPP 
Baltic sun 
energy 

0,99 1,04 12,0 1,05 

4. 
CHP 

Biofuel 
Vilniaus 
energija  

16,80 111,40 75,6 6,63 

 
Capacity utilization factors kcu presented in Table 3 are 
calculated in this way: 
 

 ,
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  (1) 

 
where Ep is the power produced per year, kWh, 

Pin – the installed capacity of power plant, kW, 
Ty – number of hours per year (T = 8766). 

 

Yearly efficiency factors kye are found by dividing the 
power produced per year by the installed capacity: 
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E
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As it is indicated in Table 3, the best factors have CHP 
plants running on biofuel. However, they also have one 
very significant negative feature – a fuel is necessary for 
them together with the concomitant fuel supply 
worriment and significant expenditures. 
Average yearly efficiency factor of the energy 
conversion system 1.05 kWh/W indicated in Table 3 for 
the PVPP “Baltic Sun Energy” is excellent for the 
regions like Lithuania having the annual irradiation in 
horizontal surface around 1000 kWh/m2. Commonly 
this indicator for regions with the mentioned above solar 
energy resources varies about 0.8–0.9 kWh/W. Most 
probably this case can be explained by the brand-new 
solar panels when they have the highest efficiency in the 
first years of exploitation and the leading-edge power 
conversion system used in this power plant. Possibly the 
higher irradiation exceeding the perennial average in 
that year also may be the case. 
Average yearly efficiency factor of the energy 
conversion system can be used as a “thumb rule” for the 
approximate calculations of power possible to produce 
in one or another power plant. 
 
4. Prospects of further development the RES-based 

power production  
 
Analysis of the RES-based power production growth 
peculiarities in Lithuania during the last seven years 
showed that presently five renewable energy sources are 
exploited already but the main sources for electricity 
production are wind energy, biofuel (mainly wood and 
straw) and hydro energy for the meantime. However, as 
it was mentioned above, hydro energy is not promising 
source for further development of green power 
production.  
Biogas energy also has not substantial resources for the 
large contributions into electricity and heat production. 
Solar energy is considered as meanwhile “inefficient” 
by many decision makers in Lithuania. Thus, it is 
considered that major renewable energy sources for 
future power production development in this country 
remain wind energy and biofuel. 
Various existing prognosis of the RES-based power 
production development in Lithuania by types of the 
power plants are more or less similar and confirms the 
described above trends. One of the prognoses worked 
out by the Lithuanian Confederation of Renewable 
Resources (LCRR) and presented in Table 4.  
The targets indicated in this table for power plants 
running on biofuel (BF) 630 MW and biogas (BG) 
100 MW most probably are realizable. However some 
data given in Table 4 can be argued or corrected. For 
example, meanwhile only 500 MW for the onshore 
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wind turbines (WTon) installation is approved for the 
year 2020. 
Another doubtful figure in this table is total capacity of 
the installed PVPP (10 MWp) before the 2020 and 
corresponding solar power production 0.01 TWh per 
year. These targets are already exceeded in 2013 
correspondingly up to 67 MWp and 0.045 TWh. 
Installation of offshore wind turbines (WToff) is 
designed before the year 2030. 
 
Table 4. Prognosis of the RES-based power production future 
development in Lithuania by types of the power plants up to 
the year 2050 (source: M. Nagevičius, Lithuanian 
Confederation of Renewable Resources) 
 

Type of 
PP 

2020 2030 2050 
Pin E Pin E Pin E 

MW TWh MW TWh MW TWh 
BF 630 2.58 680 2.77 800 3.02 
BG 100 0.70 150 1.05 200 1.40 

WTon 1000 2.19 1500 
6.35 

2000
7.45 

WToff 0 0.00 1000 1000
PV 10/67 0.01/0.045 200 0.21 1100 1.35 
HE 141 0.53 152 0.57 152 0.57 

Total from RES 6.01 – 10.95 – 13.79
 
Significant growth of the total installed capacity of 
HEPP is not designed in this table because of the well-
known reasons. Total annual green power production 
6.01 TWh for the year 2020 designed by the LCRR is 
rather bold but most probably it can be consider as 
achievable and doable if we would like to have more 
energetic independence.  
Presumable data of power demand and total RES-based 
power production in Lithuania in the nearest decades are 
presented in Table 5. 
 
Table 5. Presumable data of power demand and total RES-
based power production in Lithuania in the nearest decades 
(source: M. Nagevičius, Lithuanian Confederation of 
Renewable Resources) 
 

Presumable data Units 2020 2030 2050 
Prognosis of power demand TWh 12 13 15.3 
Production of RES-based power TWh 6.01 10.95 13.79
Share of the RES-based power % 50 84.2 90.9 
 
The curves depicting presumable shares of the 
renewable origin power and overall energy production 
in regard of the total power and energy consumption in 
Lithuania in period 2020–2050 are presented in Fig.7 
according to the calculations of the LCRR. Dash line in 
this figure indicates the national target (21 %) for the 
share of RES-based power production and solid line – 
the corresponding integrated average target of European 
Union for the same goal for the year 2020 (33 %). The 
curve depicting development of RES-bases overall 
energy production share (including the heat energy and 
energy consumed in transport sector) is shown in order 
to have a full picture of green energy production 
development in future decades and to have possibility of 

comparison of both processes. Data for the year 2010 
are taken into consideration as the points showing 
results already achieved in Lithuania. 
The curves presented in Fig. 7 show that favourable 
possibilities are designed for the green power and 
energy development in Lithuania for future years. 
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Fig. 7. Presumable shears of the RES-based power and RES-
based overall energy in regard of total power and energy 
consumption in Lithuania in period 2020–2050 
 
The RES-power curve in Fig. 7 shows that sweeping 
growth of power production from renewables is 
anticipated in the coming years up to 2030. If the same 
growth rate could be retained in Lithuania in further 
years, the 100 % limit of power production from green 
sources would be achieved approximately during the 
next twenty years. 
 

5. Results of investigation and discussion 
 

The investigation of the RES-based power production 
during the last years, trends of its development and 
potentials of specific renewable power sources used for 
power production in Lithuania allowed understanding of 
ongoing processes in this area. It is evident that in the 
nearest future superiority of the wind energy and biofuel 
in the green power production sector will increase. 
Growth of other renewable power production 
technologies will not be substantial. One of the main 
reasons for rapid progress of biofuel (mostly wood and 
straw) powered CHP plants installation are extortionate 
prices for natural gas and consequently for heat energy 
used for space heating in buildings. Usage of biofuel in 
the CHP plants allows significant reducing of the space 
heating expenditures for the vast majority of Lithuanian 
people.  
The investigation also allowed concluding that national 
target of green power production for the year 2020 is 
achievable and even more – the target and even a higher 
milestone – the corresponding integrated average target 
of European Union of green electricity production can 
be exceeded two or three years before the 2020 (Fig. 7). 
According to the LCRR, in the year 2020 share of RES-
based power in Lithuania could make up about 50 %. It 
induces a hope that in future years we will come up the 

Lithuanian target

EU target
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leading countries in this area, at least though Papua New 
Guinea, of course, if they will not move ahead too fast. 
We consider that potential of solar power production 
was underestimated in all national scenarios worked out 
during the last years for further green power production 
development in Lithuania. It can be substantiated by 
many arguments. Firstly, solar power is not as 
expensive as it was before few years. Installation of 
PVPP nowadays is evaluated significantly below 
1000 USD/kWp when this index for nuclear power 
plants varies about 5000–6000 USD/kW. Unsubsidized 
costs of solar power generated in large-scale PVPP in 
the US presently vary from 6.4 to 9.9 ct/kWh (for 
comparison wind power from 4.5 ct to 9.5 ct/kWh). 
Utility Austin Energy is going to pay from 4.5 to 
5.0 ct/kWh for solar power. And this is not the last 
milestone on the way of solar power price reduction. 
There are two examples. This year Canadian company 
Morgan Solar is going to start production of innovative 
solar modules, which are two times less expensive (0,35 
ct/W) and two times more efficient. The modules will 
have cheap plastic concentrators of sun rays.  
Company from the US Solar Bank invented innovative 
solar cells where a cheap holographic optic film is used 
for covering of the usual silicon solar cells. The film 
allows to the module’s cells only the most useful band 
of the sunlight wavelengths and therefore overheating of 
solar cells is eliminated. The holographic lenses 
concentrate the useful light wave lengths about 2500 % 
and it allows reducing amounts of silicon necessary for 
manufacturing of the cells by 90 %. Therefore these 
cells are very efficient and inexpensive. These and other 
innovations in this area are leading to the evident 
advantage of this power production technology in 
regard of the old technologies based on fossil fuels. 
Viability and attractiveness of the PV technologies is 
reflected in the business of electricity production – in 
2009–2013 PVPP were among the leading power 
production technologies in EU by the total installed 
capacity per year (first places in 2010, 2011 and 2012). 
Some EU countries like Czech Republic and Belgium, 
which have similar or exactly the same perennial solar 
irradiation per square meter (Belgium), already have 
installed capacity of PVPP correspondingly 2.022 and 
2.649 GW (2012) meanwhile official target of Lithuania 
for the year 2020 is still not updated – only 0.010 GW. 
Taking into consideration mentioned above trends of the 
PV power production technologies development the 
resumed national target for the year 2020 could be set at 
least about 1 GW what allows producing of about one 
TWh of electricity per year. Installation of powerful 
solar parks capacity about 10–25 MW in various 
localities best suitable for integration of the solar parks 
into the Lithuanian power system should be considered 
because powerful PVPPs are about twice more efficient 
economically than rooftop PVPP. As good practice 
examples could be utilities of foreign countries, which 
in many cases are declaring that they “are going green” 
and after this installing powerful utility-scale PVPPs. It 

could be a good business opportunity for country’s 
installing and power producing companies as well. 
 

6. Conclusions 
 
1. Rapid development of power production based on 

renewable energy is observed in the world. Shares of 
electricity production from renewables making up 
from 50 % to 100 % in regard to the total electricity 
production are already achieved in around 50 
countries of the world. 

2. Apart from Latvia, the green power shares in the 
Baltic region countries presently makes up only 
about 11–14 % (in Latvia – 62 %). 

3. Five renewable energy sources presently are used in 
Lithuania for the green electricity production: hydro 
energy, wind energy, solar energy, biofuel and 
biogas. The main of them currently are wind energy, 
biofuel and hydroenergy. 

4. In the nearest future superiority of wind energy and 
biofuel in the green power production area will 
increase. One of the main reasons for rapid progress 
of biofuel powered CHP plants installation are 
extortionate prices for natural gas and consequently 
for heat energy used for space heating in buildings. 

5. According to scenario of the Lithuanian 
Confederation of Renewable Resources, a sweeping 
growth of power production from renewables is 
anticipated in the coming years up to 2030. In this 
case the national target for the share of RES-based 
power production (21 %)  in regard of the total 
power consumption and even the higher 
corresponding target of EU (33 %) Lithuania could 
exceed before the 2020. According to this scenario, 
in 2020 can be achieved the green power share 50 
%. If the same growth rate in Lithuania could be 
retained in further years, the 100 % limit of power 
production from green sources is achievable 
approximately during the next twenty years. 

6. Potential of solar power production is 
underestimated in all national scenarios worked out 
during the last years for further green power 
production development in Lithuania. 

