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 MULTIMODAL AUTOMATION CONTROLLER FOR SMART HOMES 
 
 

Rytis MASKELIUNAS*, Vidas RAUDONIS*, Grigor STAMBOLOV**, Rimvydas SIMUTIS* 
* Kaunas University of Technology, Lithuania; ** Technical University-Sofia, Bulgaria 

 
 
 
Abstract: Authors suggest an approach of a multimodal 
controller based on a client-server architecture running 
on a x86 Windows server platform connected to the 
USB I/O hardware interface and capable of remote 
control via web application using speech commands, 
touch gestures or gaze tracking. The paper presents the 
state-of-art situation, the proposed architecture, the 
associative control algorithm as well as the initial 
experimental evaluation on the recognition accuracy of 
the input modalities analyzed and the effectiveness of 
control tasks. 

 
Keywords: HCI, remote, speech, touch, automation. 

 
1. Introduction 

 
Wireless communication of various machines and 
devices in mobile communication networks is a fast 
growing business and application area. Modern home 
automation systems need to make use of modern 
technological components available, implementing 
various communication capabilities such as GSM, 
Internet, etc. together with speech recognition and other 
modalities. All these techniques can successfully be 
merged in a single wireless home automation system [1] 
offering a low cost, powerful and user friendly way of 
real-time monitoring and remote control of a home 
environment. Another sample design [2] integrates the 
device to be controlled, the microcontroller, and the 
GSM module so that it can be used for a wide range of 
applications and is illustrated by two experimentally 
tested home applications using PC-based equipment. A 
home server platform can effectively integrate the 
functions of communication, digital broadcasting 
reception, and home automation applications providing 
a client-server model [3].  
Speech in information services and reading support is 
considered as a most natural modality. In [4] authors 
present a case study concerning the design of a 
telephone-based interface concept for a modular home 
automation system. The evaluation revealed some minor 
usability problems indicating a potential to improve the 
hedonic quality (may be induced by the addition of non-
speech sounds and enriching user experience). Other 
researchers have explored the possibilities of speech and 

gesture based interfaces in desktop scenarios, but it was 
also necessary to explore these technologies in the 
context of an intelligent environment, in which the 
user’s focus moves off of the desktop and into a 
physically disparate set of networked smart devices [5]. 
The results of such tests indicate that speech is the 
preferred interface for controlling the devices. More 
importantly, the study indicated that the location 
awareness and gaze tracking are vital when building a 
usable intelligent environment system for the home, 
even though users did not perceive added value from 
these technologies. 
Other input modalities such as gesture detection system 
can provide the additional control capabilities. For 
example a solution [6] of a wearable device for control 
of home automation systems via hand gestures solution 
has many advantages over traditional home automation 
interfaces because it can be used by those with a loss of 
vision, motor skills, and mobility achieving 95% 
accuracy of control gestures and 97% accuracy of user-
defined gestures. Authors of [7] present multi-interface 
sensor network gateway architecture for home 
automation and other distributed monitoring 
applications providing multiple interfaces for supporting 
various application scenarios in home environments, 
ranging from on-site configuration to mobile access. 
Results of the experiment showed that the proposed 
gateway gives good support to managing the home 
network from different user terminals and allows the 
users to better interact with the ambient environment. 
Alternatively in [8] paper intuitive home environment 
was proposed and image processing software was 
connected with eye tracking system in order to 
wirelessly control electric devices. 
Authors of this work present the architecture of their 
very own low-cost remote home automation control 
solution by utilizing a proprietary multimodal control 
algorithm on industry standard hardware and software 
solutions.  

 
2. The concept, architecture and implementation 

 
The inspiration and the concept of a practical 
implementation of a multimodal automation controller 
came from a W3C Multimodal Interaction Working 
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Group Charter [9]. The upcoming standard envisions the 
following: extending the Web to allow multiple modes 
of interaction (GUI, Speech, Vision, Pen, Gestures, 
Haptic interfaces); Anyone, Anywhere, Any device, 
Any time (Accessible through the user's preferred 
modes of interaction with services that adapt to the 
device, user and environmental conditions). 
Basically we consider a model of an interaction 
illustrated in figure 1.  

 

 
 

Fig. 1. Multimodal interaction concept based on a Multimodal 
Interaction Working Group Charter [9] 

 
A user utilizing modern, web capable computing device 
should interact with the application using various built-
in I/Os and associated modalities, for example speech 
recognition, image recognition, touch interactions, etc.  
 

 
 

Fig. 2. Our implementation built on a client-server model 
 
The application itself should be built on a multimodal 
architecture thus capable of parsing the semantic 
meaning of various input modalities and issuing a 
control action to a connected automation device, such as 
a PLC or chip based programmable controllers (e.g. 
Arduino). Since it is hard to overcome and unify the 
differences in many modern hardware and software 
architectures, such as x86 (Windows, Linux), ARM 
(Android and iOS) we targeted the client-server model 
as the best approach for our implementation (figure 2). 
Basically a user uses his/her device only to interact with 
a system. 
Our system implementation was based on the above 
concept and further built on the basis of our previous 
experimentation on multimodal interactions [10]. 
Basically a prototype used was a web interface running 
on windows PC based display with built-in webcam, 

microphones and speakers. A system was able to gather 
a user input via either of affirmed inputs (webcam was 
used only for the confirmation (nodding)) and display 
the graphical feedback on screen. With this approach we 
went further by moving into an eyes-free interface for 
healthy users, by not providing a GUI for the user 
(disabling the screen on our test device). Additionally a 
gaze tracking system was provided for the paralyzed 
persons (looking at a designated area divided in to 
button like squares).  The concept of the proposed 
algorithm is shown in figure 3. 

 
 

Fig. 3. The concept of our algorithm 
 
All input was sent using an internet connection to the 
server. Since we had no GUI, naturally all feedback had 
to be done via speech. So a Microsoft Speech API [11] 
was chosen for this purpose. An advantage of this 
system was that it allowed us to insert a custom code 
(i.e. touch and eye processing) within the Speech 
application framework while still maintaining 
compatibility with Microsoft Windows Server IIS based 
web services allowing web interaction (gathering a user 
input and outputting a feedback).  
For the automation tasks we have utilized the Phidgets 
I/O hardware with a compatible relay block and the 
Arduino controller for some of the autonomous control 
processing. Traditionally the home automation is 
divided into four categories by purpose. The first 
category includes lightening control aimed at turning 
the lights on and off remotely. The next category 
involves home security integrating a range of security 
mechanisms to protect one from intruders by not letting 
them enter premises and issuing alerts. The third 
category involves the climate control playing a crucial 
role in maintaining the temperature of the room 
automatically and also conserving the energy by 
switching the system off when there is no one at home. 
The last category involves the automation of home 
entertainment system by managing music system and 
television with the use of the multimodal interface. Our 
current smart home implementation covers only three 
types of automation categories, i.e., the control of 
lightening, heating and entertainment system.  

 
3. Control algorithm 

 
The device application was built on three main modules: 
gaze ( ), touch ( ) and voice control ( ) modules 
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and the usage of each in the application is controlled by 
coefficients a, b, and c (see formula (1)). The priorities 
of control modalities are identified by the user.  For 
example, when interface user chooses to use a speech 
modality all other modalities is switched off by setting 
corresponding coefficients to zeros, i.e., a, b=0. In this 
case, the control signal is switched from a one modality 
to a second modality when control command C is not 
recognized. 
 

· · · ;    (1) 
 

1, 0, 0  1; 
0, 1, 0  2;
0, 0, 1  3;

   (2) 

 
Here  - is the formal representation of the user 
selection of the prepared modality.  
The simplified algorithm of the touch modality ( ) is 
shown below, where the user must collect the sequence 
of the key numbers which encodes the certain command 
( ). The collecting process is stopped when the user 
pushes the “escape button” (ESC). 
 

 { 

0; 
while TRUE 
   1;   
    ;  
  if ESC, FALSE;  
end; 

 
Here K – is the vector of numbers which corresponds to 
key number of the button on the interface device, n – is 
the amount of numbers (or buttons) which user is 
pressing,  – is the variable that controls the execution 
of the “while” cycle. The cycle is stopped, when user 
pushes the “escape (ESC) button”.  
The simplified principle of the gaze tracking modality 
( ) is shown in the algorithm below, where the user 
collects the sequence of the key numbers by gazing. The 
user confirms a selected key button by closing the eye. 
The collecting process is stopped when a user selects 
the “escape button (ESC)”.    
 

 { 

0; 
while TRUE 
   1; 

  ; 

  ∑  

  
∑

∑ ·∑
; 

if 0.9, min ; 
  if ESC, FALSE;   
end; 

 
Here  - is the normalized luminosity function of the 
human eye image,   - is the luminosity function of the 
eye image,  - is the number of column of the 
luminosity function,  – is the Euclidian distance 
between center coordinates of the gaze point ( ) and the 
coordinates of the button area ( ),  – is the number of 

key buttons,   – is a correlation coefficient between 
luminosity functions of the real time eye image ( ) and 
template of the closed eye image ( ). 
The simplified algorithm of the speech modality ( ) is 
shown in the paragraph below, where the user collects 
the sequence coded in key numbers by pronouncing the 
required name of the command (or the key sequence). 
The collecting process is stopped when a user 
pronounces the name of the “escape function (ESC)”. 
The speech recognition of the certain command or 
number is based on a computation of cepstral analysis 
and correlation used as similarity measure. 
 

 {

0; 
while TRUE 
   1; 
  ln ; 
  1,2, … , ; 

  ∑ ; 

  ; 

  ∑ ;   

  
∑

∑ ·∑
; 

  max ; 
  if ESC, FALSE;   
end; 

 
Here  - is the coefficient of the cepstral function,  - is 
the spectrum of the source signal S(t),  - is the 
coefficient of the linear propagation model (LPG),  - 
the similarity value between real time cepstral 
coefficients ( ) and template commands ( ). 
In the next chapter we present the initial experimental 
investigation of the proposed multimodal controller for 
smart home environment control. 

 
4. Experimental setup and investigation 

 
The experimental smart home hardware consisted of a 
USB controller with a relay block that commutates table 
and ceiling lamps, heating radiator, according the 
ambient sensor and user needs. The automation program 
is running on the server that “receives” the commands 
from the user. The entertainment system consists of two 
powered speakers and music software with a playlist 
control interface (winamp). 10 people have participated 
in the experimental investigation. Each user was asked 
to test the proposed control interface by executing four 
tasks (10 times each, presented randomly): (1st) turning 
on the table lamp, (2nd) turning on the ceiling lamp, (3rd) 
increasing the room temperature (setting dial on the 
heater to 25 degrees) and (4th) selecting a different song. 
The control of the smart environment was achieved 
using all three modalities. Acquired results were 
compared with a traditional way of the control.  
Only speech input modality was evaluated at this stage. 
The relation between speech recognition accuracy and a 
specific user is shown in figure 4. Three different curves 
represent the speech recognition performance in the 
three different environments, i.e., “noisy”, “normal” and 
the controlled environment in the laboratory. As it was 
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expected the best performance and accuracy (on average 
94±0.2 %) was reached when the experiments were 
done in the controlled environment (vs 84±0,3 % in 
normal environment). Unfortunately the recognition 
accuracy dropped to ~ 50±0,8 % in the noisy 
environment.  
 

 
Fig. 4. Speech recognition accuracy in all environments 
analyzed 
 
The performance of the multimodal control interface 
was evaluated by measuring the task completion time in 
seconds (see figure 5). Each of the tasks were selected 
to illustrate a different time frame necessary to 
complete. However, the multimodal controller achieved 
~3,6 x faster performance for the second task and ~2 x 
for the third task (~12,75 s by manually turning the 
lamp and ~23,61 s presetting the regulator on a heater 
versus ~3,5 s and ~11,28 s). Another interesting aspect 
was that the tasks requiring decision (e.g. which music 
track to select (4th)) were done in similar time-frame. 

 
Fig. 5. The performance (in time) of a multimodal controller 
 
Each participant was asked to compare and subjectively 
rank the satisfactory level of two different control 
approaches on the scale from 0 (worst) to 10 (best). The 
results of this survey are illustrated in the figure 6.  
 

 
 

Fig. 6. The satisfactory level using two types of interaction, 
i.e., normal and interface based 

 
All participants have found the multimodal control 
interface more convenient than the traditional way of 

manual control. The multimodal control interface was 
assessed with ~ 8.3 rank values versus ~ 6.2 rank values 
for the traditional way of control.  