7. Updated target for total installed capacity of PVPP 
for the year 2020 could be set at least about 1 GW 
what allows producing of about one TWh of 
electricity per year. 
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Abstract: In this paper the authors present a simple 
solution for recovery of braking energy in tram systems. 
The proposed solution is stationary supercapacitor (SC) 
energy storage system (ESS) where ESS consists only 
of series connected SC cells without DC/DC power 
interface converter. For the evaluation of the proposed 
solution a detailed simulation model is developed and 
experimentally measured tram power diagrams are used 
as input data. Simulations for twenty-four hours long 
tram system operation are performed to assess the 
energy consumption with and without supercapacitors. 

 
Keywords: supercapacitors, stationary energy storage, 
regenerative braking 

 
1. Introduction 

 
Modern trams and trolleybuses have a capability of 
braking energy recuperation back to the overhead 
feeding lines. Since commonly traction substations are 
not equipped with reversible rectifiers, the regenerated 
energy can not be returned to AC grid. In the cases 
when there are no other consumers within the same 
substation feeding zone, the energy is dissipated in 
brake resistors. 
Several solutions exist for recovery of braking energy: 
1) bidirectional substations [1-4]; 2) interconnection of 
sections of adjacent traction substations [5]; 3) onboard 
ESS [4,6-10]; 4) stationary ESS [11-13].  
In this work a stationary ESS is considered that is 
installed in substation and supercapacitors are chosen as 
energy storage technology. In comparison to most ESS, 
the proposed solution does not contain power interface 
converter. Instead SC battery is directly connected in 
parallel to traction substation rectifier output. The main 
advantage of such an approach is extreme simplicity, 
hence almost no development cost. As another 
advantage higher efficiency due to lack of losses in 
power converter can be mentioned. However, the 
disadvantages should be also mentioned, e.g., 
unconformity to EN:50163, which determines supply 
voltages of traction systems, inability to limit SC 

current to defined level and no option to implement 
different power management strategies (substation peak 
power shaving, proportional power discharge, etc.). 
In this work the emphasis is on the energy consumption 
reduction from traction substation with different SC 
battery capacitance, but no technical issues like SC 
battery pre-charge, over-current or short-circuit 
protection, discharge during nights, temperature and SC 
cell overvoltage protection are not considered. 

 
2. Power supply system  

 
2.1. Radial feeding topology 

 
Fig. 1 shows radial power supply infrastructure for 
public electric transport system. The main elements are: 
traction substation, which converts 10kV AC voltage 
into 600V DC voltage, feeding and return cables, rails 
and overhead contact lines.  
 

 
 

Fig. 1. Radial feeding topology of tram system 
 
Electric isolators in overhead contact lines divide 
substation feeding area into sections, thus electric faults 
can be localized. To increase the power transfer 
capability of feeding system, in areas where traffic is 
organized in both directions, overhead contact lines and 
rails are connected with potential equalizers.   
The described public electric transport feeding system is 
implemented in many Eastern Europe cities including 
Riga. 
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2.2. Equivalent electrical model 

 
Electric transport system modeling requires equivalent 
model of power supply network. Knowing the length 
and type of feeding and return cables and coordinates of 
their connection points, length and type of overhead 
contact line sections, rail resistance and coordinates of 
potential equalizers allows us to design precise model of 
power supply network. However such a model would 
be complicated for simulation as it is contains many 
resistances that vary over time. Therefore, a simplified 
equivalent model is derived in 5 following steps. 
1) An equivalent circuit is made as shown in Fig.2.  
 

 
 

Fig. 2. Equivalent model of tram feeding system 
 

Overhead contact lines of each section branch are 
substituted by equivalent resistances Rcl while resistors 
Rr are substituted for rails matching the length of 
corresponding section branch. Equivalent resistances of 
feeding and return cables are modeled by resistors Rfc 
and Rrc respectively. 
2) Calculation of equivalent resistance values is 
performed. The values of feeding and return cables are 
obtained by multiplying the length of the cable by its 
resistance.  
To simplify the circuit and the calculation of equivalent 
contact line resistances the assumption that potential 
equalizers are placed at every end of the section branch 
is made. This allows the overhead contact lines to be 
considered as two parallel resistances. Thus the values 
of equivalent contact line resistors are calculated by: 
 
 Rl=2X ρ;  (1) 

 
where X – the length of the section branch (km); 

ρ – contact line wire specific resistance 
(mΩ/km). 

The value of equivalent rail resistance is calculated by 
multiplying the length of the section branch (X) by the 

resistance of two or four parallel rails (number of 
parallel rails depends on traffic organization).  
3) One of the ways how the values of equivalent 
resistance between nodes 1-1’, 2-2’, etc. can be 
determined is by using any of the electric circuit 
simulation software (PSim, Simulink, PSpice, etc.).  
The voltage source in the Fig. 2 is replaced with current 
source and voltmeter is connected to “+” wire. By 
making the short circuit between nodes 1-1’, 2-2’, etc. 
and setting current source to value of 1000A the 
equivalent resistance expressed in mΩ can be red 
directly from voltmeter.  
4) The simplified network model is made with all the 
resistances in the “+” wire as it is shown in Fig.3.  
 

 
 

Fig. 3. Tram feeding infrastructure equivalent model with 
resistances in “+” wire 
 
5) The values of simplified equivalent circuit feeding 
cable (Rfc_eqv) and contact line resistors (Rc1_eqv) are 
calculated as: 
 
 Rfc1_eqv=R(2-2’), (2) 
 Rfc2_eqv=R(5-5’), (3) 
 Rfc3_eqv=R(8-8’), (4) 
 Rc11_eqv=R(1-1’) – R(2-2’), (5) 
 Rc12_eqv=R(3-3’) – R(2-2’), (6) 
 -------------------------------- 
 Rc15_eqv=R(8-8’) – R(7-7’). (7) 

 
3. Simulation of tram system 

 
3.1. Simulation data 
 
A public electric transport system simulation model is 
exemplified with the feeding zone of Riga 8th traction 
substation. A part of this model is depicted in Fig. 4. It 
includes traction substation, trams, and simplified 
equivalent network model. Blocks VDC and VD1 
represent unidirectional 600V DC feeding substation 
while resistors R1..R4 are equivalent resistances of 
feeding cables. 

 

 
 

Fig. 4. Partial Simulink model of Riga 8th traction substation feeding area with trams 
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To connect supercapacitors in parallel with substation, 
320 SCs are connected in series, thus maximum 
possible voltage per cell is kept under 2.5 V, which 
ensures long life for SCs. SC battery is modeled with 
capacitor C_SC and equivalent series resistance R_SC. 
Calculation of C_SC capacitance and R_SC resistance 
values is based on the data of commercially available 
Maxwell BCAP300 supercapacitor datasheet. 
The length of the feeding section and traffic intensity 
allows to evaluate the maximum number of trams 
simultaneously running in one section branch. This 
number in turn determines the number of variable 
resistance and tram models for simulation of the 
equivalent section branch.  For the case of the feeding 
zone of 8th substation the length of section branches 
and traffic intensity allows the equivalent resistance of 
every section branch to be modeled with only two 
variable resistances and trams. 
Electrical resistance of overhead feeding lines and rails 
vary according to tram location on route. The closer a 
tram is to the point where feeding cable is connected to 
the overhead line the lower is the resistance. 
Since Simulink has no built-in model for variable 
resistance, it was realized as 8 bit binary resistance bank 
as it is shown in Fig. 5. 
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Fig. 5. Variable resistance simulation model 
 
Quantization of equivalent overhead line and rail 
resistance with 255 steps gives the resolution of 
0.3196mΩ (3.37m) for the longest section branch which 
is assumed to give negligible quantization error. 
Trams are modeled by subsystems 
sect1_Tr1...sect4_Tr4. The tram model is realized as 
controlled current source driven by bidirectional 
reference signal as shown if Fig. 6.  
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Fig. 6. Variable resistance simulation model 
 
The reference signal is calculated by: 
 
 Iin=Pin/Vin; (8) 
 
where Pin – tram input power (W); 

Vin – tram input voltage (V). 
Positive values of this signal correspond to the running 
mode of a tram, and the negative – to its braking mode. 
Saturation block Sat limits the value of Iin from -1000A 
to 1000A. 
The braking chopper and rheostats of the tram are 
modeled with a 780V voltage source VDC and diode 
VD1. 

 
3.2. Simulation input data 

 
In this research experimentally measured tram power 
and movement diagrams were used to achieve more 
realistic results. Since it was planned to carry out 
simulations only for the feeding area of 8th traction 
substation, logged power and movement diagrams were 
processed in a way that only data recorded within 
corresponding substation feeding area are taken into 
account. Thus 16 different driving scenarios of tram 
movement in both directions were obtained. One of the 
power diagrams is shown in Fig.7.  
As the variable resistance model of contact lines 
requires resistance value as input data, corresponding 
contact line resistance vector for each power diagram 
was pre-calculated in Matlab. 
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Fig. 7. Tram Tatra T3A power diagram 
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According to official tram movement schedule tram 
power diagrams with matching contact line resistance 
vectors were randomly chosen for each tram that enters 
8th substation feeding area. As the result input data 
vectors for each tram and variable resistance model was 
prepared, which allowed simulation of one day tram 
movement in 8th substation feeding sections. 

 
3.3. Simulation results 

 
To examine the efficiency of introduction of SCs into 
tram system at first the energy consumption from 
substation was determined by running the simulation 
without supercapacitors. Simulation results showed that 
the total consumed energy from substation was 
3617kWh. 
By setting the value of C_SC=9.38F and 
R_SC=0.093Ω, operation of tram system equipped with 
one SC battery (320 SC cells) was simulated with the 
same input data. The total consumed energy from 
substation decreased to 3401 kW. 
The same simulations were carried out with two and 
three SC batteries. Energy consumption decreased to 
3326 kWh and 3303 kWh respectively. 

 
4. Conclusions and future work 

 
Since the connection of one, two and three SC batteries 
in parallel with the substation allows reduction of 
energy consumption by 6%, 8 % and 8.7 % 
respectively, it can be concluded that connection of 
more than two SC leaves very little effort on energy 
consumption.  
As the voltage per SC cell in the proposed solution can 
change only between 1.88V (600V line voltage) and 
2.44V (780V line voltage), the energy capacity of ESS 
is not fully utilized.  
Technical issues related to this braking energy recovery 
method require further investigation. 
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Abstract: The paper presents the minimization concept 
of the capital costs of the power line design by 
optimizing the main parameters of a transmission line as 
well as possibility of use of new advanced technologies 
such as High Temperature Low Sag conductors and 
monitoring systems. The evaluation process of a 
concept is presented in three stages and takes into 
account the impact of the important factors such as 
thermal, mechanical and environmental limitations. The 
main interest in this paper is focused on the detection of 
a problem of an electrical field, which may not satisfy to 
the required level, thus being as a problem in the 
transmission network “bottlenecks”. Moreover the 
proposed practical method hands an efficient solution of 
the presenting problem allowing the customer to choose 
the best alternative of a power line design. The obtained 
results are analyzed and discussed in a paper.            
 
Keywords: Design engineering, electromagnetic fields, 
transmission lines. 

 
1. Introduction 

 
The implementation of the new electrical connections, 
the significant impact of renewable power resources, the 
liberalization of the energy market and the construction 
of nuclear power plants will result in a significant 
increase in the transit power flow loading of the Baltic 
transmission networks [1-3]. In this way, on the one 
hand, it is necessary to develop, implement and apply at 
the existing power transmission networks new 
technologies according to the Smart Grid integration 
[4], for example, here the interest is in High 
Temperature Low-Sag (HTLS) conductors. On the other 
hand, one of the possible solutions of the posed problem 
is related to a new overhead line building, which 
entwined with several technical, environmental and 
economic problems [5].  
This study deals with the concept of an evaluation of 
power line parameters optimization, which includes two 
main cases based on the condition that it is necessary to 
provide maximum load current of the power line. 