 
5. Conclusions and future works 

 
The results of the experimental investigation showed 
that every participant found alternative multimodal 
speech based control scheme more convenient (~23% 
more) and up to ~50 % more efficient way to control the 
devices of the smart home. 
The functionality of the proposed system allowed 
achieving even better performance in quieter (up to 3 
times faster in time) environments due to a lower 
number of recognition errors, i.e. ~ 6 %.  
We plan to update the results in near future with the 
experimentation on the effectiveness of remaining 
modalities and the adaptation of multimodal interface to 
recognize the gesture commands using a stereo vision 
technique. 
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Abstract: The paper addresses the problem of parameter 
estimation of elements in complex, interconnected 
systems. Similarity between causes of biases in the least 
squares estimates for a simple SISO linear dynamic 
object, and for a MIMO linear static system with 
composite structure, was noticed in the paper. For linear 
complex static system, the instrumental variable 
estimate was proposed and compared with the least 
squares approach. The strong consistency of the 
presented parameter estimate was proved. Also the 
optimal values of instrumental variables were 
established, and the method of their suboptimal 
generation was presented. The conclusions were 
verified in numerical experiments. 

 
Keywords: System identification, complex systems, 
parameter estimation, instrumental variables. 

 
1. Introduction 

 
We consider the problem of parameter estimation in 
complex, interconnected systems with the presence of 
random noises. In a lot of commonly met hierarchical 
control problems, the accurate mathematical models of 
the particular system components are needed. Under the 
term 'complex' we understand the fact that the system is 
built of a number of interconnected components 
(subsystems), e.g., in the typical production system each 
element is excited by the outputs of other blocks (see 
[1]). In consequence of mutual interconnections, the 
components are dependent and their separation may be 
impossible or too expensive. In general, excitations of 
particular element cannot be freely generated in the 
experiment. It leads to the problem of structural 
identifiability (i.e. identifiability of separate elements 
does not imply identifiability of the whole 
interconnected system [3]) and usually badly 
conditioned numerical tasks. Moreover, some 
interaction signals are hidden, and cannot be directly 
measured. For these reasons, the algorithms dedicated 
for single element cannot be directly applied in complex 
system analysis. 

Identifiability of the element, which operates in 
complex system, depends additionally on the system 
structure and the values of parameters of other 
elements. Particularly, the components preceding 
identified object must guarantee persistency of the input 
excitation. In the paper we apply and compare two 
methods − least squares (l.s.) and instrumental variables 
(i.v.) approach. 
It is commonly known from the linear system theory, 
that the least squares approach applied for the simple 
SISO linear dynamic object leads to biased estimate. 
The reason of the bias results from the property of 
autoregression, i.e. the correlation between the noise 
and the values of previous outputs of the identified 
object (see the Appendix). Analogously, for the 
complex, interconnected systems with random noises, 
the least squares estimate has the non-zero systematic 
error even if the number of measurement data tends to 
infinity. The reason of the bias is that the output noises 
are transferred to the inputs through the structural 
feedback. 
In the paper, the formal similarity of these problems is 
shown and the instrumental variables technique, used so 
far for the linear dynamics identification, was 
successfully generalized for the systems with complex 
structure. It is shown that the proposed i.v. estimate is 
strongly consistent independently of the system 
structure and the color of the noise. Moreover, the 
computational complexity of the method is comparable 
with the ..sl  algorithm. In Section 2 the identification 
problem and the purpose is formulated in detail. Next, 
in Section 3, the properties of the least squares based 
algorithm proposed in [3] are reminded. In particular, 
the reason of its bias is shown, and finally, in Section 4 
the new i.v. estimate is introduced and analyzed. 
Finally, in Section 5, the performance of the method is 
demonstrated by the simulation example. 
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2. Statement of the problem 
 

Consider the system shown in Fig. 1. It consists of n 
linear elements described as follows  

,),...,2,1(    niubxay iiiiii =++= ξ   (1) 
where 

( )
( )
( )Tn

T

n

T

n

yyyy

xxxx

uuuu

,...,,

,...,,

,...,,

21

21

21

=

=

=

  (2) 

are the external inputs, interaction inputs, and system 
outputs, respectively. The processes 

( )
( )Tn

T

n

ξξξξ

δδδδ

,...,,

,...,,

21

21

=

=
  (3) 

are random disturbances. The block H determines the 
system structure in the following way 

,iii yHx δ+=    (4) 
where Hi  is the i-th row of the binary matrix H  (i.e.  

0, =jiH − 'no connection',  1, =jiH  − 'is connection'). 
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nuiu

11,ba

nn ba ,
ii ba ,
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ny
iy

1x
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1δ
iδ

nδ

1ξ
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Fig. 1. The complex n-element linear static system 
 

The goal is to estimate parameters n

iii ba 1)},{( =  of the 
particular elements using the set of data  N

k

kk yu 1
)()( )},{( =  

collected in the experiment. We emphasize that the 
internal excitations )(kx  cannot be measured. 
We assume that: 
(A1) The structure of the system (i.e. the matrix H  ) is 
known. 
(A2) The system is well defined, i.e. for any ),,( ξδu  it 
exists unique y  (see [3]). 
(A3) The noises δ , and ξ  are zero-mean, mutually 
independent, and independent of .u  
(A4) In the noise-free case ( 0=δ , and 0=ξ  ) the 
system would be identifiable (see [3]). 
(A5) The excitations are rich enough, i.e. the matrix 

( ),,...,, 21 NN eeeE =   (5) 
where 

, and ),( ξδθθ +== Aue TTT  (6) 
is of full rank with probability 1 . 
Introducing the matrices 

( )TT

n

TT

n

n

HHHH

bbbB

aaaA

,...,,

),...,,(
),...,,(

21

21

21

=

=
=

  (7) 

the whole system can be described in the following 
compact form 

.
⎩
⎨
⎧

+=
++=

δ
ξ

Hyx

BuAxy
  (8) 

Inserting x  to the first equation in (8) we obtain 
( )

( ) ,
,

ξδ
ξδ

++=−
+++=

ABuyAHI

BuHyAy
  (9) 

which leads to 
θGKuy +=    (10) 

where 

.)(
,)(

1

1

GBBAHIK

AHIG

=−=

−=
−

−

  (11) 

The equation (10) resembles description of the object 
with the input u , the output y , the transfer matrix K , 
and the noise θG . Invertibility of )( AHI −  in (11) is 
equivalent to assumption (A2). 

 
3. Least squares approach 

 
Introducing the vectors of input-output data of i -th 
element 

,),(  where
,],...,,[

,],...,,[
)()2()1(

)()2()1(

T

iii

N

iiiiN

N

iiiiN

uxw

wwwW

yyyY

=

=

=

  (12) 

we obtain the measurement equation 
.),( iiNiiiN WbaY ξ+=   (13) 

Since the input ix  included in iw  is unknown (cannot 
be measured), the least squares estimate cannot be 
derived directly from (13). Owing to (4) the natural 
substitution is 

( , ) , where .T
i i ii i i iw x u x H y x δ= = = −   (14) 

It leads to the following least squares estimate 

( ) 1. . . .
( , ) ,

T Tl s l s
i i iN iN iNiNa b Y W W W

−

=  (15) 

where 
(1) (2) ( )

[ , ,..., ].
N

iN i i iW w w w=   (16) 
Remark: The estimate (15) originates from the modified 
version of measurement equation (13), in which iNW  

was substituted with WiN  
( , ) .iNiN i i iNY a b W= +Θ   (17) 

Consequently, in (17) the disturbance 
],...,,[ )()1()1( N

iiiiN θθθ=Θ   (18) 
appears instead of iNξ . The situation is similar to the 
problem of identification of the simple linear dynamics 
with autoregression (see example in the Appendix). It 
was shown in [3], that because of correlation between 
the elements of iNΘ  and WiN , the estimation error  

( ) 1. . . .
( , ) ( , )

Tl s l s
i i iN iN iNi i iNa b a b W W W

−

− = Θ  (19) 

does not tend to zero, as ∞→N . 
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4. Instrumental variables approach 
 

To solve the problem shown in the above Remark we 
propose the analogous strategy as for the SISO dynamic 
system identification (see e.g. [2] and [7]), i.e., 
generalization of (15) to the following form 

( ) 1. . . .
( , ) ,

Ti v i v T T
i i iNiN iN iNa b Y W

−

= Ψ Ψ  (20) 

where 
],...,,[ )()2()1( N

iiiiN ψψψ=Ψ   (21) 
is the additional matrix of instrumental variables, of the 

same dimensions as WiN , i.e. 
( ) ., )(

2,
)(

1,
)( Tk

i

k

i

k

i ψψψ =   (22) 
We impose the following two conditions on iNΨ : 
(C1) The instrumental variables 1,iψ , and 2,iψ  are 
correlated with the input iu , such that 

( )( )

1

1 1 TNT k TT k
iN i iiN i i

k

W w E w
N N

ψ ψ
=

Ψ = →∑  (23) 

with probability 1 , as ∞→N , and the limit matrix 
E iwi

T  is of full rank. 
(C2) Simultaneously, 1,iψ , and 2,iψ  are not correlated 
with the aggregated output noise iθ , i.e., 

,NiiN EL=Ψ   (24) 
where 

,
0
0
⎥
⎦

⎤
⎢
⎣

⎡Γ
=

i

i

i I
L   (25) 

and 
.]0,...,0,1,0,...,0[=iI   (26) 

Theorem: If the instrumental variables matrix iNΨ  
fulfils (C1) and (C2) then 

. . . .
( , ) ( , )

i v i v
i i i ia b a b→   (27) 

with probability 1 , as ∞→N . 
Proof: The estimation error has the form 
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. . . .
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where 
iN i NW F E=    (29) 

and 
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Since, according to (C1) and (C2) it holds that 
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Θ Ψ →

 (31) 

from the Slutzky theorem we conclude (27). 
In real applications the procedure of iNΨ -generation is 
of fundamental meaning. Let us introduce the quality 
index of instrumental variables 

( ).)()()()( max iN

T

iNiNiNQ ΨΔΨΔ=ΨΔ=Ψ λ  (32) 
The following theorem holds. 
Theorem: The optimal instruments with respect to the 
value of )( iNQ Ψ  has the form 

,)|(  where,),( KuHuxExuxw iii
T

iiii ====∗ψ   (33) 
i.e., 

.KHii =Γ   (34) 
Proof: It is obvious that 

( , ) ( , ) ( , ) ,i i ii i i i i i i i i i i iy a b w a b w a H G a b w zθ θ θ= + = + + = + whe
re iiii GHaz θθ +=  is a zero-mean disturbance, 
uncorrelated with the elements of the 'expected' input 
vector iw . 
According to (28) we obtain that 
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and making use of the property that 
( ) ( ),)()()()( maxmax iNiN

T
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T
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for N  large and ],...,,[
)()2()1( N

iiiiNiN wwwW ==Ψ∗  we 
simply get 
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Under Lemma 6 in [4], for each iNΨ  it holds that 
)()( iNiN QQ Ψ≤Ψ∗    (38) 

with probability 1 . 
Since the matrix K  is unknown, the result (33) is not 
constructive, but gives the general concept of using the 
estimates of the noise-free interactions ix . In the 
simulation we used the approximation of  K   obtained 
by the least square method and implemented the 
recursive version of the algorithm 

. . . . . . . .
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5. Simulation example 

 
In this section we present the performance of the 
algorithm on the example of the simple, two-element 
cascade system with feedback (see Fig. 2). We set 

)1,1(),( 11 =ba , and )2,2(),( 22 =ba  and the 
interconnections are coded as follows 

.
01
10
⎥
⎦

⎤
⎢
⎣

⎡
=H    (41) 

The system is excited by two independent uniformly 
random processes )1,0(, 21 Uuu ∼ , and disturbed by 
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zero-mean noises )1.0,1.0(, 21 −∼Uξδ . For both 
elements, the instrumental variables estimates are 
computed and compared with the least squares results. 

1u 2u

11,ba
22 ,ba 2y

1x
12 yx =

2ξ

1δ
 

Fig. 2. The two-element cascade system with feedback 
 

In Fig. 3 we present the Euclidean norm of the error Δ  
for both algorithms. 
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Fig. 3. The estimation error Δ  versus number of 
observations N 

 
6. Summary 

 
The idea of instrumental variables estimate was 
successfully generalized for the complex, 
interconnected systems. Since the production and 
transportation systems usually work in steady state, we 
limited ourselves to the static blocks. However, 
generalization for the FIR linear dynamic components 
seems to be quite simple. For details, we refer the reader 
to [6], where similar approach was applied for 
identification of interconnected Hammerstein systems 
(see Fig. 4). 

ku ky

kz

kw( )μ { }n

ii 0=γ

( )η { }p

jj 1=
λkw'

kv

kv'

 

Fig. 4. The NARMAX system 
 

In the contrary to the traditional least squares approach, 
the proposed algorithm recovers true parameters of 
subsystems. General conditions are imposed on the 
instrumental variables for the estimate to be consistent, 
and then the form of optimal values of instruments is 
shown. We emphasize that the method works for any 
structure of the system and for any distribution of the 
random noises. 
 

7. Appendix 
 

In this section the subscript k  is used for the time 
instant. Consider the simple AR(1) linear dynamic 

object with the input ku  and the output kv , disturbed by 
the random process kε , i.e. 

. and ,1 kkkkkk vyavbuv ε+=+= −   (42) 
Since the noise-free output kv  is unknown, we must 
base on the difference equation describing dependence 
between  ku   and the measured output 

,),(1 kkkkkk zbazaybuy +=++= − φ   (43) 
where T

kkk uy ),( 1−=φ  and the resulting disturbance 

1−−= kkk az εε  is obviously correlated with 1−ky , 
included in the generalized 'input' kφ . 
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Abstract: The article analyses the automatic control 
systems in modern wood drying facilities as well as 
their functions and possibilities.  
The analysis of the publications available [1, 2, 3] 
indicates that nowadays there are widely applied in our 
country various types of wood drying facilities with 
different level of automation. Although the possibilities 
of the fully computer-assisted control systems at the 
wood drying facilities are considered to be rather 
extensive, but in the scientific publications available 
there has been noticed the shortage regarding the 
information on the structure of the systems, the 
algorithm concerning the manufacturing  processes, 
programs, sensors and their interrelation  and 
correlation. 
 
Keywords: wood drying facility, automatic control, 
programmable logical controller, frequency converter, 
temperature, moisture, humidity, algorithm, heating. 
 

1. Introduction  
 

At present, in our country a huge amount of wood has 
been processed by an industrial method, but the wood 
processing plants are not able to do without the 
upgraded wood drying facilities and equipment. Drying 
of wood has been considered a complicated physical 
process, which could be described as the interchange of 
mass and heat in the wood and in the surrounding 
environment. The quality of drying depends on the 
majority of factors: the sort of wood, dimensions, the 
size of the stocks, the technology applied in the drying 
chambers and the level of the automation systems 
installed [4]. 
Wood drying could be carried out by means of the 
following methods, namely, drying in chambers, drying 
in the field of high frequency currents, drying by means 
of infrared rays, drying in solutions and thermal drying 
[1, 2]. The most widely approved method is drying in 
special drying chambers under the natural and 
compulsory circulation. Such type of chambers are 
called drying rooms. They are of two types [4]: 

 convection ventilation facilities; 
 condensation facilities where there are preserved a 
closed cycle of air circulation. 
Closed joint – stock company ,,Lietmedis” has proposed 
a new method of wood drying which consumes 10 times 
less heat energy [5]. The convection condenser type 
drying rooms were designed and introduced to serve the 
mentioned above purpose, where the surplus humidity 
of the circulating air is condensed on the tubes of the 
condenser. Then the heated water proceeds into the 
heater located in the manufacturing premises and heats 
the premises. There it is cooled down and then it is 
returned into the tubes of the condenser located in the 
drying room. The circulation pumps are installed in 
such type of drying rooms. Thus, the whole heat energy 
accumulated in the drying room is used efficiently. 
The purpose of the work is to analyse the automated 
control systems installed in modern wood drying 
facilities and present the description of the 
characteristics of the drying process. 
 
2. The functional scheme of the control in the wood 

drying room 
 
The functional control schemes applied in the 
convectional and condenser type drying rooms are very 
similar, but they differ by the installations and 
equipment assembled in them. The diagram in Fig.1 
displays the functional scheme of the system. 
The references indicated in this scheme Fig.1 have the 
following meanings: 
VO – the object of the control (pile of wood); 
VKD – the equipment for the performance of operations 
(actuators); 
JUT – sensors; 
NKR – the scheme for determining the deviations of the 
program concerning temperature, relative humidity, 
moisture of wood; 
SL – the thresholds of decision – making;  
SPR1 – the scheme of decisions determining the logical 
deviations of the process; 
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Fig. 1 Functional control scheme used in the drying room 
 
SPR2 – the scheme of decisions forming the control 
signals of actuators; 
ROM – the memory of the programs; 
VLD – the scheme of the management of the control 
programs; 
TMR – is a stopwatch, performing the intervals of the 
control signal, periods and duration. 
 
The major equipment executing the processes in the 
condenser type – drying rooms are considered to be air 
– drying devices, which condense humidity and heat the 
air, which is blown through them. Such devices at the 
beginning of the drying process could eliminate more 
than 500 litres of the condensate during the day and 
night [4]. Besides that, in the automated drying rooms 
there are required the controlled air – vent valves in the 
chambers and the humidifying valves. The condenser 
type drying rooms have to be ventilated, when changing 
from the mode of wood steaming into the mode of 
drying. Such chambers are humidified when changing 
from drying mode into the steaming mode or when less 
moisture is disposed from the drying wood. All the 
drying modes have to be controlled automatically.  
In modern drying rooms, there are used two circuit 
control systems. One circuit is used to control the 
program, taking into consideration the time or real 
moisture of the wood, the other circuit has to keep the 
required accuracy when satisfying the pre-set values in 
the program (temperature, relative air humidity etc.)  
 

3. Determining the parameter deviations of the 
drying process 

 
During the process of manufacturing, there appear the 
deviations of the microclimate parameters of the drying 
room from the pre – set allowable limits of the control 
program. The deviations could be eliminated by 
applying at least three impacts directed towards each 
other. In the condenser type drying rooms such impacts 
are considered to be the following, namely the heating 
of the chamber, the condensation of the humidity, 

watering, but in the convection type drying rooms air 
ventilation is used as well. 
Various sensors and their versions keep watch and 
monitor the parameters of the drying process. The 
information received from the sensors is applied in the 
compiling of the algorithm and the control program of 
drying as well as the determining of the allowable 
deviations of drying parameters depends on the 
information obtained. The temperature of the drying 
room and the deviations of the relative air humidity are 
determined by the following methods [1]: 

 direct method, when the sensors of air 
temperature and relative humidity of the drying 
chamber are used: 
 

                            k pT T T   ;                            (1) 
 

                           
k p

     ;                            (2) 

 
where kT  and  pT  – is air temperature in the chamber 

and in accordance with the program; 
k

  and 
p

  – is 

the relative air humidity in the chamber and according 
to the program. 

 indirect method, when the signals of the sensors 
of air temperature and relative moisture are applied:  
 

                             k pT T T   ;                            (3) 
 

                 pk ppW W   , when 0T  ;           (4) 
 
where pkW  and  ppW  – is the equilibrium moisture of 
wood in the chamber and set in the program. 
 indirect method, when the signals of the 

thermometers indicating dry and humid air are used: 
 

                         ks psT T T   ;                             (5) 
 

               
when T 0

                   

( ),                    
ps pd ks kd

p ks kd

T T T T

T T T



 

     

  
(6) 

 
where ksT  and psT  – are the readings of the dry air 
thermometers in the chamber and according to the 
program; kdT  and pdT  – are the readings of the humid 
air thermometers in the chamber and according to the 
program; pT –the psychometric difference of 
temperatures according to the program. 
When applying the first direct method, the determining 
of the deviations of the temperature and relative 
humidity is considered the most accurate and they do 
not depend on each other. According to the values of the 
determined deviations T and   there are compiled 
the areas of the allowable small and large deviations for 
the other parameters of the drying process. These 
calculations are required for compiling the algorithm of 
the control of the drying room and the program. 
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4. Selection of the sensors and performing devices  
 
The technological process of wood drying consists of 
several stages: warming – up, initial steaming, one or 
several drying stages, final steaming and drying as well 
as quenching. There are sometimes used the transitional 
stages of steaming as well as the other drying stages. 
To measure the temperature in the drying chambers 
there are applied expansion, manometric, electric 
resistance thermometers, thermoelectric and radiation 
pyrometers. The temperature measuring devices and 
registering equipment are presented in Fig.2.  
 

 
 
Fig. 2. Temperature measuring devices 
 

To measure the humidity in the chambers there are used 
two main methods: 
 psychometric – is meant to measure humidity at 

higher temperatures (up to 1000C); 
 hydroscopic – is meant to measure humidity at 

lower temperatures.  
At present, there are available humidity meters used for 
measuring the moisture in wood, humidity in the 
premises and the air of the environment. They are 
presented in Fig.3. 

     
  

Fig. 3. Wood moisture meters 
 
The computer – assisted system in the wood drying 
facility regulates the flow of air, by changing the 
velocity of ventilators, when their motors are controlled 
by the frequentative method. 
When selecting the electric motors for the ventilators of 
the convection – ventilated type of drying rooms, it is 
important to evaluate the fact that motors have to work 
in hot and humid environment. In the ventilated drying 
chambers, the temperatures of air and steam amount to 
(60 – 80)0 C. Because of that, the motors operating with 
a nominal load tend to be overheated and that is the 
main reason for the breakdowns appearing in the 

ventilated drying rooms. The standardised electric 
motors are applied in operation when the surrounding 
temperature is +400 C. In case, the environmental 
temperature of the motors during the operation is higher 
than +400 C, then according to the requirements of the 
standard [6] the superheat temperature of the insulation 
materials of the motors has to be reduced by the 
environment temperatures difference. Then in order to 
keep the nominal operational efficiency of the 
ventilators it is necessary to select higher capacity 
electric motors.  
 

5. The dynamic characteristics of wood 
drying process 

 
The computerized control systems nowadays applied in 
wood drying facilities are able automatically control and 
monitor all the stages of drying. The total process of 
wood drying may consists of 12 stages. For example, 
the new system EASY NEW is able to control at a time 
even 32 drying chambers [7]. In the memory of the 
computer, dealing with the automatic control, there are 
stored many different programs of drying intended and 
specified for every sort of wood. When selecting both 
the mode of drying and the program there is determined 
the sort of wood, its thickness, and the size of the 
loading, the final humidity and other parameters. 
The wood drying computer program within the pre – set 
time intervals via the consecutive communication 
interface RS485 collects all the data of the sensors from 
the drying chamber and processes it. The data of the 
measurements are accumulated and stored in the 
memory and within the real time are displayed on the 
screen of the monitor. It is possible to supervise the 
instantaneous values of the drying parameters in the 
form of tables and curves. The program automatically 
registers and displays all the dynamic characteristics of 
the drying process. 
The diagrams of the processes executed in the drying 
room, are presented in Fig.4. Fig.5 presents the 
dynamic characteristics when drying 30 mm thickness 
oak boards.  
 

 
 
Fig. 4. The diagrams of the processes held in the drying room: 
1 – the set temperature; 2 – the real temperature; 3 – the 
average moisture of wood; 4 – the average air humidity; 5 – 
the equilibrium air humidity  
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Fig. 5. Drying characteristics for 30 mm thickness oak 
boards: 1 – the set temperature; 2 – real temperature in the 
chamber; 3, 4, 5 – the curves of wood moisture; 6 – the 
average air humidity; 7 –the equilibrium air humidity 
 
In Fig. 4 presented curves indicate that when drying the 
moisture evaporates from the wood (curve 3), the air in 
the chamber fills with water vapour and its temperature 
is reduced (curve 2). Then wood stops drying. To 
prolong the drying process it is necessary to increase 
the temperature in the chamber as indicated in curve 2.  
In the control algorithms of the drying rooms there is 
provided the possibility for the automatic system to 
react to the deviations from in the program set 
parameters of the drying processes. In case, the air 
temperature in the chamber is lower, but the relative 
humidity is higher than the standard, then within certain 
intervals the heating of the chamber is switched off 
automatically. The mentioned above drying processes 
are presented in Fig. 6.  
 

 
 
Fig. 6. The diagrams exhibiting the change of heating 
intensity of the chamber: 1 – real temperature in the chamber; 
2 – the set temperature; 3 – the average wood moisture; 4 – 
heating at certain periods of time; 5 – the average air humidity  
 
The decrease of wood moisture in the convection 
ventilated drying rooms is controlled through the valves 
of fresh air. When air moisture in the chamber 
decreases more than it is allowable, then the watering of 
the chamber is automatically switched on. The 
computer – assisted program controls these processes as 
well.  

6. Conclusions 
 

1. Our country is extensively implementing various 
types of wood drying facilities with different levels 
of automation. However, there is a shortage of 
information concerning the structure of the control 
system for drying rooms, the algorithms of 
operation, programs, performing devices, sensors 
and the other interrelated facilities. 

2. From all the well – known methods of wood drying, 
the best and the most efficient is considered to be 
thermal drying in special chambers, equipped with 
the automatic control systems able to carry out all 
the available stages of drying. 

3. Closed joint – stock company ,,Lietmedis” has 
introduced the convection condenser type drying 
rooms with the closed cycle of air and hot water 
circulation. Because of that, the losses of heat 
energy have been reduced and all the heat energy 
accumulated in the drying room has been applied 
efficiently. 