Firstly, the new line designing takes into account all 
restrictions with the assumption that there is a 
maximum load peak under specific weather cases and 
the capital costs in this case are significant. Secondly, 
the probability of an emergency of such condition, 
when the weather condition will be appropriate at the 
same time with the load peak – the worst case, has 
definitely small probability, thus, in this case the use of 
new technology such as overhead line monitoring 
systems can be the effective solution for realization 
project of a transmission line. Here the main interest is 
in the electromagnetic field impact, which was defined 
as the main restriction in this case study. 
Since there is a problem – the electric field may not 
satisfy the standard conditions, the purpose of detecting 
the proper practical choice of an optimal alternative for 
solving the occurred problem was presented. The 
proposed approach is based on a model of a real project, 
which is developing up to date. To achieve a set target 
the use of HTLS conductors was satisfied [6].  
The proposed method of replacing the traditional type 
conductors with the HTLS conductors gives not only 
profitability, but also increase of the operational 
efficiency and reliability of the grid as well as 
throughput capacity by that enlarging the investments in 
the transmission network and extending the market-
based relationships with the other European countries.   

 
2. Factors limiting the capacity of a power line 

 
There are different limiting conditions, which impact 
the capacity of an overhead line:  
a) Thermal limitation – in general, it is a permissible 
conductor temperature, which is defined by physical 
characteristics of a conductor type such as a conductor 
diameter, area, weight, strength; thermal elongation; 
electrical resistance; solar absorption coefficient; 
temperature coefficient of resistance as well as the 
ambient air temperature, local wind speed and direction, 
conductor configuration and geometry [7].    
 b) Mechanical limitation – in this case, it is conductor 
sag; clearing distance to the ground as well as to the 
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crossed objects like crossing roads, waterways, 
railways, other (low-voltage, middle voltage, high 
voltage) power lines or telecommunication lines, 
buildings.   
c) Environmental limitation – mainly it is the electrical 
and magnetic fields, which depend on a line voltage, 
height of conductors above ground, height above 
ground at the point of field measurement, configuration 
of conductors.           
Therefore, designing the transmission lines it is 
necessary take into account all mentioned-above 
restricting limits for choosing an optimal variant with 
less investments.    
Let’s describe each of these restrictions in a detail. 

 
2.1. Thermal limitation 

 
As is known, the conductor must carry the adjusted 
capacity without worsening the mechanical and 
electrical parameters, in this way the well-known heat 
balance concept was adopted for estimating the 
permissible conductor temperature as well as the 
allowable load current [8]. In general, the following 
expression of calculation of a load current capacity was 
used: 

 

 ,
( )

1s c

t

rt Q
I

R
      

where λs is the coefficient of heat exchange by way of 
radiation, λc is the coefficient of heat exchange by way 
of convection, ∆t is the temperature rise, Rt is the 
resistance of the conductor at temperature t and I is the 
current rating of the temperature rise (∆t), Qr is 
conductor absorption power of solar radiation [9].  
The thermal capacity limit relates not only to a 
conductor temperature, but at the same time to sag of a 
conductor, thus it is often a main objective especially 
for circuits that are heavily loaded.   
Therefore, when the allowable conductor temperature 
and load current of the examined conductor types are 
determined, the next step is to calculate conductor sag, 
clearing distance to the ground or to the crossed objects. 

 
2.2. Mechanical limitation 

 
Basically, conductor sag is determined by two following 
equations [10]: 
a) conductor sag at a middle of a span: 
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b) conductor sag at a specific point of a span: 
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where Lc is a calculated span; γc is a calculated specific 
conductor tension corresponding to a calculation 
regime; σc is a calculated mechanical tension 
corresponding to calculated specific conductor tension 
and x is a specific point of a span in which sag must be 
estimated. 

Thereby, when conductor sag is detected, the clearing 
distance to the ground or to the crossed objects, which 
is a function of terrain, conductor support geometry and 
sag, can be founded. 
Then, knowing the thermal and mechanical limits of a 
power line, the impact of the environmental limitation 
can be discussed.  

 
2.3. Environmental limitation 

 
Not less important limitation is an electromagnetic field 
(EMF). The electromagnetic field is that part of space 
which contains and surrounds bodies in electric or 
magnetic conditions [11].   
Planning the high-voltage AC lines, the electric field 
quantity around the power lines has to be examined to 
avoid EMF problems, especially in installations, where 
the electric field should be limited by the safety 
“clearing” distances with respect to the conductors [12]. 
As is known, electric field of the transmission line is 
created by differences in voltage: the higher the voltage, 
the stronger will be the resultant field [13]. Besides, an 
electric field will exist even when there is no current 
flowing. 
The effective value of the electric field (E0) began of 
corona discharge on the surface of a conductor and it is 
given by such expression [14]: 
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where m is a non-smooth factor of a conductor 
(m=0.84); δ is air density (accepted δ=1) and rc is a 
conductor diameter.   
Furthermore, corona is a problem on power lines 
because it can destroy conductor insulation and crack 
porcelain insulators. In high voltage power engineering, 
it is important to design the power transmission towers 
to prevent corona under all circumstances (rain, snow, 
fog) [15]. 
In turn, magnetic field is created when electric current 
flows: the greater the current, the stronger the magnetic 
field. If current does flow, the strength of the magnetic 
field will vary with power consumption, but the electric 
field strength will be constant [13]. 
The non-manufacturing allowable limiting levels for 
different cods and countries are presented in Table 1. 

Table 1. The non-manufacturing allowable limiting levels of 
electric and magnetic fields 

 

Code /  
Country 

Parameters 
Electric 

field 
strength 

(E), 
kV/m 

Magnetic field  
Magnetic flux 

density (B), 
μT 

Magnetic field 
strength (H), 

A/m 

ICNIRP 5 100 80 
CENELEC 7 400 320 
USA 2 15 12 
UK 2.6 175 140 
Italia 5 0.3 a 0.24 a 

a. at the housing from re-created overhead lines and cables.  
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Therefore, when the theoretical backgrounds of the load 
current as well as electromagnetic field determination 
techniques were adopted, the selected transmission line 
model can be presented. 

 
3. Power line model 

 
As an example of power line capital costs minimization, 
a 330 kV high voltage overhead power line was 
selected. For comparison purposes of economic 
efficiency, the simulation task was based on the climatic 
conditions of an existing high voltage transmission line 
route of the Latvian transmission network, the length of 
which was conditionally assumed as 100 km. The 
climatic conditions in the line route area are assumed as 
follows: 
 Wind pressure: 650 Pa; 
 Ice thickness: 10 mm; 
 Minimum temperature: –35°С; 
 Maximum temperature: +35°С; 
 Average operating temperature: +5°С [16]. 

Note that designing the transmission line; it is necessary 
to know the informative data about line parameters: the 
line length, line support types, insulator types, line 
mounting costs and many others [17]. 
To solve this problem, the modern integrated software 
designed for automated design of overhead power lines 
can be used. This will greatly speed up the process of 
selecting the optimum power line design alternatives 
and provide the most accurate and cost-effective 
solution. 
Since the line model is selected, the received results of 
each limiting factor can be presented. 

 
4. Obtained results of the main factors, which 

impact the capacity of a transmission line 
 

4.1. Allowable conductor temperature and load 
current determination 

 
The described line model was based on a load case of 
1000 A, which characterizes the development of the 
region. In order to provide the adjusted throughput 
capacity of a line, the allowable conductor temperature 
and load current were calculated. In general, to achieve 
the necessary throughput capacity depending on the 
voltage level of the overhead line, it is necessary to 
determine the long-term load current of the phase of 
each conductor type, taking into account conductor 
heating by the electrical current. To obtain a set target, 
the special allowable conductor temperature and load 
current determination algorithms were implemented 
according to the theoretical background of a second part 
of a paper.   
Since a thermal limitation is specified, the next step is 
describing the mechanical limitation. 

 
4.2. Clearances determination 

 
The special program “SAPR LEP 2011” was used for 
systematic calculation of the examined conductors as 
well as for the placement of supports on an actual 

profile of the designing line model, which was based on 
the laser scanning data of a terrain [18].  
Generally, when a profile is designed and supports are 
placed on a profile, connecting the systematic 
calculation of the particular conductor (depends on the 
climate conditions of the selected area); the software 
automatically calculates sag – “clearances” to the 
ground or to the crossed objects.  
In this way, the “clearances” to the ground and to the 
crossed objects were estimated within the limits of the 
requirements of a project along the power line. 
Outlining the technical requirements, the simulation 
results of an impact of the electromagnetic field on a 
line model can be evaluated. 

 
4.3. Electromagnetic field determination 

 
The intermediate support of a line 330/110 kV was 
chosen as a basic support for the calculation of the 
electromagnetic fields. The location of the phases of an 
examined line on a support is presented in Fig. 1, where 
A1, B1, C1 – the phases of a 110 kV circuit; A2, B2, 
C2 – the phases of a 330 kV circuit; T1 and T2 – the 
ground wires. In this case only 330 kV circuit of a 
power line was considered. 

 

 
 

Fig. 1. Scheme of a power line 330/110 kV with the locaion of 
the phases of both circuits top to bottom: А, В, С 

 
The “clearances” to the ground for a lower phase of 110 
kV conductors is adopted as 10 m, but for a lower phase 
of 330 kV conductors – 8 m.     
All calculations of the strengths of electric and magnetic 
fields are carried out under the software 
"Electromagnetic parameters of the overhead 
transmission lines" [19]. 
The computation results are presented in a graphic 
form.  
Fig. 2 shows the distribution curves of strength of the 
electric field (Emax) at Y=1.8 m above ground in cross-
section of 330/110 kV line for minimum “clearances” of 
330/110 kV conductors: 8/10 m, 9/11 m, 9.5/11.5 m, 
10/12 m, 11/13 m, 12/14 m and for the values of linear 
voltage circuits of U1 = 110 kV and U2 = 330 kV.   
With minimum “clearances” of 8/10 m of 330/110 kV 
circuits, the electric field value Emax reaches 8.8 kV/m. 
In this case the value of the Emax is less than 7 kV/m 
with minimum “clearances” of 330/110 kV circuits 
equal to 9.5/11.5 m (see Fig. 2). However, with an 
acceptable increase in the line voltage by 10%, when 
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the circuit voltage will be 363/121 kV, the electric field 
value Emax for minimum “clearing distances” 9.5/11.5 m 
will increase to 7.5 kV/m, and for 10/12m becomes 
equal to 7.0 kV/m (see Fig. 3). 

 

 
Fig. 2. The electric field distribution (Emax) at Y = 1.8 m 
above ground in cross-section of  330/110 kV line for 
minimum “clearances” of the 330/110 kV conductors: 8/10 m, 
9/11 m, 9.5/11.5 m, 10/12 m, 11/13 m and 12/14 m 

 
Thus, when there is an acceptable 10% of overvoltage 
the condition Emax ≤ 7 kV/m (CENELEC) [20] is 
achieved with minimum “clearing distances” 10/12 m, 
and the condition Emax ≤ 5 kV/m (ICNIRP) [21] – with 
minimum “clearances” 12.5/14.5 m (see Fig. 3). 