4. Modern computerized control systems available at 
wood drying facilities operate using the specified 
drying programs compiled individually for each sort 
of wood and they are able to control all the stages of 
technological process. The new system EASY 
NEW manages to control at a time even 32 drying 
chambers. The automated control systems apply 
various programmable logical controllers; however, 
the most popular are controllers from German 
company ,,GANN HYDROMAT TK – MP”. 

5. The results of the maintenance of the drying rooms 
indicate that the electric motors of the ventilation 
devices tend to go breakdown most often because 
they operate under hot environmental conditions 
(60 – 80)0C. Following the requirements for   
standard IEC 60034 -1, the ventilators operating 
under the mentioned above environmental 
conditions have to be selected when motors bear 
higher capacities by (20 – 30)%. 
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Abstract: One of the most important and indispensable 
parameters of a Battery Management Systems (BMS) is 
accurate estimates of the State of Charge (SoC) of the 
battery. It can prevent battery from damage or 
premature aging by avoiding over charge/discharge. 
Due to the limited capacity of a battery, advanced 
methods must be used to estimate precisely the SoC in 
order to keep battery safely being charged and 
discharged at a suitable level and to prolong its life 
cycle. In this paper, we review several effective 
approaches: Coulomb counting, Open Circuit Voltage 
(OCV) and Kalman Filter method for performing the 
SoC estimation; then we propose Artificial Intelligence 
(AI) approach that can be efficiently used to precisely 
determine the SoC estimation for the smart battery 
management system as presented in [1]. By using our 
proposed approach, a more accurate SoC measurement 
will be obtained for the smart battery management 
system. 
 
Keywords: battery management systems (BMS), state of 
charge (SoC), artificial intelligence (AI). 

 
1. Introduction 

 
In the modern society, environment and transportation 
problems are the main challenge for many countries. 
Due to the increasing awareness of global warming, the 
requirements for clean fuel are on the rise. Thus, there is 
a continuous shift towards the Electric Vehicles (EVs) 
and Hybrid Electric Vehicles (HEVs) [1]. Moreover, 
battery-powered electronic devices have become 
ubiquitous in modern society. Rapid expansion of the 
use of portable devices (e.g. laptops, tablet computers 
and cellular phones) creates a strong demand for a large 
deployment of battery technologies at an unprecedented 
rate. In addition, distinct requirements for batteries, such 
as high energy storage density, no-memory effect, low 
self-discharge and long cycling life, have drawn explicit 
attention recently. Due to the above-mentioned facts, 
Battery Management Systems (BMSs) become 

indispensable for modern battery-powered applications 
[11-13]. 
A BMS does not only monitor and protect the battery, 
but also provide the guidance on optimal usage of the 
battery. One of the most important and indispensable 
parameters of a BMS is to accurately estimate the State 
of Charge [5] of the battery. The SoC is defined as the 
present capacity of the battery expressed as a percentage 
of some reference. Due to the limited capacity of a 
battery, advanced methods must be used to estimate 
precisely the SoC of the battery in order to keep it safely 
being charged and discharged at a suitable level and to 
prolong the life cycle of the battery. However, the 
measurement of SoC is not a trivial task, because one 
should also consider the battery voltage, current, 
temperature, aging and so on. Accurate SoC estimation 
can prevent the battery from damage or rapidly aging 
due to unwanted overcharge and overdischarge on the 
battery. 
The conventional SoC estimation method such as 
Coulomb counting [3] suffers from an error 
accumulation glitch which leads to inaccurate 
estimation [2]. In addition, the finite battery efficiency 
[2] and the chemical reaction taking place during charge 
and discharge cause temperature rise and badly 
influence the SoC estimation. Therefore, efficient 
algorithms are definitely needed for the accurate SoC 
estimation. Furthermore, neither Coulomb counting nor 
voltage measurement alone is sufficient for high 
accuracy SoC estimation, because the estimation of SoC 
is strongly influenced by many other factors such as 
charge/discharge rates, hysteresis, temperature, cell 
aging, etc. 
A smart BMS for aged batteries and multi-cell batteries 
was presented in [1] which aims to meet the following 
requirements: 
· Accurate estimation of SoC prevents battery 

damage or premature aging by avoiding unsuitable 
over charge and over discharge. 

· SoC can be effectively used to deduce how well 
the battery system is functioning relative to its 
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nominal (rated) and end (failed) states. 
· The battery aging process needs to be reduced by 

conditioning the battery in a suitable manner (e.g. 
through controlling its charging and discharging 
profile), under various load conditions and harsh 
environments. 

· Hardware implementation of the BMS is flexible 
and adaptable in both Application-Specific 
Integrated Circuit (ASIC) and Field Programmable 
Gate Arrays (FPGA) technology. 

In this paper, we propose an Artificial Intelligence (AI) 
approach [15] that can be efficiently used to precisely 
determine the SoC estimation for the smart battery 
management system.  
This paper is organized as follows: Section 2 presents 
and discusses several techniques that have been widely 
applied for the battery SoC estimation. Our intended AI 
approach for estimating the SoC of the smart battery 
management system is outlined in Section 3. 
Concluding remarks are given in Section 4 and 
directions for future work are pointed out at the same 
section. 
 

2. Battery SoC Estimation 
 

Many techniques have been proposed previously to 
estimate the SoC of battery cells or battery packs, each 
of them has merits and demerits.  
 
2.1. Current Based SoC Estimation 

 
Current based SoC estimation is also known as 
Coulomb Counting [3-7], which takes integration of 
current and time into account to estimate SoC. Coulomb 
Counting requires an initial state namely SoC0, and if 
the initial state of the battery is known, from then the 
SoC can be calculated though this method. 
For example, the initial state is SoC0, using I ampere 
current to charge the battery for t hours, that will add I*t 
Ah charge in the battery. Also, if the capacity of the 
battery is C, then the final SoC can be calculated as 
follows: 
   SoC SoC     (1) 

 
 

Fig. 1. Estimating SoC by using Coulomb Counting  
 
According to theory, if a battery was charged for 3 

hours at 2A, the same energy can be released when 
discharging. However, this is not the case in reality. No 
methodology is perfect. For instance, Coulomb 
Counting suffers from a drift over time. As mentioned 
in [3], battery aging causes a gradual small and constant 
error in the variable. The small and constant error 
causes a tiny error for measurement of current, which 
will be magnified during each charging and discharging 
cycle and will result in the SoC drift. Therefore, if there 
is a way to re-calibrate the SoC on a regular basis, such 
as reset the SoC to 100% when the battery is fully 
charged, Coulomb Counting can be used to accurate 
estimate SoC and often enough to overcome drift. 
 
2.2. Voltage Based SOC Estimation 

 
There are already many applications that measure the 
SoC based on voltage, such as the charge balance shown 
in cellular phones. The voltage is firstly measured and 
then converted to SoC. When the battery is discharging, 
the voltage drops more or less linearly [4]. In practice, 
there are two cases for the Lead Acid battery and the 
Li-ion battery [6]. For the Lead Acid battery, the 
voltage diminishes significantly when it is discharged as 
shown in Fig. 2 [4]. 
However, the voltage is significantly affected by the 
current, temperature, discharge rate and the age of cell. 
These factors need to be compensated, in order to 
achieve a higher accuracy of SoC. 
For the Li-ion battery, there are very small changes for 
voltage between each charging and discharging cycle as 
shown in Fig.3. Due to the constant voltage of Li-ion 
battery, it is difficult to estimate the SoC by voltage 
based method. However, the voltage of the Li-ion 
battery changes significantly at both the ends of SoC 
range, which can be two important indicators of 
imminent discharge. For instance, for many applications 
an early warning is required before the battery is 
completely discharged or empty. 
 

 
 

Fig. 2. The relationship between Voltage and SoC in Lead 
Acid battery 
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Fig. 3. The relationship between Voltage and SoC in Li-ion 
battery 
 
2.3. Extended Kalman Filter 
 
In 1960s, Kalman Filter theory was proposed [9] to 
accurately estimate the state for the linear systems, 
especially for systems with multiple inputs, by 
removing unwanted noise from a set of data. However, 
for the systems with specific requirements, such as 
non-normality and non-linearity, the application of the 
Kalman Filter method is not feasible. 
Due to the time-variance, nonlinear model of the battery, 
noise assumption and the measurement error of the 
BMS, extended Kalman Filter (EKF) [14] is used to 
estimate the SoC for these nonlinear battery systems. 
With EKF method linearization process are used at each 
time step to approximate the nonlinear system with a 
linear time-varying system [10]. EKF becomes an 
elegant and powerful solution to estimate the SoC. 
 
3. Artificial Intelligence Approach to Estimate SoC 

 
The battery pack charge and discharge processes are so 
complex that it is essential to consider many factors 
such as cell voltage, current, internal impedance and 
temperature gradients [16]-[18]. The battery pack 
connected in series presents a more complex problem. 
Careful monitoring and control is necessary to avoid 
any single cell within a Li-ion battery pack from 
undergoing over-voltage or under-voltage. In a Li-ion 
battery module-management system, the individual 
battery SoC must be monitored because of overcharge 
and over-discharge issues. Therefore, it is essential to 
have methods capable of estimating the battery SoC. 
As mentioned above, Kalman Filter (KF) is a powerful 
tool for the state estimation of systems. Some research 
have used this filter to estimate the open-circuit voltage 
or other parameters of batteries that have a direct 
relationship with the SoC [19]. In [20, 21] the KF is 
employed to estimate some physical quantities, which 
have direct effects on the SoC. 
To achieve the accurate estimation of SoC, Artificial 
Neural Networks [22] (ANN) and Fuzzy Logic [23] 
systems have been treated as the universal 
approximators. Many techniques have been developed 
to approximate the nonlinear functions for practical 

applications [24, 25]. The BMF constructed in [24] 
possesses the property of local control and has been 
successfully applied to Fuzzy Neural Control [26]. Also, 
the hybridization of fuzzy logic with ANN has been 
used to improve the efficiency of function estimation. 
For instance, Fuzzy Neural Networks (FNN) have been 
used in many applications, especially in identification of 
unknown systems. The FNN can effectively model the 
nonlinear system by calculating the optimized 
coefficients of the learning mechanism [26-30]. 
The adaptive Neural Fuzzy method was proposed in 
[31] to estimate battery residual capacity. Although the 
estimation of battery residual is accurate, the algorithm 
utilizes the least-square method to identify the optimal 
values and hence, learning rate is computationally 
expensive; much time is wasted in training an ANN. A 
more practical approach, called merged-FNN for SoC 
estimation is proposed in [32]. In merged-FNN, the 
FNN strategy is combined with Reduced-form Genetic 
Algorithm (RGA) [33] which performs effectively on 
SoC estimation in a series-connected Li-ion battery 
string. The merged-FNN achieved a faster learning rate 
and lower estimation error than the traditional ANN 
with a back-propagation method.  
Due to the above-mentioned facts, it is not hard to see 
that AI is a promising approach for fast, precise and 
reliable SoC estimation.  
 

4. Conclusions 
 

An overview of current techniques for battery State of 
Charge SoC (SoC) estimation has been given. An 
intended Artificial Intelligence (AI) approach that can 
be efficiently used to precisely determine the SoC 
estimation for a smart battery management system has 
been presented. Our future will focus on the 
implementation of a new AI technique to accurately 
estimate the SoC of various types of batteries. 
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Abstract: At the design stage of digital self-tuning PID 
control, the determination of closed-loop parameters 
and continuous-time sampling period is an issue. The 
stated problem is proposed to solve by optimizing the 
generalized criterion of control quality in this paper. 
The methodology of sub-component search has been 
used to solve optimization problem. The effectiveness 
of search algorithms has been investigated 
experimentally. 
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1. Introduction 

 
The control quality of continuous-time processes by 
digital controllers depends on the right choice of closed-
loop characteristics and continuous-time sampling 
period [1]. Moreover, at the design stage of digital self-
tuning PID control, the determination of those 
parameters is not straightforward. In the present paper, 
the stated problem is proposed to solve by optimizing 
the generalized criterion of control quality via sub-
component search methodology. The effectiveness of 
search algorithms has been experimentally analysed on 
pressure process. 

 
2. Digital self-tuning PID control 

 
The scheme of pressure process is illustrated in Fig. 1. 
It consists of such components: the combined air inlet 
(no. 1) and air outlet (no. 4) tanks, two air chambers 
(no. 2) and two tubes (no. 3) with balls (no. 6) in them. 
The air from the inlet tank flows to air channels through 
air chambers and leaves the equipment through the 
upper outlet tank. The distance to balls is measured 
using ultrasound distance sensors (no. 5). The fans 
(no. 7) are used to create pressure in the air channels in 
order to lift the balls in tubes. The air chambers are 
utilized for the purpose to stabilize oscillations of the 
pressure in each tube. The momentum of the fan, the 
inductance of the fan motor and an air turbulence in the 

tube leads to complex physics governing ball's 
behaviour. Slightly different weights of the balls and the 
location of air feeding vent additionally impacts the 
behaviour of ball in the tubes. 

 

 
 

Fig. 1. The scheme of pressure process 
 

The input signals of the process are voltage values for 
each fan from the range between 0 and 10 volts. The 
intermediate values of voltage effects the power of fan 
disproportionately. The output signals are the distances 
between balls and the bottom of their tubes from the 
range between 20 and 90 in centimetres. 
The control objective of pressure process is to regulate 
the speed of a fan supplying the air into a tube so as to 
keep a ball suspended at some predetermined level in 
the tube. 
Each tube of the process is defined by discrete linear 
second order model, i.e.  
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where ),1()( ziA  )1()( ziB  are the model 
polynomials, 2,1i  is the number of the tube of 
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pressure process, )0()()( tTiyi
ty  , )0()()( tTiui

tu   - 

output and input signals with sampling period 0T  

respectively, )(i
t  - a white noise of the thi  tube with a 

zero mean and finite variance and 1z  is the backward-
shift operator.  
Unknown model parameters of the thi  tube are 
obtained by the algorithm of recursive least squares 
with forgetting factor [4, 5]. 
The previous experimental results showed that the 
process control by digital self-tuning PID-B controllers 
were better as compared to digital self-tuning PID-A 
controllers [5, 6], thus for this experiment only the 
digital self-tuning PID-B controllers have been used. 
The PID-B controller is defined as follows [6] 
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where ),1()( ziS )1()( ziR  are the polynomials of 

controller, 
*)(i

ty  is a reference signal, )(i
te  - a control 

error and )(
2,)(

0,)(,)( iririi   are the parameters of 

PID-B controller of the thi  tube. 
In order to calculate the parameters of PID-B controller 
the desired polynomial of closed-loop characteristic is 
needed, which for the thi  tube is formulated as 
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and is defined by converting continuous-time second 
order system 
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to its discrete analogue by Laplace transformation. The 
coefficients of this polynomial are then calculated by 
[2] 
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where   is the natural frequency of oscillation,   is 
the damping factor. Then PID-B controller parameters 

)(
2,)(

0,)(,)( iririi   of the thi  tube are computed by 

[2]. 
 

3. Closed-loop optimization algorithms 
 

The required control response of closed-loop by digital 
self-tuning PID-B controllers can be achieved by 
appropriate selection of parameters 0,, T . 
The control quality of pressure process can be defined 
by generalized criterion 
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where N  is the number of observations, 0  is a 
weight coefficient. 
In such a case, it is reasonable to find parameters 

*
0,*,* T  that minimize criterion (10) 
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The optimization problem is solved by 
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The optimal closed-loop parameters *,*   are 
obtained by 
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The sub-component optimization methodology [3] is 
used to solve optimization problem of (14): 
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The minimization of one-variable function (13) can be 
performed by one-dimensional search technique [3]. 
The most popular algorithms of this technique are 
golden section and quadratic interpolation. 
Golden section algorithm is related with an initial 
uncertainty interval 
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reduction to the interval 
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where its length is not longer than desired ,0T  and 
with a function (13) minimum inside. 
For this purpose, two new values of sampling period 

0T  are chosen by 
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in the search procedure and a new uncertainty interval is 
then defined by the rule 
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The new sampling period 0T  is then calculated by 
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Quadratic interpolation algorithm is related with the 
parabolic approximation of the minimize function (13). 
The 3 inputs - ,01T ,02T 03T  and 3 outputs - ),01(TJ  

),02(TJ  )03(TJ  that satisfy conditions 
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must be possessed for this purpose. Then the new input 

04T  that points to the minimum of (13), is obtained by 
[3] 
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Each of the optimization problems (15) is also solved 
by golden section and quadratic interpolation algorithms 
analogous to the problem of (13). 
The optimization of closed-loop parameters and 
sampling period is performed offline. 

 
4. Experimental analysis 

 
The experimental analysis has been performed with 
such predefined conditions: the initial uncertainty 
intervals of closed-loop parameters  ,0.1,02.0  

 0.2,02.0  and sampling period  2.0,04.00 T  
have been chosen. The optimization (15) is started with 

an initial closed-loop parameter 0.1)0(  .  
The criterion optimization results by golden section 
algorithm have shown that optimized closed-loop 
parameters and sampling period are ,146.0  

,920.0  08.00 T  with criterion value 173.83Q . 
Applying quadratic interpolation algorithm for criterion 
optimization the optimized closed-loop parameters and 
sampling period are obtained ,143.0  ,809.0  

1.00 T  respectively with criterion value 820.86Q . 
The search of sampling period by golden section and 
quadratic interpolation algorithms are illustrated in 
Fig. 2. Additional numbers at the tick labels of x axis of 
each graph denote the number, when that value is 
considered. In both cases, the criterion optimization has 
been performed in 5 different values of sampling 
period. 

 

 
 

Fig. 2. Search of sampling period by different algorithms: (1) golden section, (2) quadratic interpolation
 

The search process of the parameters of closed-loop by 
golden section algorithm with its optimized sampling 
period value ( 08.00 T ) is depicted in Fig. 3. Fig. 3 
shows that criterion with a fixed value of sampling 
period to 08.00 T  is optimized within 3 iterations of 
sub-component search procedure by golden section 

algorithm, thus is necessary to find 28 criterion values. 
The similar is true with other closed-loop optimizations 
with different values of sampling period – the lengthiest 
optimization procedure takes up to 5 iterations of sub-
component search procedure, requiring 42 criterion 
values. 
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Fig. 3. Search process of the parameters of closed-loop by golden section algorithm with sampling period 08.00 T  
 

The search process of the parameters of closed-loop by 
quadratic interpolation algorithm with its optimized 
sampling period value ( 1.00 T ) is depicted in Fig. 4. 
Notice that similar values of closed-loop parameters by 
this algorithm are obtained faster as compared to golden 
section algorithm; in this case, only require 18 criterion 
values. The other closed-loop optimizations with 

different values of sampling period also take fewer 
measurements of criterion values as compared to golden 
section algorithm. On average, the closed-loop 
parameters by quadratic interpolation algorithm has 
converged up to 2 times faster to the optimal values of 
closed-loop parameters as compared to golden section 
algorithm. 

 

 
 

Fig. 4. Search process of the parameters of closed-loop by quadratic interpolation algorithm with sampling period 1.00 T
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The control performance of pressure process with 
optimized parameters of closed-loop and sampling 
period by golden section algorithm is demonstrated in 
Fig. 5. Notice that control quality of the process is 
significantly improved for both tubes as compared to 
the control performance of the process with 
unoptimized parameters of closed-loop and sampling 
period (Fig. 7). 

 

 
 

Fig. 5. Control performance of pressure process with 
optimized parameters of closed-loop and sampling period by 
golden section algorithm: ,146.0 ,920.0  08.00 T  

( 173.83Q ) 
 

Fig. 6 illustrates the control performance of pressure 
process with optimized parameters of closed-loop and 
sampling period by quadratic interpolation algorithm. 
The control quality of pressure process as compared to 
the control quality demonstrated in Fig. 5 is slightly 
decreased, especially of the second tube that leads to 
slightly increased value of criterion. 

 

 
 

Fig. 6. Control performance of pressure process with 
optimized parameters of closed-loop and sampling period by 
quadratic interpolation algorithm: ,143.0 ,809.0  

1.00 T  ( 820.86Q ) 

 

 
 

Fig. 7. Control performance of pressure process with 
unoptimized parameters of closed-loop and sampling period: 

,168.0 ,7.0  08.00 T  ( 548.453Q ) 

 
5. Conclusions 

 
The experimental results showed that the optimization 
of the parameters of closed-loop and continuous-time 
sampling period substantially improve the control 
performance of pressure process. Additionally, is shown 
that golden section and quadratic interpolation 
algorithms allow forming the optimization problem of 
the parameters of closed-loop and sampling period, 
therefore the optimized parameters obtained by golden 
section algorithm are more accurate with smaller value 
of criterion of control quality. 
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Abstract: In compliance with the FDA’s PAT initiative 
a holistic Bioreactor Control Toolbox is presented. The 
proposed tools are developed for monitoring and 
controlling bacterial and mammalian cell cultures and 
are based on the real-time distributed control system 
SIMATIC PCS 7. 
The toolbox is a structure of ready to-use applications 
on the basis of program functions, function blocks, 
templates and their faceplates. Also an example of a 
control strategy designed to increase batch-to-batch 
reproducibility is presented. 
 
Keywords: fermentation, bioreactor control, DCS, real 
time control. 
 

1. Introduction 
 
The pharmaceutical industry is subject to good 
manufacturing practice (GMP) regulations, thus 
software and hardware of their production control 
systems must comply with these requirements. Fully 
integrated distributed control systems (DCS) have 
become more common in a manufacturing of active 
pharmaceutical ingredients (API) production plants. 
The advantages of such integrated control systems is 
simplification of development and validation processes 
of production bioreactor control systems [1,2]. On the 
basis of generally accepted standards, 
recommendations and guidelines for the validation of 
control systems (FDA 21 CFR Part 11, Annex 11of the 
EU GMP Guidelines, GAMP5), many DCS vendors 
offer validatable software and hardware as well as 
templates for documentation of system specifications, 
project planning and testing [3,4,5,6]. This is an 
essential feature for integrating industrial control 
systems into the GMP environment. An advantage of 
DCSs is the full integration of different components 
into the automation system and a high scalability of 
this system architecture. It allows engineers to create 
the automation solutions under laboratory conditions, 

and to put forward them within the same process 
control system towards the large scale production units. 
US Food and Drug Administration (FDA) and 
European Medicines Agency (EMA) pointed out, that 
it is important to use model-aided tools for online 
monitoring and control as well as modelling, to ensure 
final product quality [7]. The integration of PAT 
methods into industrial PLC (programmable logic 
controller) allows controllers to monitor and respond to 
the process changes in real time. 
Major indicators for the physiological cell activity are 
O2 and CO2 gas volume fractions in the fermenter 
outlet. Therefore, advanced control algorithms should 
use these signals in biopharmaceutical production 
units. Simple strategies of reproducibility control based 
on indirect online measurements can be based on the 
off-gas analysis [8,9,10,11,12]. Currently, complex 
mass spectrometers and simple low-cost off-gas 
sensors are used in the pharmaceutical industry [13]. 
Today’s process control strategies are optimized using 
simulations based on mathematical models. Though 
they usually consider the process dynamics, they do 
not properly take into account the functionality 
limitations of real bioreactor automation system 
equipment. This can be achieved using the dynamic 
process model implemented directly in the industrial 
real-time control system (DCS). This is now referred to 
as a virtual plant. Practical implementation and 
integration of virtual plant concept for other 
applications is described in the literature [12,14,15]. 
During the numerous experimental studies on the basis 
of distributed control system SIMATIC PCS 7 the 
Bioreactor Control Toolbox (BioCT) was created. In 
the BioCT newly developed and existing libraries are 
collected to facilitate the automation of bioreactors and 
improve monitoring, control and supervision of 
fermentation processes. 
The aim of this work is to show that it is possible to 
create and collect the advanced control methods in the 
industrial real-time process automation systems. 
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2. Experimental enviroment 

 
The experiments were performed in a B.Braun Biotech 
10-L-scale bioreactor Biostat C with E. coli 
BL21(DE3) pLysS bacteria, which produce a 
recombinant plasminogen activator r-PA. The cells 
were inoculated to the well-defined medium. From the 
beginning, i.e. at inoculation, all cultivations were run 
in the fed-batch mode. Initial medium and feed 
solution are described in detail by [16]. Respiration 
was monitored via exhaust gas analysis in the vent line, 
i.e., O2 was measured on-line with paramagnetic 
oxygen sensor (Maihak Oxor 610) while CO2 was 
detected with an infrared sensor (Maihak Unor 610). 
Substrate addition rates were controlled gravimetrically 
using a SIWAREX FTC weighing module and Mettler 
Toledo balance. All other details of the experimental 
set-up were the same as those reported in Kuprijanov et 
al. [12]. 
To test the cascade control scheme in mammalian cell 
cultures, CHO–S cells purchased from Invitrogen 
Karlsruhe), were cultured in a stirred tank fermenter 
(Biostat B, B.Braun Biotech, Melsungen, Germany) on 
the 2-L scale. The cells were grown in a glutamine 
limited fedbatch mode to produce recombinant human 
erythropoietin (rhEPO). The O2 volume fraction was 
measured on-line with a BlueSens off-gas sensor 
(BlueSens Herten, Germany). Glutamine was used to 
control the process along the user defined mO2 profile. 
The composition of the medium and the bioreactor 
setup for the fed-batch experiments applied is 
previously described in detail [9,12]. 
The cultivation processes were operated under the 
control of our distributed control system Siemens 
SIMATIC PCS 7 V7.1 with implemented Bioreactor 
Control Toolbox solutions. SIMATIC BATCH is used 
for the formation and configuration for the recipes of 
fermentation processes. 
 