 

 
Fig. 3. The electric field distribution (Emax) at Y = 1.8 m 
above ground in cross-section of  363/121 kV line for 
minimum “clearances”: 9.5/11 m, 10/12 m, 12/14 m and 
12.5/14.5 m 
 
Fig. 4 presents the distribution of strength of the 
magnetic field (Hmax) at Y=1.8 m above ground at 
magnitudes of the phase currents of 2000 A of 330 kV 
circuit and 1200 A of 110 kV circuit for minimum 
“clearances” of 330/110 kV circuits: 8/10 m, 9/11 m, 
10/12 m, 11/13 m and 12/14 m. 
The greatest value of strength of the magnetic field 
(Hmax) even at minimum “clearances” 8/10 m is 36.8 
A/m (46μT), which is less than 320 A/m (CENELEC) 
and 80 A/m (ICNIRP). The magnetic flux density (Bmax) 
is less than 400 μT (CENELEC) and 100 μT (ICNIRP).  
Summing up calculation results of EMF, it can be 
concluded that the strength and flux density of magnetic 
field fully satisfy the required standards, but, 

unfortunately, the strength of electric field does not 
provide necessary requirements. 

 
Fig. 4. The magnetic field distribution (Hmax) at Y = 1.8 m 
above ground in cross-section of  a line at magnitudes of the 
phase currents of 2000 A of 330 kV circuit and 1200 A of 110 
kV circuit for minimum “clearing distances” of 330/110 kV 
circuits: 8/10 m, 9/11 m, 10/12 m, 11/13 m and 12/14 m 

 
Thus, the environmental limitation, which is being one 
of the most important conditions of designing the 
transmission line, does not satisfy to necessary 
normative. To solve the posed problem, the optimal 
solution was proposed. 

 
5. A case study 

 
The adequate calculation of capital costs requires a 
sufficiently complete possession of the whole database 
of conductors, towers and line fittings. In view of the 
above, this paper presents the approach, which consists 
of three stages and is described below: 
1. An evaluation of the capital costs for the power 

line by using a comprehensive software solution 
(for example, “SAPR LEP 2011” [18]) for a 
number of the selected conductor types and cross-
sections taking into account all main restrictions of 
the high voltage overhead line design; 

2. Using the data on capital costs and the total annual 
construction and operation costs of the 
transmission lines, the Net Present Value (NPV) 
calculations were done depending on the 
previously adjusted and selected competitive 
alternatives; 

3. Selection of the best alternative of transmission 
line design with the minimum total capital costs 
and maximum NPV. 

 
5.1. The first stage 

 
Firstly, the following is selected: the conductor type, the 
cross-sections of conductors, the number of conductors 
per phase and the number of circuits in the line (to 
provide the necessary throughput capacity of the power 
line); the suspension tower type (as a mass tower) and 
its heights; the suspension insulator type, the optical 
ground wire type.  
Secondly, the possible variant of the conductor types of 
different cross-sections and the 11S suspension tower of 
the existing heights was formulated. 
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Finally, knowing the examined variants, it was 
necessary to find the total number of towers for a 
particular line length of 100 km (placement of supports 
on a profile), which can be done by using a special 
program “SAPR LEP 2011” [18], which allows to 
perform calculations of the allowable wind, weight and 
clearance spans. As a result, the total capital costs of a 
power line design are presented in Table 2. 
 
Table 2. The 330 kV line capital costs, in the case, when the 
prices of the HTLS conductors are equal to that of ACSR 

 

Alter-
native 

No. 

Conductor 
type and 

name 

The line 
capital 

costs CC, 
€/km 

The total annual 
construction and 
operation costs, 

€/km 
A1 ACCR - Ibis 314198 90723 
A2 ACCR - Dove 315416 71418 
A3 ACCR - Drake 323755 61656 
A4 ACCR -  

1033 -T13 
355289 60660 

A5 ACCR - 
Pheasant 

388406 61279 

A6 ACCC - Linnet 337113 90281 
A7 ACCC - Hawk 335379 71974 
A8 ACCC - 

Grosbeak 
347067 63003 

A9 ACCC - Drake_ 350981 58896 
A10 ACCC - Vienna 427552 66242 
A11 ACSR - 

2xAS-205/27 
414379 80458 

A12 ACSR - 
2xAS-300/39 

426685 68436 

A13 ACSR - 
2xAS-400/22 

482088 71418 

A14 ACSR - 
1xAS-550/71 

374639 63242 

A15 ACSR - 
1xAS-650/79 

409222 64125 

 
5.2. The second and the third stage 
 
A number of the competitive variants (the conductor 
types and cross-sections as well as tower heights) were 
selected based on the transmission line design practice. 
In this way Fig. 5 presents the optimum solution results 
of two-objective optimization by implementing Pareto 
approach [22], where CC (€/km) is the capital costs and 
E (kV/m) is the strength of the electrical field. As a 
result, the following competitive alternatives were 
selected: A1, A2, A3, A6 and A7.  
The resulting values of the optimization criteria are 
summarized in Table 3 (for further consideration only 
competitive alternatives are left generally based on the 
capital costs). Analysis of the table reveals the 
following: 
1. At the use of the “classical” problem – namely, NPV 

maximization complying with all the restrictions – 
alternative A3 should be chosen. The final decision 
will be taken using one of the criteria from [9]. 

2. If violation of the restriction is allowed, alternative 
A2 should be chosen. 

The presented method shows that the final decision-
making depends on the desire of a customer and 
necessary technical requirements. On the one hand in 
some cases the environmental constraint, in this case the 

strength of the electric field, can be violated, if such 
decision gives the most cost effective solution, for 
example, as in [23]. Of course, to satisfy the relevant 
legislative conditions for the electric field, permanent 
monitoring and operating of a power line is needed. 
Moreover it also means that new technology such as 
monitoring system of a line as well as the use of HTLS 
conductors is the step forward to the integration and 
realization of Smart grid. On the other hand, the 
customer can spend more investments on the project 
realization, for example in this case choosing the 
alternative A3, thus providing all necessary technical 
requirements and getting the profitable solution. As a 
result the presented method gives such opportunity to a 
customer. Besides, the probability of occurrence of the 
selected alternative must be taken into account. 
 

 
Fig. 5. The diagram of a Pareto set for the selected 
alternatives 
 
Table 3. Expected NPV and restriction indices Ei 

 

Alternative 
No. 

Parameters Notes 
NPVi||Ei  

A1 77325 7.2 ACCR 
A2 211697 7.1 ACCR 
A3 271922 6.8 ACCR 

  
6. Conclusions 

 
1. The latest tendencies in the development of power 
systems – deregulation of the electricity market, 
introduction of new technologies and increase in the 
distributed and renewable generation – considerably 
affect the process of transmission network planning. 
2. In view of the fact that there are thermal, mechanical 
and environmental limitations in construction of 
building of new transmission lines, the analysis of these 
main limitations was represented based on the model of 
a real line project. The results show that there is a 
problem relates to an environmental limitation – the 
electrical field requirements may not satisfy the 
normative values. Therefore, the proposed technical 
solution solves the existing problem.  
3. Utilization of multi-criteria optimization partially 
based on the stochastic approach ensures the possibility 
to consider even the alternatives with restriction 
violations; after some additional measures taken, these 
alternatives can be the most cost-effective solution. 
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4. The implementation of HTLS conductors replacing 
the traditional type conductors may offer several 
technical advantages, for example, high throughput 
capacity of a line, improvement of network reliability. 
Thus being a good alternative to achieve the necessary 
conditions of the electric field at lower cost. 
5. Application of the presented approach provides good 
opportunities for integrating and realizing the Smart 
grid as well as confirms the technical and economic 
efficiency of this practical method. 
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Abstract: Drying technologies are usually based on 
heating of dried product and (or) ventilating. Modern 
drying technologies involve the use of corona field 
together with heating and ventilating or without it. 
Results of drying of powdery building materials by use 
the direct current corona field are discussed in the 
paper. Electrode system “a set of parallel corona wires 
above the earthed plane electrode” is used. Results of 
optimization of current-voltage characteristic by 
varying of the system parameters are given. 
Effectiveness of corona field drying increases with the 
growth of breakstone fraction dimensions. 
 
Keywords: corona current, corona field strength, rate of 
evaporation. 

 
1. Introduction 

 
Material drying technique using the corona field enables 
to improve the drying quality and to reduce energy 
consumption. Results of experimental investigation of 
an influence of corona field on the rate of mass 
exchange in drying processes are being presented 
a1most for ten years. Moisture removal rate from paper 
towels caused by the action of corona field was 
increased by 9 times [1]. Amount of evaporated water 
was increased by 4 times due to the action of negative 
corona field [2]. The rate of water evaporation was 
enhanced threefold under the complex action of the 
electrical field of corona discharge and the ion 
movement induced EHD field [3]. Experimental results 
of clay panel drying rate enhancing in direct current 
corona field were discussed in [4]. Using the direct 
corona field for clay panel drying process increased the 
rate of 100 % moisture evaporation by 3.2 times in 
comparison with natural drying process in the air. 
Energy consumption of 100 % drying was 1.5 kWh to 1 
m2 of clay panel area, the thickness of panel being 1 cm. 
Wheat grain drying rate was increased threefold by 
using corona field in comparison to free convection 
conditions [5]. Corona field in electrode system “a set 
of parallel corona wires above the earthed plane 
electrode” is often used for material drying purposes. 

Results of electrostatic field computer modeling in the 
mentioned electrode system were given in [6]. 
Conditions of the field continuity on the surface of the 
plane electrode were established there. We discuss the 
results of current-voltage characteristic optimization of 
the electrode system used for drying, alike the results of 
dolomite breakstone drying in the corona field. 
 

2. Current-voltage characteristic of the electrode 
system 

 
The scheme of the electrode system “a set of parallel 
corona wires above the earthed plane electrode” used 
for material drying is given in Fig. 1. 
 

x

y

h

d r0

0

 
Fig. 1. Scheme of the electrode system 
 

We use the current-voltage characteristic derived from 
the analysis of the field in the electrode system given in 
Fig. 1 [7]. Analysis of the field was performed by using 
the Deutsch assumption claiming that vector of corona 
field E2 is of the same direction as electrostatic field 
strength vector E1 and differs from it by the multiplier 
 : 
 12 EE  ; (1) 

 
where   is a scalar function of coordinates. Values of 
linear density of discharge current corresponding to 
given values of voltage can be find from equation [3]: 
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where b is the ion mobility, 41022  ,b m2/(V·s) for 

negative discharge, and 41091  ,b m2/(V·s) for 
positive discharge, ion mobility in this research is 
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Geometrical quantities r0, h and d are given in Fig. 1. 
Initial field strength E0 in (1) and (4) is determined from 
Peeks formula [8]: 
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where r0 – radius of the wire, cm, δ – relative density of 
the air: 
 

 .
Tp

pT

0

0  (6) 

 

Signification of (6): p0 is an atmospheric pressure of the 
standard air conditions, p0 = 101,3 kPa, T0 is 
thermodynamical air temperature of the standard air 
conditions, T0 =293 K, p and T are an air pressure and 
temperature of given air conditions. If air conditions are 
standard then δ = 1. 
 