3. Structure of bioreactor control toolbox 
 
The implementation of the advanced control techniques 
in recombinant protein production processes is still a 
difficult task in biopharmaceutical plants. Highly 
skilled personnel, sophisticated measurement and 
control software is required, which means a 
considerable investment. 
From the practical point of view it is important that the 
advanced techniques can easily be integrated into the 
existing process control systems and that they can 
easily be specified and validated. In the SIMATIC PCS 
7 system this is possible using template techniques 
(process tag types). The control strategies tested in the 
experiments could be converted into templates and 
included into the libraries [17]. The application 
programs created could easily be transferred into other 
bioreactor automation projects. 
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Fig. 1. Bioreactor Control Toolbox is a part of control level 
in the process automation structure 
 
The Bioreactor Control Toolbox (BioCT) is a part of 
the control level in the process automation structure, 
which interacts with the elements on this level. The 
main components of this level are analyzers, 
programmable logic controllers (PLC), human-
machine interface (HMI), batch applications and 
additional add-ons. The place of BioCT in the general 
structure of automation system is shown in Fig. 1. 
The structure of the Bioreactor Control Toolbox 
consists of a set of functional libraries. The toolbox 
consists of PCS 7 standard functions, PCS7 advanced 
control, BATCH, SIWAREX FTC, NeuroSystems 
libraries and also PCS7 BioPAT library, which is 
intended for automation of fermentation processes. 
BioCT offers a variety of prepared solutions for 
bioreactor automation. The structure of the proposed 
toolbox is depicted in Fig. 2. 
 
3.1. BioPAT library 
 
Simple gas analyzers, which measure CO2 and O2 
volume fractions, are practically installed in each 
modern bioreactor these days. These important 
measurements are used in many algorithms offered in 
the PCS7 BioPAT library.  
The proposed PCS 7 BioPAT library includes: (i) 
control strategies for cultivation of reproducible 
production processes based on existing control 
algorithms [8,9,10,11,12,18,19,20,21]; (ii) existing 
advanced techniques for control of process critical 
parameters [22,23,24]; (iii) existing process monitoring 
functions [10,25,26]; (iv) existing process supervision 
functions [27], model based control algorithms [28]. 
The PCS 7 BioPAT library contains also dynamic 
models of fermentation process. The models are 
intended to imitate cultivation processes of E.coli 
bacteria and mammalian cell cultures. Together with 
the bioreactor control system, they represent a virtual 
plant [12,29]. 
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The library has been created on the basis of SIMATIC 
PCS 7 process control system and consists of templates 
of technological functions (process tag types), which 
may be easily transferred into bioreactor automation 
projects (Fig. 3). The main technological functions 
included in the PCS7 BioPAT library are described in 
Table 1. 
 

 
 

Fig. 2. Structure of Bioreactor Control Toolbox 
 
Table 1. Process tag type library PCS7 BioPAT 
 

PCS7 BioPAT Library 
Process monitoring: 

Measuring of carbon production rate and mass 
Measuring of oxygen uptake rate and mass 
Estimation of biomass use a multivariate 
regression 
Estimation of biomass and product use a 
neural networks 

Process supervision: 
Carbon balance 
Mass balance 

Reproducibility control strategies based on indirect 
measurements: 

Control of total carbon production rate and 
mass  
Control of metabolic heat 
Control of estimated specific biomass growth 
rate 
Control of predicted biomass (model 
predictive control, MPC) 

Tracking of maximal culture capacity: 
Probing control 

Additional functions: 
Respiratory quotient (RQ) measurement 
Trajectory feed control (as well airflow, 
stirrer, temperature, pressure, etc.) 
Foam control 
Measuring and justage of culture weight  
Totalizers, calibration of pump  

Virtual plant: 
Process model integrated in to process control 
system (E.coli bacteria, CHO cells) 

 

 
 

Fig. 3. The PCS7 BioPAT library in SIMATIC PCS 7 
process control system 
 

4. Accompanying example 
 
Feed-forward/feedback control of the mass (mO2) of 
oxygen consumed and total oxygen consumption rate 
(tOUR) along a predefined setpoint trajectory will be 
used as an example of an application of the toolbox. 
According to Luedeking and Piret’s equation, the 
oxygen consumption rate (OUR) depends upon the 
biomass and the specific growth rate. Thus these on-
line estimated signals may be used indirectly to control 
the biomass along a setpoint profile. 
To implement this strategy we created and installed a 
PCS7 BioPAT library with two templates 
(REPRO_CTRL_ACELL_CASC for a mammalian cell 
culture, REPRO_CTRL_TCPR_CASC for microbial 
E.coli culture). An example of the proposed template 
for a mammalian cell culture is shown in Fig. 4. The 
template was created using continuous function chart 
(CFC) programming. CFC is a graphical-oriented IEC 
61131-3 programming language that is widely used as 
application program in process industry. The following 
program blocks are included in the template: functional 
block for calculation of tOUR (EXHAUST_O2); 
function blocks for control of trajectories used to read 

32



 

 

from a text file tOUR and feed setpoint values 
(PROFILE) [30]; function blocks of mO2 and tOUR 
PID controllers (CTRL_PID); integrators (INTG); 
addition (ADD_R) and multiplication functions 
(MUL_R). Functional blocks (e.g. EXHAUST_O2) 
have been created by using structured control 
language (SCL). SCL is high-level programming 
language defined in the standard IEC 61131-3. For 
convenient operating, each function block has an own 
user-friendly faceplate. For sequential configuration 
and switching of the control modules to automatic or 
manual mode additional programs have been created. 
These programs are intended to facilitate the operator’s 
effort. The programs have been created using a 
sequential function chart (SFC) graphical language, 
which also is defined by IEC as part of the IEC 61131-
3 specifications. The SFC programmable blocks are 
furnished with an interface to the process-oriented 
recipes management system SIMATIC BATCH. 
 

 
 

Fig. 4. The template (REPRO_CTRL_ACELL_CASC) of a 
feed-forward/feedback controller for indirect control of cell 
growth 
 
Practically, this controller is intended to compensate 
for process disturbances. Such disturbances may be 
fluctuations in substrate concentration, feed-pump 
disturbances, differences in the initial growth medium 
composition, differences of biomass quantity and 
quality in inoculums or technical changes in the 
bioreactor, etc. 
As shown in Fig. 4, the structure consists of two PID 
controllers, which are combined within a cascade 
scheme (master – mO2 PID controller, slave – tOUR 
PID controller). The setpoint trajectory is the total 
oxygen uptake rate (tOUR). The trajectory can be 
defined using the process model or by using the best 
measured result from previous fermentations [9]. The 
master control loop is intended to the control mO2 
during the entire fermentation process. The controlled 
variable (mO2) is calculated by integrating the tOUR 
signal along the cultivation process. The slave control 
loop responds to the fast changes of tOUR value in the 
process. Depending upon the control error, the 
manipulated variable of the master controller corrects 
the setpoint of the slave controller, and the slave 
controller corrects the predefined feeding reference 
trajectory. The algorithm of this improved controller 

and a detailed description of its action are presented in 
[12]. 
The fermentation process shows a non-linear dynamic 
behavior. Non-linearity of consumption of nutrients is 
caused by the growth of biomass. A pre-calculated feed 
reference is the feed-forward part of this controller. It 
is intended to compensate for this non-linearity. The 
feed reference is calculated from the specific biomass 
growth rate reference by using known yield 
coefficients [28]. The optimal feed reference may also 
be determined experimentally using probing control 
strategy (included in PCS7 BioPAT library). An 
application of this strategy permits following the 
maximum culture capacity and avoiding the occurrence 
of overflow metabolites [31]. 
Experimental fermentation runs have been carried out 
with bacterial (E.coli) and mammalian cell (CHO) 
cultures. The mammalian cells were cultivated under 
glutamine limited conditions. In the initial phase of 
cultivation the controller worked in an open-loop and 
later (at 40 hours automatically switched) in close-loop 
control mode. The reason of such a strategy is the quite 
low respiration rate at the beginning of the cultivations. 
In the close-loop phase the mO2 value is controlled by 
increasing or reducing the glutamine feed rate 
responding to the control error. The absolute control 
error of the master controller does not exceed 2 mmol 
and for slave controller 0.2 mmol h-1. 
The E.coli culture is grown in a glucose limited 
medium. The mCO2 close-loop control starts after 5 h, 
beforehand the process was controlled in an open-loop 
fashion. During the cultivation the absolute control 
error of master controller does not exceed 2 g, and 
slave 5 g h-1. The experimental cultivation results of 
both cultures are shown in Fig. 5 and Fig. 6. 
 

5. Conclusions 
 
In this work it is shown how to construct a 
comprehensive automation system for 
biopharmaceutical processes and how to test it under 
laboratory conditions. All modules are based on the 
Siemens PCS7 standard and can thus easily be 
distributed across these commonly used industrial 
control system. 
The state-of-the-art modules for automation of 
bioreactors are compiled in a Bioreactor Control 
Toolbox. This Bioreactor Control Toolbox is a 
response to FDA/EMA’s PAT initiative. It is based on 
process knowledge represented by validated models 
and is directly applicable in real-time automation 
environments. 
As the established template (process tag type) 
techniques of the distributed control system SIMATIC 
PCS7, the PCS7 BioPAT library can be immediately 
transferred across the widely distributed PCS7 systems 
in the biotech industries. The proposed library includes 
a wide variety of advance control methods for 
automation of the fermentation processes. 
Experimental evidences presented here, show that the  
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Fig. 5. mCO2 cascade control during E.coli culture cultivation 
(master controller – upper plot, slave controller – middle plot, 
manipulated value with safety constraints – lower plot) 
 
controllers can be used to improve the processes not 
only with respect to productivity but also guarantee a 
high batch-to-batch reproducibility. The toolbox is not 
only suitable to bacterial cultures but equally well also 
to animal cell cultures. 
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Abstract: This paper describes an automatic system for 
estimation of parameters of Lithuanian speech phoneme 
formant synthesizer. The system inputs are recorded 
Lithuanian language phonemes that are expanded into 
the components whose parameters are estimated by 
Levenberg-Marquardt iterative method. Using the 
estimated parameters, the system synthesizes the 
phoneme, compares its spectrum with that of the 
recorded phoneme and adjusts the amplitudes of 
formants. The system scheme is presented along with 
the used methods and examples are given. 
 
Keywords: Formant synthesis, fast Fourier transform, 
parameter estimation, phoneme. 
 

1. Introduction 
 
Speech synthesis methods using the decomposition of a 
speech signal into formants have been given in the 
literature [1-4]. The vowel formant synthesizer has been 
developed in [1].  This algorithm gave sufficiently 
naturally sounding vowel models, although certain 
parameters (amplitude synchronization coefficients and 
delay) were selected not automatically. They were 
computed by means of simulation. The optimization 
procedure has been applied in [2] for improving the 
parameter estimates. This optimization was used to 
reduce the parameter estimation errors that occur due to 
data convolution. The amplitudes of the speech signal 
formants have been used as inputs, and the distance 
between the inputs was taken equal to the main pitch 
periods of the original speech signal. The excitation 
sequence models and fundamental frequency dynamics, 
however, have not been considered. These models have 
been presented in [3]. A system parameter estimation 
algorithm has been derived from convoluted data, and it 
was applied for synthesizing of the diphthong /ai/. This 
algorithm gives sufficiently small errors, therefore the 
optimisation procedure is not needed and we can save 
much time. The methodology of [3] has been applied for 
joining of vowels, diphthongs and semivowels [4]. The 
synthesized signals obtained by methods of [1-4] sound 

sufficiently natural. The synthesizing procedures, 
however, have a disadvantage – the formant ranges are 
selected not automatically but semimanually.  
The performed parameter estimation experiments and 
developed methods allow us to create an automatic 
parameter estimation scheme in which all the initial 
conditions are given in advance and all the calculations 
are performed automatically. The number of iterations is 
fixed. It is clear that the result of the automatic system 
may not be the best you could get by adjusting of 
parameters and choosing of initial conditions. The 
advantage of such an automatic system, however, is that 
anyone can use it and it can synthesize any phoneme for 
any speaker. 
In an automatic system, the synthesized sound timbre 
should not necessarily meet the speaker timbre. Most 
importantly, the synthesized phonemes should sound 
nice, without phase distortions and they should be 
recognizable. 
 
2. The mathematical model of a formant synthesizer 
 
The synthesizer is modelled as a multiple-input single-
output (MISO) system the block diagram of which is 
shown in Fig. 1. 
 

 
 

Fig. 1. The synthesizer model 
 

The impulse response of each channel is described as a 
third order quasipolynomial: 
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Abstract: Latvian water utilities are faced with growing 
operational and maintenance costs as a result of aging 
pipeline infrastructures. Leaks, ruptures in water supply 
pipelines and water theft costs a lot, thus monitoring 
and repairing this underground infrastructure presents a 
severe challenge. However, in recent years, many 
applications, based on wireless sensor networks for 
monitoring waters distribution networks, leaks and pipe 
burst detection have emerged. Various technical issues, 
such as power consumption, signal propagation models, 
sensors etc need to be considered. In this paper we 
propose a particular solution for wireless sensor 
networks, specifically a water distribution network 
monitoring system and also discuss an approach and 
algorithm for leak detection in water distribution pipes. 
We describe how this solution was successfully piloted 
at water distribution networks in Latvian municipalities. 
 
Keywords: Information Systems, wireless sensor 
networks, water distribution networks, leakage 
detection, GPRS. 
 

1. Introduction 
 

Latvian water utilities are faced with growing 
operational and maintenance costs as a result of aging 
pipeline infrastructures. Leaks, ruptures in water supply 
pipelines and water theft cost a lot, thus monitoring and 
repairing such underground infrastructure presents a 
severe challenge. Recently one water utility, which 
supplies drinking water to 16000 householders in one 
Latvian city with 45 000 inhabitants, estimated its loss 
of revenue about 1140000 EUR [1]. It becomes a shaky 
tradition to add additional 20-50% to really consumed 
water volume into customer bills [2]. Nowadays the 
absolute majority of water flow meters are still 
monitored by visiting at the sites or by “walking-by”; 
usually clients deliver metering data to water utilities by 
phone, send by post or give “in hand”. Therefore due to 
the lack of reliable data about the state of water 
distribution networks (WDN) it is difficult to localize 

incidents, therefore to minimize loss caused by water 
leakages, illegal connections and customer fraud [2]. 
Unfortunately municipalities owned utilities, which 
suffer from economical crisis, are reluctant to invest 
into development of WDN monitoring tools and 
methods for leaks detection.  
In recent years an efficient water resources management 
enabled by ICT becomes a place for emerging 
partnerships between ICT equipment providers, 
software companies and water authorities, which would 
result in ICT-enabled solutions for integrated water 
resources management (IWRM) [3]. The availability of 
new communication methods such as GSM, SMS and 
Internet services will also play a major role in future for 
transmitting data at a favorable price from residential 
buildings to central billing centers and providing extra 
services for the user [4]. The Service Oriented 
Architecture (SOA) is becoming important in the field 
of device integration, because it creates new synergies 
between software systems and embedded devices [5]. 
SOA is able to support development of e-services for 
water supply client’s community, however applying 
SOA to deeply constrained devices such as sensor 
nodes is still an open research problem, for example low 
memory of sensor nodes that restricts to use an 
excessive XML scheme [6], [7]. Another problematic 
issue derives from the scenarios, when replenishment of 
power resources might be impossible. Sensor node 
lifetime, therefore, shows a strong dependence on 
battery lifetime [8]. 
To resolve mentioned constrains the majority of 
research efforts have been directed towards using 
middleware software running on more capable devices 
or gateways [9]. To avoid resource-intensive operations 
being performed on the sensor nodes, middleware 
software deployed on gateway devices first 
communicates with the nodes in an ad-hoc manner and 
then translates their functionality as web services to 
external systems [5]. The deployment of a wireless 
sensor network (WSN) in the local region and 
monitoring water flow, pressure and vibration at a large 
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number of locations is proposed by Lin at al [10]. WSN 
can address the challenge of near real-time monitoring 
and eventually control. The ability of cross correlation 
algorithm to localize the leak in a pipeline when two 
sensors detect a leak was tested in the work [11]. 
Several leak detection methods are described in the 
work [12], for example, water flow and pressure 
monitoring by measuring the minimum night flow rate 
on a continual basis and a system for locating pipe leaks 
based on the cross-correlation method. Pipe detection 
method based on the abnormalities observation for 
water flow and pressure rate is presented in the work 
[13].  
In this paper we propose a particular solution for 
wireless sensor networks, specifically a water 
distribution network monitoring system and also discuss 
an approach and algorithm for leak detection in water 
distribution pipes. Middleware software was deployed 
on gateway devices, which communicate with the nodes 
using sub-1GHz frequency radios and then translate 
their functionality as web services using General packet 
radio service (GPRS). A hydrodynamic model for 
network diagnostic application was developed and 
tested as a trial model of water distribution network. 
The described solution is the first pilot deployed a 
system for integrated water resources management in 
Latvian municipalities. 
 

2. Wireless Sensor Networks Application at WDN 
 
The system piloted in Talsi municipality comprised 347 
water flow meters, 19 water pressure meters, metering 
data reading and transmitting equipment, server, 
software for network monitoring, metering data analysis 
and reporting. One of the project’s tasks was to work 
out an interface between existing Talsi Water (TW) 
bookkeeping and billing information systems (IS) and 
new metering data base. The pilot was implemented in 
cooperation with Talsi municipality and TW. After 
project completion incremental improvements have 
being made in order to introduce new elements of WDN 
management [14].  
A block scheme at Fig.1 describes a system for 
integrated water resources management in a 
municipality. 
 

 
 

Fig. 1. A block scheme of a system for integrated water 
resources management [10] 
 

Sensors – transmitters convert impulse signals 
registered from water flow and water pressure meters 
into digital ones, process them into messages and send 
to gateways - concentrators using Short Range Devices 
(SRD) unlicensed telemetry band 868 MHz. 
Furthermore GSM network (GPRS) is used for data 
transmission between concentrators and central server. 
MySQL data base is used for metering data storage and 
processing, but PostgreSQL data base is used for WDN 
data storage and processing. The system’s users: water 
utility staff, housing services providers, residents and 
other clients accesses their data via web interface.  
A concentrator (gateway) showed at Fig.2 periodically 
reads messages from meters and delivers data to the 
server via GSM network using IP protocol. The 
concentrator comprises such main elements: a 
microcontroller (Atmel), which controls receiver and all 
concentrator operations and stores metering data 
obtained from dedicated sensors. Receiver also uses 
SRD unlicensed telemetry band, 868 MHz. A TELIT 
GM864/865 is used as GSM modems for data exchange 
with the server. It has an internal processor and memory 
for programming in Python language.  
In order to make the system more robust and to reduce 
power consumption the sensors - transmitters have only 
two regimes: registration of impulses from water meters 
and transmission of messages several times per hour; 
therefore synchronization is not needed for network’s 
sensors. Approximated probability of message collision 
is about 1:10 000, so until now only few cases were 
noted. Such approach also helped to keep the cost of the 
system inside of required boundaries i.e. less than 35 
euro per unit. 
The power consumption of the sensors - transmitters 
was estimated for operation time at least 10 years 
without battery replacement. Such operation lifetime is 
achieved thanks to 7500 mAh battery (at the end of the 
project a new version of sensors - transmitters with 
2500 mAh was created) and economical regime of the 
transmitters. Depending on setting a microprocessor 
switches on a transmitter two or more times per hour 
with the transmitting time 20 - 50 msec, thus between 
sessions the transmitter is switched off.  
In order to diminish risk of fraud that implies as 
tampering the water flow meters, which could be 
enslaved by magnet or other methods, a soft alerting, 
when hercon relay contacts show unusual behavior, was 
tested just after project completion.   
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Fig. 2. A block scheme of A-type concentrator 
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Exploitation of GSM operator’s networks helped to 
save capital investment and to bargain the best traffic 
price.  An agreement between mobile operator and TW 
restricts discounted volume of GPRS traffics for one 
concentrator by 10 Mbit per month. In order to reduce 
the traffic between concentrators and server text 
abbreviations and text cut are applied for data files, 
moreover files are split into shot messages applying 
Md5 sum aiming to check integrity of files [15]. 
Moreover initial TW requirement to transmit water 
pressure metering each 10 minutes was revised, thus 
data from the meters now are collected and transmitted 
each 30 minutes.  
The system uses Linux operational system, Ruby on 
Rails an open source full-stack web application 
framework and MyXQL data base for storage and 
processing metering data. Free Open street map 
software is used for visualization of WDN topology. 
For the data integration with the third part IS systems 
(bookkeeping, billing, real estate management and etc.) 
were used web based XML requests. For illustration see 
a data sample below:  
- <readouts floor_date="2011-10-01 
00:00:00" ceil_date="2011-10-31 
23:59:59"> 
- <readout> 
<equipment_number>15720</equipment_number
>  
  <value>2.1700</value>  
  <consumption>0.28</consumption>  
  <date>31.10.2011 13:30:00</date>  
  <address>Darza 9, 54. dz. 
(aukstais)</address>  
  <client_no />  
  <meter_type>1</meter_type>  
  <common_meter />  
  </readout> 
- <readout> 
<equipment_number>15708</equipment_number
>  
  <value>5.1200</value>  
  <consumption>0.72</consumption>  
  <date>31.10.2011 13:30:00</date>  
  <address>Darza 9, 54. dz.  
The pilot project also had a target to create a framework 
for pinpointing leaks. This target was achieved by using 
hydraulic modeling tools that approximate defective 
sections of water network. For this purpose a 
hydrodynamic model for network diagnostic application 
was created for restricted number of nodes, pipes and 
water flow and pressure meters. The model was 
developed as linear one, because there are not active 
elements such pumps or tanks, which depend on time or 
are caused by other nonlinearities, thus water freely 
flows from two reservoirs allocated at the highest points 
of the water network. The network structure was stored 
in relation data base as directed graph. Such directed 
graph makes hydrodynamic model calculation and 
compares calculated and real metering data aiming to 
identify abnormities (for example, leakage events).  
The diagnostic application calls WDN main application, 
which sends metering data as XML file. The diagnostic 
application performs network modeling and diagnostics 
and returns back computation results as XML file, 
which is used by network main program for 

visualization of results or for generation of alarms (for 
example SMS).  
Figure 3 shows WDN diagnostic algorithm, which 
comprises: metering data input, WDN model balancing, 
analysis and comparison with real data, discrepancies 
analysis providing in cycles, generation of alarms, 
localization the places of events and reporting. 
 

 
 

Fig. 3. An algorithm of network diagnostic 
 
Due to restricted scope and time of the project, the lack 
of historical records and due to the lack reliable data 
about WDN parameters, the diagnostic application was 
developed and tested as a trial model of water 
distribution network. Although only approximated 
WDN parameters and conditional data were used for 
simulation, the concept of diagnostic application proved 
its viability.  
 

3. Discussions 
 
Technical approach used in the pilot proved itself as 
viable nevertheless it was a tradeoff between the cost 
and the quality of technical solution. Further 
maintenance pointed out the number of defects in 
concentrators – gateways: failing of Telit modems and 
turn-downs of Python software; therefore more reliable 
and presumably more expensive components should be 
used. 
The other problem issue is the reliability of GSM 
network used for transmitting data between 
concentrators and central server. Although GSM 
network appears 100% coverage and almost 100% time 
in the air, packages delays and unavailability of 
connections cause the system more frequently than 
other factors. A possible reason is an overloading of 
GSM network and lower priority of GPRS in 
comparison with voice and SMS traffic.  
Installation of telemetry at Talsi WDN encouraged TW 
dispatchers to launch water flow and water pressure 
data monitoring in order to find abnormalities. They do 
it mostly at night-time, when the flow rate is minimal 
and any unusual event becomes more visible. TW 
dispatchers reported several cases, when water pressure 
meters remote monitoring helped them to identify pipe 
bursts and to localize problematic area before leakages 
became visible. 
The records of water flow meters helped to explain to 
clients, why a particular monthly bill is larger than 
usually. For example the records exposed the cases, 
when somebody of the personal did not turn off water at 
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the end of the day, and showed when water tap was 
closed after some days. However water flow monitoring 
still is not so effective, because sensors- transmitters 
were connected to flow meters allocated only at the 
pump stations and at the inputs of the building. TW 
experts agreed that additional sensors- transmitters and 
gateways should be allocated at the main nodes of 
WDN. 
Diagnostic applications development was not continued 
after the project closure due to the lack of resources in 
Talsi Water, therefore it was postponed until the next 
stage of WDN modernization.  
 