3. Optimization of the current-voltage characteristic 
 
We use the DC adjustable voltage source. Maximum 
values of the source voltage and current are the 
following: U = 15 kV, I = 1,5 mA. Currents and 
voltages of the electrode system characteristic should 
not exceed these values. Parameters which determine 
the position of current dependence on voltage graph are 
radius of corona wire r0, wire spacing d and wire 
suspension height h. Computed values of linear corona 
current density dependence on the voltage given 
graphically are presented below. Continuous lines of all 
graphs correspond to negative corona, and the lines 
indicated by the sign + denote the positive corona 
current values. Negative corona current values exceed 
the positive ones due to major negative ion mobility. 
Dependences of current-voltage characteristic on the 
wire spacing at the values of height h=5 mm, h=10 mm 
and h=15 mm are given in Fig. 2, Fig. 3 and Fig. 4. 
Corona current values essentially decrease at increasing 
height values. On the other hand current values increase  

 
Fig. 2. Dependence of current-voltage characteristic on the 
wire spacing at r0=25 μm, h=5 mm 
 

 
Fig. 3. Dependence of current-voltage characteristic on the 
wire spacing at r0=25 μm, h=10 mm 
 

 
Fig. 4. Dependence of current-voltage characteristic on the 
wire spacing at r0=25 μm, h=15 mm 
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at increasing values of spacing. All given graphs 
correspond to the constant value r0=25 μm. 
Dependences of current-voltage characteristic on the 
wires suspension height at the values of spacing d=10 
mm and d=15 mm are given in Fig. 5 and Fig. 6. 
Current values increase almost proportional to the 
increasing of d: increase of the spacing from 10 mm to 
15 mm causes the increment of linear current density 
from 60 μA/m to 100 μA/m (at U  8000 V and 
negative polarity of the discharge). The dependence of 
characteristics on the wires suspension height is very 
strong. For example, an increase of h from 5 mm to 10 
mm decreases the linear current density from 107 μA/m 
to 10 μA/m at U  
= 8000 V and negative mode of the discharge. 

 
Fig. 5. Dependence of current-voltage characteristic on the 
wire suspension height at r0=25 μm, d=10 mm 
 

 
Fig. 6. Dependence of current-voltage characteristic on the 
wire suspension height at r0=25 μm, d=15 mm 
 
Dependences of current-voltage characteristic on the 
wire radius r0 at d  10 mm and d  15 mm are shown 

in Fig. 7 and Fig. 8 accordingly. Wire suspension height 
h10 mm is constant in both figures. Increasing of wire 
radius r0 causes the certain decrease of linear current 
density values, but at d  15 mm this decrease is 
observable for higher values of current as in Fig. 6.  

 
Fig. 7. Dependence of current-voltage characteristic on the 
wire radius at d=10 mm, h=10 mm 

 
Fig. 8. Dependence of current-voltage characteristic on the 
wire radius at d=15 mm, h=10 mm 
 
Dependence of linear current density on the wire radius 
is given in Fig. 9 at d=10 mm, h=10 mm and two values 
of voltage, i.e. 8 kV and 10 kV. Increase of wire radius 
causes the linear decrease of current. Negative 
discharge current value rises more than twofold for 
voltage increase from 8 kV to 10 kV at r0=25 μm. 
Dependence of linear current density on the suspension 
height of corona wire at d=10 mm, r0=25 μm and two 
values of U is presented in Fig. 10. The law of the 
dependence is near to exponential one. Increase of h 
causes a quick reduce of current which values at 10 kV 
are considerably higher than at 8 kV, similarly as in 
Fig. 9. 
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Fig. 9. Dependence of linear current density on the corona 
wire radius at d=10 mm, h=10 mm 
 
At last Fig. 11 presents the dependence of linear current 
density on the corona wire spacing at h=10 mm, r0=25 
μm and two values of voltage. Increase of wire spacing 
is the reason of considerable growth of current at the 
constant values of voltage. Low values of current at 
close position of neighbour wires are determined by 
phenomenon of field screening. 
 

 
Fig. 10. Dependence of linear current density on the 
suspension height of corona wire at d=10 mm, r0=25 μm, 
d=10 mm and U=var 
 
Optimal values of geometric parameters d, h and r0 
established as a result of performed analysis with regard 
to restraints of voltage source parameters are the 
following: d=15 mm, h=10 mm, r0=25 μm. Despite the 
fact that higher values of current may be achieved at d  
15 mm these values of d should not be used for the 
unequal distribution of current density on the surface of 

plain electrode at the high values of wire spacing, as it 
is stated in [6]. High values of current may be achieved 
at 

 
Fig. 11. Dependence of linear current density on the corona 
wire spacing at h=10 mm, r0=25 μm, U=var  
 
h 10 mm, but these values of h correspond to narrow 
range of voltage between the onset voltage of corona 
discharge and the voltage of spark discharge. Value of 
wire radius r0=25 μm is chosen for we have such a 
tungsten wire in our disposition. These geometric 
parameters are being used in experimental research. 
 

 
 

Fig. 12. Negative corona current-voltage characteristics at 
r0=25 μm, d=10 mm and two values of h 
 

4. Experimental current-voltage characteristic 
 
Current-voltage characteristic of the electrode system "a 
set of parallel tungsten wires above the aluminum plate" 
shown in Fig. 1 is measured in accordance with the 
values of geometric parameters indicated just before. 
Graphs of the dependence I = f(U) are presented in 
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Fig. 12 and Fig.13 for negative and positive modes of 
corona discharge accordingly. 

 
 

Fig. 13. Positive corona current-voltage characteristics at 
r0=25 μm, d=10 mm and two values of h 
 
Higher values of the negative discharge current are 
determined by better negative ion mobility as it is 
shown by (2). Lower values of current at h = 10 mm in 
comparison with h = 5 mm are caused by the higher 
value of the discharge onset voltage as it can be seen 
from (4). 
 

5. Breakstone drying in corona field 
 
Dolomite breakstone of fraction dimensions 0–2mm and 
2–5 mm was dried in the DC corona field and under 
free convection conditions for comparison. Parameters 
of the electrode system are the same as in previous 
chapter: d=15 mm, h=10 mm, r0=25 μm. Voltage value 
U=8000 V was constant for all drying experiments. Wet 
mass of the material was ≈ 150 g, and initial water 
content was ≈ 20 g. Surroundings air temperature was 
21 °C, relative air humidity was ≈ 50 %.  
Drying curves of dolomite fraction 0–2 mm are 
presented in Fig. 14. Time constant of free convection 
drying is 500 min. Time constants of negative and 
positive corona field drying are 35 min and 37 min 
respectively. Effectiveness ratios of corona field drying 
are 14.2 and 13.5 for negative and positive corona field 
respectively. Negative corona current decreases from 
400 μA at the beginning of experiment to 50 μA at the 
end. Positive corona current decreases from 300 μA to 
50 μA. 
Drying curves of dolomite fraction 2–5 mm are 
presented in Fig. 14. Time constant of free convection 
drying is 500 min i.e. the same as in previous 
experiment. Time constant of free convection drying is 
500 min in this experiment. Time constants of negative 
and positive corona field drying are 15.0 min and 15.6 
min respectively. Effectiveness ratios of corona field 
drying are 20.0 and 19.2 for negative and positive 
corona field respectively. Negative corona current 

decreases from 600 μA to 50 μA during the drying 
experiment. Positive corona current decrease is from 
400 μA to 50 μA. Increasing breakstone fraction 
dimensions from 0–2 mm to 2–5 mm causes the 
increase of negative corona drying effectiveness from 
14.2 to 20. Corresponding increase for positive corona 
is from 13.5 to 19.2. Effectiveness of negative and 
positive corona using for drying is almost the same, 
results of negative corona affect are better a little. 

 
 

Fig. 14. Dolomite breakstone (fraction 0–2 mm) drying curve 
at U=8000 V, r0=25 μm, d=15 mm, h=10 mm 
 

 
 

Fig. 15. Dolomite breakstone (fraction 2–5 mm) drying curve 
at U=8000 V, r0=25 μm, d=15 mm, h=10 mm 
 

6. Conclusions 
 
1. Results of optimization of electrode system "a set of 
parallel wires above the plane electrode" are given. 
Maximum current values will be achieved at electrode 
system parameters: d=15 mm, h=10 mm and r0=25 μm. 
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2. Effectiveness ratio of drying in corona field varies 
from 13.5 to 20.0. 
3. Increasing the breakstone fraction dimensions causes 
the increase of the effectiveness ratio. 
4. There is no essential difference between drying 
effectiveness of negative and positive coronas. 
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Abstract: In the State Energy Institute of Turkmenistan, 
the photoelectric solar station of 2 kW was built. 
Observations of power parameters of photoelectric 
station were conducted at different seasons and at 
various loadings. And also during different seasons of 
year, the temperature of solar panels were measured at 
different times of day and at various loadings. There is a 
method, which allows to dynamically define quantity of 
solar radiation, which reaches the surface of a randomly 
oriented space at any moment for the needed region. In 
the given scientific work the program “Calculation of 
the solar radiation arriving on surface randomly oriented 
in space” has been developed. The given program is 
intended for calculation of the parameters, necessary for 
estimation of magnitudes of a stream of direct, indirect 
and total solar radiation, that arrive on a surface of solar 
battery at an angle, and it can be used for the research of 
an optimum operating mode of photoelectric solar 
station under the conditions of Turkmenistan. 

 
Keywords: Photo-electric solar station, solar radiation, 
solar panels, stream of direct, indirect and total solar 
radiation, temperature of solar panels. 

 
1. Introduction 

 
Perspectives of using in a power balance of the country 
of connatural iterated sources defines an urgency of a 
problem of power efficiency of the installations that use 
energy of the sun. Mass application of photo-electric 
solar stations for power supply faces series of problems 
that are largely related to the problems of technical and 
economic character and to the problems bound to the 
absence of support from power sector. This article 
analyzes technical and economic problems associated 
with the use of solar energy for revealing of the cause it 
generates, and we will analyze paths of liquidation of 
some causes. 
Owing to low power density of iterated power resources 
and their extreme variability, cost of the electric power 
received from photoelectric solar stations, in most cases, 
exceeds cost of the electric power received by 
traditional means. It is due to low density of sunlight 

and low efficiency of photo-electric transducers (PET). 
And also, absence of sunlight at night, and casual 
character of intensity of sunlight in the afternoon, forces 
to accumulate the arriving electric power that also raises 
its cost. 
Intensity of sunlight is also subject to seasonal 
variations. Low power characteristics of sunlight during 
winter time demands excessive use of transducers of 
solar energy that leads to their incomplete use in the 
summer season. 
 

2. Characteristics of photo-electric solar stations 
 
It is obvious that depreciation of the electric power 
manufactured by photo-electric transducers demands 
reduction of PET area, for this purpose rise of efficiency 
coefficient is aspired. In vitro, the maximum reached 
efficiency of solar elements on the basis of cascade 
heteroframes is 36,9 %, the efficiency of silicon photo-
electric solar elements abroad is 14–17 % [1].  
It is estimated that new technologies and materials will 
allow for increase in efficiency of photo-electric 
elements on the basis of cascade heteroframes in vitro 
up to 40 %, and in commercial production up to  
26–30 % in years to come. The efficiency of photo-
electric elements having a silicon basis has increased in 
vitro up to 28 %, in the industry up to 22 % [1]. Such 
augmentation of efficiency will allow us to reduce 
proportionally the surface area of batteries of photo-
electric transducers, approximately in 1, 3 times for 
photo-electric transducers on the basis of heteroframes, 
and in 1, 5 times for those that have silicon basis. Thus, 
such a reduction of the area of batteries of photo-electric 
transducers makes it possible to reduce cost of the 
manufactured electric power as much as possible. In 
practice, increase of efficiency of photoelectric 
transducers is accompanied by increase of their cost, 
hence depreciation of the manufactured electric power 
will be insignificant, and in Turkmenistan, in 
comparison to the cheap network electric power, it will 
still remain above the cost of the electric power 
developed in traditional means.  
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Depreciation of the manufactured electric power by 
photoelectric station can be carried out through 
application of concentrators of sunlight and through 
systems of keeping Sun tracking. Positive results are 
thus reached not only through augmentation of removed 
vigor from photoelectric transducers, but also through 
augmentation of the manufactured electric power for 
equal calendar time.  
However application of concentrators of sunlight meets 
contradictions. So with the increase of quotient of 
concentration, intensity of sunlight on the photoelectric 
transducer also increases, and that can lead to overheat 
of PET and decreases its efficiency. However, even 
under the usual conditions of Turkmenistan PET often 
heats up to very high temperatures. Essentially this 
contradiction can be resolved by warmth tap that can 
result in some additional positive effect. In practice, it is 
currently infeasible, since the device of tap of warmth 
from batteries of photo-electric transducers is not 
sufficient  investigated, but also the absence of 
scientifically well-founded dependences of efficiency 
PET on temperature, and also dependence of 
temperature under the concentrator from its parameters 
and sunlight characteristics renders it impracticable. 
Thereupon scientific researches about the work of 
concentrators on the battery of photo-electric 
transducers are rather relevant. 
 

3. Analysis of photo-electric device characteristics 
 
The system of keeping track of the sun allows using the 
installation effectively during the daytime. We had 
designed the device to keep track of the sun and our 
observations have shown that the usage of factors of 
energy of sunlight increases in 1,4 times in winter 
months and in 1,9 times in the summer. For comparison 
graphs received in the fixed state and with system of 
keeping track of by the sun (Fig. 1 and Fig. 2) are 
shown. Quantity of electrical energy manufactured by 
this installation at the fixed and watching mode during 
the daytime are equal to 3, 68 W·h and 7, 22 W·h 
respectively. However, application of system of 
monitoring in turn leads to augmentation of energy 
consumption used for its drive. As a result efficacy of a 
solar power station for low-power consumers essentially 
drops. Also it is worth mentioning, that demanded 
accuracy of monitoring is interrelated with phylum and 
a concentrator design. Besides, necessary accuracy of 
monitoring is defined by parameters of an electrical 
load. All these rather complex dependences are not 
investigated enough that does not allow gaining the 
maximum effect.   
At duplication of photo-electric solar stations by other 
energy sources, for example, by wind electric stations, 
all listed problems become even more aggravated. 
Thus, known and already implemented paths of 
elimination of a technical and economic problem and its 
application in the photo-electric solar stations are not 
finished in the scientific terms and demand conforming 
researches. 
 

 
 

Fig. 1. Photo-electric device in the fixed state 
 

 
 

Fig. 2. Photo-electric device with tracking system 
 
 
In our opinion introduction of solar power stations on 
photo-electric transducers is interfered also by an 
unreasonable choice of objects of an electrical supply. 
According to the authors of the work [2] such an 
application of power stations is the most effective for a 
self-contained electrical supply of the consumers having 
a load of no more than 3 kW and that is removed from 
system of the centralized electrical supply not less than 
on 5 km. However, efficacy in this case is caused not so 
much by perfection of photo-electric solar stations, as 
by an inefficiency of the electric mains equipped for 
low-power and remote consumers. Thereupon self-
contained photo-electric solar stations for more heavy 
users or for the ones less remote from electrical supply 
systems remain less effective that constrains 
development of solar power.       
At the State Energy Institute of Turkmenistan the photo-
electric solar station of 2 kW, consisting of 16 photo-
electric solar panels on 130 W is constructed. The 
photo-electric solar station, except for the panel photo 
transducer-solar, contains: 8 accumulator batteries on 
200 А·h, the controller of the solar battery and the 
inverter providing transformation of a constant low-
voltage current from accumulators and photo 
transducers to the household or industrial standard. 
Observations of power parameters of photo-electric 
station at various seasons are conducted at various 
loads. And also during different seasons of year 
measurements of temperature of solar panels during the 
daytime at various loads are received. Measurement 
were made consistently and in coherent manner in 4 
photo-electric panels at various loads. Some graphs 
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received in winter daytime at sunny and cloudy 
weathers are shown in figures 3 and 4. 
 

 
 

Fig. 3. Power parameters of the photo-electric solar stations 
(winter sunny day) 
 
 

 
 

Fig. 4. Power parameters of the photo-electric solar stations 
(winter cloudy day) 
 

4. Solar radiation evaluation technique 
 
There is a method which allows to define dynamically 
the quantity of a solar radiation which arrives on a 
surface oriented in space at any moment for the 
necessary region. This procedure is based on concept of 
a solar constant - quantity of heat which arrives from the 
Sun to the Earth. This size is equal to 1362 W/m2. 
While calculating, it is necessary to consider that 
approximately 30-35 % of this energy are reflected back 
into the space. The stream of a direct solar radiation 
getting on a surface at an angle, will be defined by the 
following formula. 
 

  																	 ∙ cos ∙  ;                (1) 
 
where  is the resulted hade of sunrays on an insolation 
surface, measured in rad,	 
 
cos sin ∙ cos 	 sin ∙ cos ∙ tan ∙ sin

sin ∙ cos ∙ sin 	 ;                    (2) 
 
where α – angle of lean of a plane of the solar panel to 
the horizon, grad.;  L – geographical width of district 
where photo-electric solar station is placed;  –
azimuth of a surface of the solar panel, rad;  – time 
angle; 
 

 
π/12 12 	                     (3) 

 
 – Solar time for the yielded district, hour; 

 

23,45 ∙ sin 284 Ν                 (4) 

 
where N – Ordered number of days of year; 

- Sun declination; 
 

1,1254
,

 ;                        (5) 

 
 – the quotient that allows for air mass the sunray, 

has to pass;  
h- The angle, which defines the height of the sun over 
horizon at present time. 
 
The formula (1) allows to calculate only the amount of a 
stream of a direct solar radiation, directed on an 
arbitrary surface, but each solar panel also accepts 
action of a spread solar radiation. Calculation of this 
component of energy arriving on solar panel is rather 
complex process. However, with adequate accuracy for 
randomly placed surface this size can be approximated 
by empirical dependence. 
 

137,1 14,82  .              (6) 

 
The total energy flow, send by a solar radiation to 
inclined surface oriented in space at width L, equals to 
 

.                        (7) 
 

5. Conclusions 
 
Based on the given scientific work, the program 
“Calculation of the solar radiation arriving on surface 
oriented in space” has been developed. The yielded 
program is designed for calculation of the parameters 
necessary for an assessment of sizes of a stream of a 
direct, indirect and total solar radiation, that reach the 
solar battery surface at an angle and can be used for 
investigation of an optimum operation mode of photo-
electric solar station under the conditions of 
Turkmenistan. 
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Abstract: Impaired measurements analysis, uncertainty 
of network impedance vector and measurement vector, 
influence on power system state estimator calculation 
results, was investigated using Monte Carlo simulation. 
The state estimation algorithm reaction to composite 
uncertainty consisting of network impedances and 
measurements results were investigated. 
 
Keywords: Bottleneck, state estimation, measurement 
uncertainty, parameters uncertainty, impaired 
measurements. 
 

1. Introduction 
 

Power systems are composed of transmission, 
distribution and generation systems. Transmission 
system may contain large numbers of substations which 
are interconnected by transmissions lines, transformers, 
and other devices for system control and protection. [6] 
 

 
 

Fig. 1. Network model 
 

The operating conditions of a power system at a given 
point of time can be determined if the network model 
and complex phasor voltages at every system bus are 
known. Since the set of complex phasor voltages fully 
specifies the system, it is referred to as the static state of 
the system. However, the system may move into one of 
three possible states, named as normal, emergency and 
restorative, due to operating conditions change. A 
power system is said to operate in a normal state if all 
the loads in the system can be supplied power by the 
existing generators without violating any operational 
constraints [6].  
Operating conditions may change significantly due to 
an unexpected event which may cause the violation of 
some of the operating constraints [6]. In such situation 
the system is required to be operable fast and correctly 
to bring back to the pre disturbed condition. System 
management is impossible without knowing the state of 
system. Assumptions to change system topology, 
operating modes arise, when the state of system is 
estimated. State estimation problem provides 
opportunity to see system reaction in mathematical 
models before the network state change. Mathematical 
model reactions to system parameters and 
measurements uncertainties are crucial for the power 
system state estimation. Uncertainty of network 
parameters and measurements with other network 
topolygy have been made [1]-[3], [5].  Lithuanian a 
Latvian 330 kV transmission system mathematical 
model (Fig. 1) would be used to calculated power flow. 
Simulations are performed using PSSE. Lithuanian and 
Latvian transmission systems assumed to be connected 
with one high impedance overhead line. The state 
estimation algorithm was developed in Matlab. The 
similar algorithm has been used [4]. Investigated power 
network consist of 27 buses, which 15 describe 
Lithuanian 330 kV network and other buses Latvian 
330 kV network. The network has four generators, 2 in 
Lithuanian network and 2 in Latvian network. Both 
systems are interconnected with high impedance 
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overhead Klaipėda – Grobina. The network is simulated 
with 62 МVA deficit in Lithuania 

 
2. State estimation 

 
Nonlinear transmission system model was used for the 
power system state estimation. Consider the nonlinear 
measurement model: 
 

exhm  )( ;   (1) 

 
here m is the measurement vector size i, x is the true 
state vector size j (j < i), h(x) is a nonlinear vector 
function size i relating measurements to state and e is 
the measurement error vector size i. The elements of e 
are assumed to have zero mean; the corresponding 
variance matrix is denoted by Rm. 
The state estimation problem can be formulated as a 
minimization of: 
 

 ))(())((
2

1
)( 1T xhmRxhmxJ  

m
.  (2) 

 
Weighted least-squares method is based on the error 
minimization: 
 

))(())(((min)( T xhmxhmxJ
x

 . (3) 

 
The state estimate x is obtained by the following 
iterative procedure: 
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there x - estimation error; n – iteration number; g(x) is 
the gradient of J(x), and G(x) is a gain matrix that 
depends on the method used to solve minimization 
problem. 
Gauss Newton method is used for the simulation. 
Taylor expansion provides an approximation of the 
nonlinear vector function h(x), using Gauss Newton 
method: 
 

xxHxhxxh  )()()( .   (5) 

 
The minimization problem can be rewritten as follows: 
 

   xxHmRxxHmxJ T   )()()( 1
m

; (6) 

 
where )(xhmm   and xxhxH  /)()(  (Jacobian 

matrix). The first-order optimal condition is: 
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xJ T
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Hence, the linear least-square solution can be expressed 
as follows: 
 

)()())()(( 111 xmRxHxHRxHx TT  
mm

. (8) 

 
Iterative procedure is made until the state vector 
converges [7]. 
State estimation vector x in Matlab algorithm, is 
composed of bus voltage magnitudes and phase angles. 
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Measurement vector m consists of voltage magnitudes, 
active and reactive power flows, which are obtained 
from grid model. 
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The network model is simulated with PSSE program. 
The simulation results are considered as real system 
measurements. A result of computing algorithm is 
considered as rated measurement of state estimation. 
State estimation problem (4-10) is described in Matlab. 
A study performed in following sequence: power flows 
and bus voltages are obtained from PSSE; calculation 
results are accepted as measurements in the system. 
Power system state estimation (4-10) input variables are 
supplemented with uncertainty of system parameters 
and measurements. Uncertainties are characterized 
further. 

 
3. Influence of uncertainty of network impedances to 

computing results 
 

State estimation algorithm reaction to network 
impedance uncertainties is evaluated. The network 
impedance variation has Gauss distribution with 5%, 
10% and 20% deviation. The network branch 
impedance with 5% uncertainty is shown in figure 2 and 
3. Average branch impedance value is 0.0192 Ω and 5% 
standard deviation.  
. 

 
 

Fig. 2. Network branch impedance histogram with 5% 
deviation 
 

, 

; 
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Fig. 3.  Network branch impedance accumulation for the 5% 
deviation 
 
Uncertainties are introduced to all transmission network 
lines impedance. The Monte Carlo simulation are 
performed. The calculations are continued until the 
average of state estimation method error (8) stabilizes. 
The method is carried out in 1000, or more iterations. 
Similar calculations are carried out with 5%, 10% and 
20% network impedance deviation. An average A of 
error i  between real and rated measurements are 

calculated in each Monte Carlo iteration ξ (11-12): 
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Standard deviation are calculated using (13). 
Calculation results are shown in Table 1. 
 
Table 1. Impedances uncertainty influence to state estimation 
error 

 

Uncertainty of 
impedance 

State estimation 
algorithm error 

(11) 

Standard deviation 
of state estimation 

algorithm 
5% 4.7% 3.6 
10% 9.4% 8.5 
20% 21.1% 24.2 

 

 
 

Fig. 4. The maximum error of the mean change of 2 
measurements in the Monte Carlo method when impedance 
uncertainty is 5% 

 
 

Fig. 5. Measurement vector m standard deviation when 
impedance uncertainty is 5% 
 
Monte Carlo simulations have shown that the 
impedance uncertainty has linear influence to algorithm 
average uncertainty. 
 
4. Influence of uncertainty of measurement vector to 

computing results 
 

Further on the same calculations as in section 3 are 
performed only in this case 5%, 10% and 20% 
uncertainty provided to measurement vector m. The 
uncertainty is generated random for each measurement 
using Gauss distribution with average m and 5%, 10% 
and 20% standard deviation. Measurement vector m 
consists of 85 measurements, which is taken form PSSE 
network model (Fig. 1). Measurements vector 1 to 27 
elements represents bus voltages, from 28 to 56 active 
power flows and from 57 to 85 reactive power flows. 
Measurement vector m is shown Table 2. 

 
Table 2. Measurement vector m 

 

U From To Pij From To Qij From To 
1.0000 1 0 0.328 1 2 0.306 1 2 
0.9934 2 0 -0.473 1 3 0.123 1 3 
0.9973 3 0 -0.173 2 4 0.152 2 4 
0.9897 4 0 -0.673 4 6 0 4 6 
1.0000 5 0 -0.974 3 5 -0.038 3 5 
0.9925 6 0 1.180 5 6 0.190 5 6 
0.9958 7 0 0.501 5 7 0.155 5 7 
0.9937 8 0 1.002 5 8 0.364 5 8 
1.0000 9 0 0.842 5 9 -0.098 5 9 
0.9806 10 0 3.941 9 10 1.908 9 10 
0.9521 11 0 1.414 10 11 0.890 10 11 
0.9619 12 0 1.008 10 12 0.358 10 12 
0.9382 13 0 0.902 11 13 0.667 11 13 
0.9530 14 0 0.898 13 15 0.644 13 15 
0.9123 15 0 0.502 12 14 0.161 12 14 
0.9934 16 0 0.673 25 27 0.133 25 27 
1.0000 17 0 0.580 25 26 0.482 25 26 
0.9729 18 0 1.717 24 25 0.850 24 25 
0.9353 19 0 2.116 17 24 1.066 17 24 
0.9165 20 0 0.583 17 23 0.376 17 23 
0.9842 21 0 -0.799 16 17 -0.205 16 17 
0.9835 22 0 0.069 16 23 0.241 16 23 
0.9858 23 0 2.276 16 21 1.023 16 18 
0.9779 24 0 1.955 16 18 0.940 16 21 
0.9530 25 0 0.300 21 22 -0.625 18 21 
0.9507 26 0 -1.212 18 21 0.100 21 22 
0.9462 27 0 1.994 18 19 1.213 18 19 

- - - 1.299 19 20 0.475 19 20 
- - - -0.611 15 20 0.104 15 20 

 
Calculation results are presented in Table 3. 
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Table 3. Measurements uncertainty influence to state 
estimation error 

 

Uncertainty of 
measurements 

State estimation 
algorithm error 

(11) 

Standard 
deviation of state 

estimation 
algorithm  

5% 4.5% 3.7 
10% 9.9% 7.9 
20% 21.6% 22.5 

 
According to calculation results, uncertainty in 
measurements gives the same state estimation algorithm 
reaction as it was acquired in section III. 

 
5. Influence of uncertainty of measurements and 

network impedance to computing results 
 
State estimation (4-8) reaction to composite 
uncertainties are investigated. Uncertainties are 
provided to measurements vector m and grid impedance 
vector z. Calculation results are presented in Table 4. 
 
Table 4. Measurements and network impedances uncertainty 
influence to state estimation error 
 

Uncertainty 
∆z 

Uncertainty 
∆m 

State 
estimation 
algorithm 
error (11) 

Standard 
deviation of 

state 
estimation 
algorithm 

5% 5% 6.7% 5.3 
5% 10% 10.9% 9.1 
5% 20% 22.5% 25.9 

10% 5% 10.6% 8.7 
10% 10% 13.8% 13.6 
10% 20% 25.4% 30.3 
20% 5% 22.3% 28.1 
20% 10% 26.5% 52.8 
20% 20% 50.4% 274.4 

 

 
 

Fig. 6. The maximum error change when uncertainty is in 
measurements and impedances 
 
When the input parameters uncertainties are high, 
standard deviation takes great value. It means that 
counting inaccurately, measurements error changes in 
large interval. In such situation the state of network is 
uncertain. 
 

6. Impaired measurements analysis 
 

In this part of article we research state estimation 
algorithm reaction to impaired measurements. Impaired 

measurements analysis will be made in several ways: 1. 
Impair voltages measurements. 2. Impair active flow 
measurement. 3. Impair reactive power flow 
measurement. Impair of measurement will be simulating 
in Matlab algorithm. During simulation will be 
monitored maximum error changes in time. 

 
6.1. Impaired voltages measurements 

 
The impurity of each bus voltage was applied from 
measurement vector m in succession (Table II). The 27 
simulations were performed. The measurement and 
impedance incarnates were removed. Before impair, 
maximum error between real and rated measurements 
was 0.3%. Impair voltages measurements, maximum 
error vary from 0.5% to 61.6%. Maximum error was 
identified in links reactive power flow measurement, 
when adjacent bus voltages impairs. When 
measurement impairs is lost, maximum error reaches 
0.3%. Maximum error between real and rated 
measurements appears in link when it‘s load is low, for 
this reason was simulated additional situation, when 
links load is 110 MVA and 248 MVA. The maximum 
link throughput is 250 MVA. The obtained result shows 
that increased link load and impair voltages 
measurements decreases the error between real and 
rated measurements. 

 
6.2. Impaired active power flow measurement. 

 
The impurity of each active power flow was applied 
from measurements in secession. The measurement and 
impedance incarnates were removed. The obtained 
result shows that maximum error before impair was 
0.3%. The maximum errors between real and rated 
measurements vary from 0.5 to 353.5%, when 
measurements are impaired. The maximum error was 
obtained, when measurements impair in lines which 
load is high. For this reason the biggest errors values 
was in adjacent lines measurements. 

 
6.3. Impaired reactive power flow measurement. 

 
The simulated the same situation as in section B, but 
this time impurities were simulated for the reactive 
power flow measurements. The measurement and 
impedance incarnates were removed The obtained result 
shows that maximum error before impair was 0.3%. The 
maximum errors between real and rated measurements 
vary from 0.5 to 275.6%, when measurements are 
impaired. The maximum error was obtained, when 
measurements impair in lines which load is high. For 
this reason the biggest errors values was in adjacent 
lines measurements. 
Relatively large errors in the calculations impaired 
voltage measurements due to the fact that network is not 
fully loaded and power flows in some lines are very 
small. For this reason, power flow changes a little, but 
absolute error increases much. However, situation with 
active and reactive power flow measurements is 
opposite. In this case, the biggest errors were obtained, 
when impair high loaded lines measurements. 
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7. Conclusions 

 
After carried out uncertainty analysis it is found that 
impedances and measurements uncertainties have linear 
effect on power system state estimation algorithm mean 
uncertainty. Obtained results shows, that varying 
various of uncertainty, standard deviations takes great 
value. It is show that average of error in Monte Carlo 
method change in large interval. In such cases 
investigating network state is complicated. 
Results of impaired measurement analysis show that 
impaired voltage measurement has significant influence 
on power system state estimation algorithm error due to 
low network load. 
In lines where loads are low, relatively small alterations 
in power flow gave out huge absolute error. 
Furthermore, it is found that calculation error increases 
three-fold in low loaded link when voltage 
measurements in nodes are impaired in comparison to 
more loaded lines 
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Abstract: The intermittent power generating sources 
that are widely spreading all over the world usually are 
renewable energy sources and are characterized by 
fluctuating power output.  Due to this undesirable 
reason the voltage and power fluctuations may occur 
and the power quality and the reliability may decrease 
significantly. The reservation of the renewable energy 
sources is essential in order to ensure reliable power 
system operation and this aggravates the power system 
balancing due to permanent load variation especially 
when the wind power generation is significant in 
power system generation portfolio. Therefore, the 
influence of variation and forecasting errors of load 
and wind power generation should be analysed. 
 
Keywords: wind energy, wind farms, wind power 
generation. 
 

1. Introduction  
 

The intermittent power generating sources that are 
widely spreading all over the world usually are 
renewable energy sources and are characterized by 
fluctuating power output. Due to this undesirable 
reason the voltage and power fluctuations may occur 
and the power quality and the reliability may decrease 
significantly. The reservation of the renewable energy 
sources is essential in order to ensure reliable power 
system operation and this aggravates the power system 
balancing due to permanent load variation especially 
when the wind power generation is significant in 
power system generation portfolio. The overview of 
the relevant literature shows that’s very wide problem 
and the diversity of methods and problems that wind 
generators as well as the system operators are suffering 
from is described in [2], where a critical literature 
review and an up-to-date bibliography on wind 
forecasting is given. Therefore, the influence of 
variation and forecasting errors of load and wind 
power generation should be analysed. The main factors 
of the power system unbalance and wind parameters 
are discussed and described in this paper. The accuracy 
of the forecast modelling was evaluated by describing 

main types of the forecasting errors. The actual load 
and wind power variation of the Lithuanian PS was 
analyzed as well as the fundamental principles of the 
power system balancing and power system reserves 
determination. 
 

2. The main unbalance factors of power system 
 
The power system operation is scheduled by 
forecasting generation of the conventional and 
renewable energy sources, according to trades in spot 
market. The sum of these components determines the 
saldo (the sum of the power flowing in and out of the 
appropriate power system) of the power system which 
is not necessarily zero. The positive saldo value means 
that the power system has a surplus and the power is 
exported to neighbouring power systems, the negative 
saldo value means that the power system has deficit 
and the power is imported from neighbouring power 
systems. One of the main factors of the effective power 
system operation is saldo should stay within the limits 
and thus to ensure the power balance in regard to 
neighbouring power systems. 

The main objective for the transmission system 
operator is to ensure the balance as well as the saldo. 
The main factors for the power system unbalance are: 

 
1. Inaccuracy in power system load forecasting; 
2. The power of the renewable energy sources is 

larger or smaller in comparison to the schedule; 
3. The departure from the power generation schedule 

of conventional power generating sources due to 
emergency conditions. 
 

Power system balance: 
 

;         (1) 
 

where  is load power,  is power of auxiliaries, 
 is the power of conventional energy sources,  

is the power of renewable energy sources. 

162



The largest impact on the power system unbalance has 
the error in power system load and renewable energy 
sources fluctuation.  

 
;              (2) 

 
where  – error of the power system balance. 

 
 

3. Statistical wind parameters 
 

The wind is characterized by factors that are widely 
described [5]. Wind is described as an air that flows 
from areas of higher pressure to areas of lower 
pressure. The earth temperature is different in different 
places of the area and mainly is cause by the uneven 
sun activity, nebulosity.   These factors generate 
appropriate pressure differences and we may conclude 
that solar radiation is the key force that drives the 
wind. Actually, wind is controlled by couple of forces: 
the pressure-gradient force (PGF), friction and the 
Coriolis force. 
The wind speed and the wind direction are the 
measurement data that is required for statistical 
assessment. The simple statistical wind parameter is 
arithmetical average of wind speed: 
 

⋯
	;            (3) 

 
where  is the number of measurements. 
 
The variation of the wind speed is described as the 
density function of the Weibull distribution [3]: 
 

;          (4) 

 
where  and  are the Weibull parameters of size and 
form, which are calculated by least square method. 
The parameters of the Weibull distribution are used to 
calculate the average density of wind power. The 
average density of wind power is proportional to the 
cube of wind speed [4]. 
 

∙ ;       (5) 

 
where  is the the wind power density, ,  is the air 
density (~1.225 kg/m), is  average wind speed,  
is a given theoretical probability distribution. 
The density of the wind power is the kinetic energy of 
the wind flow through the square meter during the time 
unit. This parameter is used for evaluation of the 
potential wind power output. In general, the wind 
energy should be calculated by instantaneous wind 
speed although the turbulence should be assessed as 
well. Ten minutes average values of the wind speed 
usually are used because the wind power turbines are 
not capable to respond to short term wind flaws. 
In order to determine vertical distribution of the wind 
speed, average wind speed and the wind density in 
different height – Weibull parameters should be 

calculated considering statistically processed 
measurement data. 
The regularity of the wind flows is very well indicated 
by statistical wind parameters. The regional availability 
for wind power development is determined by the 
average wind speed and energy density measurements. 
The annual energy production of the wind power 
turbine is estimated by wind measurements and 
calculated as follows [4]: 
 

;      (6) 

 
where  is the annual energy quantity,  and  are 
Weibull size and form parameters,  is the wind 
power,   is the output of the wind power turbine. 
 

4. The types of forecast errors 
 
There are two types of errors of the models of power 
forecast – value and phase. During the storm the wind 
speed is underestimated by value errors (so wind 
power is underestimated respectively). Phase errors 
appears when real atmospheric front appears later than 
were forecasted, for example, meteorological situation 
changes earlier or later than forecasted and 
atmospheric front reaches the wind power park. This 
situation could influence the electricity price. In case of 
slow situation change in comparison to forecast, the 
power surplus would occur and during the time period 
from the actual increase in wind speed until the 
forecasted period of wind speed increase – the 
electricity price will drop, otherwise when the 
atmospheric front hits the area of wind power parks 
later than expected the shortage of power could be 
compensated from the reserve power sources and this 
would contribute to the electricity power increase as 
well as the problem in power balance. The opposite 
phenomenon appears when then the atmospheric front 
leaves the wind power park. Both types of forecast are 
not a desirable phenomenon because of the additional 
balance expenses for TSO (Transmission System 
Operator). 
The determination of size errors by standard 
expressions of the errors is an easy task, but the 
determination of phase errors is more complicated. 
Phase errors have a more significant influence on 
weather forecast error as well as on the balance 
expenditure. The phase errors of the 2 –3 hours is 
acceptable for weather forecast, but 30 minutes error is 
critical for wind power forecast.  
The relation between the forecast errors and the 
distance is weak and the forecast for the larger region 
is more accurate than for the particular wind power 
park. This phenomenon is called spatial alignment 
allocation effect. The autocorrelation of errors for 
region is larger than for particular wind power parks. 
Thus, more widely dispersed wind power parks, 
smaller forecast errors are observed.  
The modelling results of the power forecast is usually 
estimated according to these error types: average error, 
mean absolute error, root mean square error [6]. 
Average error: 
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∑ .           (7) 

 
Mean absolute error: 
 

∑ .         (8) 

 
Root mean square error: 
 

∑ ;        (9) 

where N is the number of the data values. 
 
 

5. The research of the influence on the load 
variation of forecast errors 

 
The actual data of the Lithuanian PS load variation 
were used in order to investigate the load variation and 
forecasting errors.  
The simplest parameter of the load data calculated 
according to (2) and divided by , the number of 
measurement. 
The investigation of the errors influence on the 
balancing power average load variations, 15 minutes 
load variations were analysed and average difference 
of the power system load from the forecasted data were 
examined. Currently the hourly load variation is 
planned and compared to the forecasted data. 
The difference between planned and actual load is 
described as follows: 

 
Δ ;         (10) 

 
where  and  are actual and forecasted 
load. 
Standard deviation is determined as follows: 

 

σ ∑ Δ Δ ; (11) 

 
where Δ  – average load variation power. 

 
The investigation of the load variation showed that 
average load 1121,17 MW and absolute average error 
during an hour, 15 minutes and minutes were 
12,74 MW, 19,27 MW, 19,87 MW. Root mean square 
(average mean error) were 15,75 MW, 25,55 MW and 
26,56 MW. The hourly load forecast is reason why 
forecasting error decrease when average interval 
increase. The load variation difference from forecast is 
given in X, Y, Z pictures. As showed in pictures the 
maximal difference is 28,06 MW, 85,87 MW and 
117,19 MW and minimum 32,18 MW, 70,62 MW and 
109,31 MW. Standard deviation is calculated and is 
15,29 MW, 25,21 MW and 26,11 MW. 

 

 
Fig. 1. The hourly variation of load power error 

 

 
Fig. 2. The hourly variation of load power error 

 

 
 

Fig. 3. The load power error variation during every 15 
minutes 
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Fig.  4. The minute variation of load power error 

 
The load increase and decrease speed is very important 
for the maintenance of the balance. Usually, the load 
increase and decrease speed are calculated as follows: 

 
Δ .     (12) 

 
The results of the investigation of the load variation are 
shown in table 1. The investigation of the data during 
the appropriate periods showed that the average load 
increase were 2,23 MW/min, load decrease were 
2,04 MW/min. The maximal load increase speed were 
at 31,26 MW/min, while the maximal load decrease 
speed were 22,33 MW/min. 

 
Table 1. The results of the investigation of the load variation. 

Item Load 
 Hourly 15 

minutes 
1 

minute 
Average value, MW 1121.17 1121.17 1121.17 

Average absolute error, 
MW 

12.74 19.27 19.87 

The largest difference, 
MW 

28.06 85.87 117.19 

The smallest difference, 
MW 

-32.18 -70.62 -109.31 

The standard deviation, 
MW 

15.29 25.21 26.11 

Root mean square, MW 15.75 25.55 26.56 

Average relative error, ℅ 1.1 1.74 1.79 

Average increase, 
MW/min 

– – 2.23 

Average decrease, 
MW/min 

– – -2.04 

The largest increase, 
MW/min 

– – 31.26 

The smallest decrease, 
MW/min 

– – -22.33 

  
6. The research of the wind variation influence 

to forecast error on the balancing power 
 

The actual data of the Lithuanian PS were used to 
investigate the variation of the renewable energy 
sources and the influence of the forecast errors to 
balancing power. The investigation used the actual 
wind variation data from the 27 of March, 2011. This 
day was chosen due to a significant wind power output 
variation.  

 

 
Fig. 5. The variation of the wind power output 

 
The investigation of the wind power influence on the 
balancing power the average hourly as well as the 15 
minutes and minutes power variation was calculated 
and average difference from the hourly forecast was 
provided. 

The difference between forecasted and actual wind 
power output is determined as follows: 

 
Δ Δ Δ ;       (13) 

 
where Δ , Δ  are forecasted and 
actual wind power. 

 
Standard deviation is calculated as follows: 

 

σ ∑ Δ Δ ;          (14) 

where Δ  is average variation in wind power. 
 

During the investigation of the wind power variation 
data the average wind power were determined as 95,73 
MW and hourly, 15 minutes and minutes average 
absolute error was 9,83 MW, 10,34 MW, 10,64 MW 
respectively while the root mean square error reached 
the values of 12,05 MW, 13,00 MW, 13,36 MW. The 
wind power generation output error is decreasing due 
to the of hourly forecast nature. The difference of 
hourly, 15 minutes and minutes actual wind power 
variation from the forecasted data is depicted in fig. 6, 
fig. 7 and fig. 8.  

 
Fig. 6. The hourly wind power error 
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As shown in picture the largest deviation from the 
schedule reached 29,07 MW, 32,62 MW, 40,10 MW 
while the smallest – 15,12 MW, 17,72 MW, 24,31 MW 
and calculated standard deviation is 11,92 MW, 
12,71 MW, 12,45 MW.  
The increasing and decreasing wind speed are 
particularly important wind power parameters which 
describes the balancing of such fluctuations. Usually 
the increasing and decreasing wind speed is determined 
as follows: 

 
Δ .      (15) 

 
The research of the wind power variation data showed 
that average wind increase speed reached 
1,52 MW/min, decrease speed – 1,48 MW/min. The 
largest increase was 7,41 MW/min while decrease – 
13,13 MW/min.  

 

 
Fig. 7. The wind power error of 15 minutes interval 

 

 
Fig. 8. The wind power error of minute interval 

 
7. The determination of the power regulation 

reserve 
 

The primary, secondary and tertiary power regulating 
reserves are calculating to entire power system. The 
largest generating power of the unit of the group of 
units that are connected to the same bus is determined 
by primary regulating reserve which is estimated as the 
sum of the power regulating reserves of the units in 
operation on scheduled hour. While calculating the 

statistical indicators of the balance of generation and 
load (average values and standard deviation), load 
variation, wind power output variation and forecast of 
the wind power output could be considered as the 
independent events and the value of the root mean 
square value of the standard deviation of the load and 
generation balance would be determined as follows:  

 

σ ;              (16) 

where ,  are standard deviation of the load and 
generation. 
The vallue of the regulating power reserve , in general, 
with the consideration of the wind power generation, 
could be estimated according to total deviation of the 
power balance σ : 

 
P 3σ .         (17) 

 
The total square deviation and power regulating 
reserve is given in Table 2. 

 
Table 2. The deviations and regulating power reserve. 

 Hour interval 15 
minutes 
interval 

1 
minute 
interval 

Total standard 
deviation, MW 

19 28 29 

Regulating power 
reserve, MW 

58 85 88 

 
8. Conclusions 

 
1. The research showed that the load variation is 

forecasted more precisely (1,1 ℅) than the power of 
the wind power parks (11,54 ℅) while the forecast 
error of the wind power output as well as the load 
forecast decreases by increasing the interval of the 
power average up to one hour. 

2. The research showed that Lithuanian PS demand is 
10 times larger than the installed power of the wind 
power parks and the power required for load 
balance is larger than for the wind power. 

3. The power from 5 MW (average) to 55 MW 
(maximum) is needed to balance load variation, 
while the power from 3 MW (average) to 30 MW 
(maximum) – for the wind variation. This is 3 ℅ of 
the total load and 15 ℅ of total installed wind 
power, accordingly. 

4. In order to balance wind power variation the power 
from 3 MW (average) to 30 MW (maximum) is 
needed. This is 15 ℅ of the total wind power 
installed in Lithuanian PS network. 

5. The thermal power plant with the regulation range 
of the ±2,5 MW/min(±1,5 MW/min for wind power 
ba;ancing) satisfies the balancing requirements for 
the average load power variation, while the 
balancing of the maximum variation a hydraulic 
power plant with the regulation range of the ±35 
MW/min (±20 MW/min for wind power balancing) 
could be used. 
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