4. Conclusions 
 
In this paper we proposed a particular solution for 
wireless sensor networks, specifically a water 
distribution network monitoring system and also 
discussed an approach and algorithm for leak detection 
in water distribution pipes. We describe how this 
solution was successfully piloted at water distribution 
networks in several Latvian municipalities. 
Automatic wireless water meters reading system in 
Talsi town includes water flow and pressure meters, 
metering data reading and transmitting equipment, 
servers and software for monitoring network and 
provision analysis and reports. The system applies two 
stage data collection and processing system: the sensors 
transmit data to the concentrators using SRD band 868 
MHz, furthermore the traffic between concentrators 
and central server is ensured by GPRS. The system 
provides opportunities to collect data from difficult to 
access meters, to utilize existing mobile operator 
networks and to connect new customers without major 
investment. 
Limitation of battery power feeding wireless sensor still 
is a problem issue, which was worked out mostly as a 
trade-off between the needs of timely data and 
transmitting cycle’s frequency.   
A hydrodynamic model for network diagnostic 
application has been created and simulated at a trial 
model of water distribution network, however due to 
limited scope of the project the network diagnostic 
application was tested only at conditioned network 
segment i.e. without application of historic and real 
data, therefore a new research project should be 
initiated in order to strengthen initial research results 
and to make initial investment more valuable.  
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Abstract: Mobile communication based on wireless 
local area network (WLAN) technology have potential 
to support automated guided vehicle and in the same 
time to obtain Internet connectivity for users in-motion. 
Wireless access for the vehicular environment based on 
IEEE802.11p technology provides the required 
principally standardization for vehicle-to-vehicle (V2V) 
and vehicle-to-infrastructure (V2I) solution, and 
supports raw data rate up to 27 Mbps. While devices 
based on IEEE802.11n technology for mobile users can 
provide data rate up to 600Mbps.  In this article is 
presented an experimental study of IEEE802.11n in 
legacy mode settings compare to IEEE802.11g standard 
using off-the-shelf equipments in vehicle to 
infrastructure scenario. In particular, there is shown the 
performance of TCP transfer between a high mobile 
user and stationer WLAN base stations. 
 
Keywords: WLAN, IEEE802.11g/n, vehicular traffic 
scenario, goodput evaluation. 

 
1. Introduction 

 
The necessity for reduction of highway vehicular 
accidents, traffic congestions, transportation time, fuel 
consumption and carbon dioxide are serious change for 
both academics and industry. Researchers in both sides 
are greatly interested to develop vehicular 
communication technology in two ways vehicle to 
vehicle (V2V) in ad hoc mode and vehicle to 
infrastructure (V2I) with fixed nodes along the road. 
The potency to exchange information wirelessly 
V2V/V2I is a foundation stone for building powerful 
Intelligent Transport Systems (ITS). Result from 
common effort is an international standard, 
IEEE802.11p [1], also known as Wireless Access for 
Vehicular Environments (WAVE), which was published 
in July 15, 2010. IEEE802.11p forms the lower layer of 
WAVE protocol stack and supported raw data rate up to 
27 Mbps with an improved communication range of 
1km. The signal propagation range versus data rate can 
be the shortage in the dense vehicle environment for 
providing non-emergency services like INTERNET.    

IEEE802.11 technology with -a,-b,-g extensions has 
recently become popular and broadly available at low-
cost for free commercial hotspots and home networking. 
This technology has potential to grow and new versions 
were recently produced. The latest standard of WLAN 
is IEEE802.11n [2], which promises to improve and 
extend most popular WLAN standards by significant 
increasing throughput (raw data rate up to 600 Mbps), 
reliability and communication range.  
Applications of WLAN-based access technology such 
as IEEE802.11g/n are predominate to stationer indoor 
and outdoor users who are most slowly moving and in 
range limited.  Despite this fact nothing limits it to be 
evaluating for vehicular communication systems. The 
motivation of this article is to understand the interaction 
between the vehicle speed and goodput of WLAN-based 
networks compare IEEE802.11n with diminished 
settings and legacy standard. In our case, goodput is 
defined [3] as the application throughput, i.e. the 
number of bits per unit of time excluding protocol 
overhead and retransmission packet. In this case, it is 
calculated by multiplying size of sending file by 
transferred file quantity and dividing by useful 
connectivity window. 
This paper is constructed as follows: After introduction 
the problem in Section 1, Section 2 provides some 
information about related work. Then, in Section 3 
provides some background issue comparison WLAN 
equipment performance evolution practical results of 
two working modes. After then, in Section 4 is 
described the measurement setup of field test. After 
demonstrating the measurement results in Section 5, 
Section 6 summarizes this paper.  

 
2. Related works 

 
Relevant researching object of vehicular networks for 
industry and academics is the performance of wireless 
communication link in various vehicular mobility 
scenarios.  Analyses of vehicular network 
communication performance have been 
comprehensively disclosed in different author’s papers. 
Researchers and industry have made much effort to 

44



 

develop the practical tests platform and took long time 
to evaluate vehicular communication possibilities and 
networking technology.  
Ott and Kushner [4] have introduced the idea of Drive-
thru Internet: the use of WLAN technology 
(IEEE802.11b) to provide access for users travelling by 
a vehicle, particularly on highway. They have measured 
and analyzed transmission between a vehicle with 
extern antenna and a fixed access point comparing UDP 
and TCP protocols. In their experimental tests they have 
managed to provide connectivity and data transmission 
even at speed 180 km/h.  
Gass et al [5] have used similar scenario and they have 
perform measurements in desert without additional 
signal interference. In the test car speeds vary from 8 to 
120 km/h and they have shown that data transmission 
between car and access point is depending from the 
vehicle speed.  
Rubinstein et al [6] have realized the experiment 
measurements using V2V mode without external 
antennas and in-car to in-car networking. They found 
that the car speed is directly related to the data 
transmission. They also considered newest wireless 
communications technology is more fit for vehicular 
networking than IEEE802.11a. 
 Matsumoto et al [7] have tested the throughput 
performance of IEEE802.11n at various distances in 
static V2V scenario setup. They have outstanding plan 
to present the evaluation of IEEE802.11n in dynamic 
environment.  
There are only a few numbers of paper [8-9] providing 
analyses of vehicular network similar to this one, but 
there are no articles available which cover the 
performance of IEEE802.11n in dynamic V2I scenario 
setup. 
 

3. IEEE802.11n improvements 
 

The significant improvement of IEEE802.11n standard 
comparing to previous standards is the raw data rate of 
the wireless channel up to 600 Mbps i.e. more than ten 
times improvement over 54 Mbps of IEEE802.11 a/g 
maximum data speed. This capacity has been gained 
through different features shown in Table 1.   
 
Table 1. IEEE802.11n standard relationship raw data 
throughput in sequence  
 

ID Description of improvements in 
sequence 

Data rate 
up to 
(Mbps)  

1 IEEE802.11n legacy mode (i.e. 
IEEE802.11g) 54 

2 Increasing useful number of OFDM 
subcarriers from 48 to 52 58.5 

3 Additional coding rate (5/6) 65 
4 Reducing OFDM symbol guard interval 

(GI) from 0.8μs to 0.4 μs 72.2 

5 Doubling channel bandwidth from 
20Mhz to 40MHz 150 

6 MIMO option 600 
 
At the Physical layer of the standard is applied the 
multiple antennas at the receiver and transmitter, called 

MIMO (Multiple Input Multiple Output) together with 
signal processing and the use spatial division 
multiplexing at a channel width of 40MHz. At the sub-
layer of Data Link layer, Medium Access Control 
(MAC) data communication protocol extensions like 
Frame Aggregation and Block Acknowledgement. 
At the MAC layer, frame aggregation or payload 
optimization is method of bundling multiple frames 
together to reduce the preambles and inter-frames 
spacing thus increasing the application level data rate or 
goodput. In the standard are defined two methods of 
frame aggregation: MAC Service Data Unit 
Aggregation (A-MSDU) and MAC Protocol Data Unit 
Aggregation (A-MPDU). In 802.11a/g the maximum 
payload per single MAC frame cannot be more than 
2304 Bytes but in 802.11n it is possible using A-MSDU 
up to 7935 Bytes and A-MPDU 65535 Bytes. 

 
4. Measurement tools and scenario setup 

 
The main goal of field test is to investigate the 
possibility of 802.11n standard with limited settings (i.e. 
only incl. additional ID 2-3) in vehicular to 
infrastructure mode using cost effective and off-the-
shelf equipments, and available software. 
In order to reach the aim has been performed set of 
measurements with three access points (APs) and a 
mobile user’s device which was located in a moving 
vehicle at a constant speed of 20 kilometer per hour 
(km/h), 40 km/h, 60 km/h, 80 km/h and 100 km/h. The 
constant vehicle speed has been maintained using cruise 
control. 
All three AP were interconnected into a wireless 
network using wireless distribution system (WDS) 
technology. This system supports interconnection of 
APs by extending the range of wireless network and in 
the same time provides wireless connectivity with 
mobile users. Using such system allows the mobile 
devices to switch from one AP to another without losing 
connectivity. 
The laptop with IEEE802.11n WLAN standard 
extension (WN-360USB) was used as mobile user’s 
device with external antenna, transmitter (Tx) power 
output 20dBm and receiver (Rx) sensitivity -62dBm. 
The external antenna has been placed on the roof of a 
vehicle. The similar laptop for server has been directly 
connected to AP2 (ASUS RT-N16) using direct cable 
connection. This type of multi-functional wireless router 
is one of the cost effective AP supporting 802.11n 
standard draft data rate up to 300 Mbps and operating 
licenses free frequency band (2.4 GHz) and has a 
transmit power rating at 15.8~19.5dBm and receiver 
sensitivity at 54Mbps data rate -75dBm. The network 
topology and system configuration of field test depicts 
in Figure 1.  
For establishing wireless quick connectivity, the three 
APs and the mobile user’s device WLAN adapter were 
configured to use the same frequency channel and 
SSID, the encryption has been deactivated. IP addresses 
for all connections have been entered in prior to avoid 
IP address acquiring process using DHCP.  
The system respond time was taken to calculate and 
evaluate the network goodput performance using TCP 
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protocol. For this have been used a client and a server of 
the IxChariot program (Version 6.7) with the client 
residing on the mobile user’s device, i.e., in vehicle and 
server running on a fixed station with Ethernet based 
connection (up to 1Gbps) to AP2 interface.   
 

 
 
Fig. 1. On the illustration are depicted the setup of three APs 
locations in a distance of 100 meters to each other along the 
roadside. 
 
By entering the WLAN APs zone, client connected to 
server and initiated a data exchange according to prior 
configuration. WDS provides the wireless bridge 
between the APs expanding useful connectivity 
window.  Main measurement setup parameters for the 
APs and a mobile user are summarized in Table 2. 
 
Table 2. Field test setup 
 

Item Setting 
Wireless technology 802.11g/n 
Channel  fixed 
Channel wide 20MHz 
Frequency band 2.4GHz 
Tx power 17mW 
Cable connection up to 1Gbps 
Wireless Bridge up to 130 Mbps 
Maximal data rate up to 65 Mbps 
MIMO Transmission fixed rate Auto 
OFDM Guard Interval 0.8μs 
Preamble  Long 
Size of sending file 100000 Bytes 
Transport protocol TCP 
IP addresses Fixed 
Velocity 20/40/60/80/100 km/h 

 
The goodput of WLANs depends heavily on the 
environment, including the distance between the client 
and the AP. The goodput generally falls off as distance 
increases, but obstacles and signal interference from 
different signal sources also have a significant effect. 
Therefore, prior to the field test was conducted a 
scanning of existing APs that could interfere with 
testing signals. No others wireless networks operators in 
this area, except some weak signal components from 
other channel in the end of the test bed. At the starting 
point the vehicle was out of range of APs. 
Moreover the test bed was chosen carefully without 
objects in the line of sight. As shown in Figure 2, the 
field test was deployed over a straight and 1400m long 
runway.  
 

 
 
Fig. 2. Picture of the 600 meters long test bed used for the 
experiment.  

5. Measurement results 
 
The results of the outdoor performance test for 
IEEE802.11n WLAN at different speed of vehicle is 
shown Figure 3. The throughput is plotted versus 
elapsed time by different velocity of the car. The Figure 
3 shows that the throughput is increasing by 
approaching the access point contrary while moving 
away is decreasing due to the adaptive data rate.  
 

 
 
Fig. 3. Average throughput from a mobile user at different 
speed 
 
The access point adaptive data rate which impact of the 
subsequently uses of different primary modulation type 
received by the testing vehicle is dependent on its 
distance (here expressed in elapsed time) from the AP. 
Corresponding to Figure 4, the throughput have a 
floating effect, which can be also explained by 
variations of channel conditions due to Doppler spread, 
delay spread and APs’ signal interference. 
 

 
 
 
 
 
 
 
 
 
 

Fig. 4. Effect of reconnection on network performances by 
vehicle velocity at 100 km/h 

 
Figure 3 and 4 clearly shows Ott and Kutscher’s derived 
conclusions [4] that irrespective of the user’s velocity 
there is three phases of connectivity (i.e. entry, 
production, exit). Corresponding figure 3, could be 
introduce additional phase i.e. transition phase - 
available during a mobile user reconnect between APs. 
In this phase is notable loss of throughput in wireless 
network at higher speed and by lower vehicle speed the 
outreach of reconnection is recognized with less effect. 
However, the reconnection and signal interference 
between the APs reduce the throughput; there is still a 
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data rate, which provides a useful connection 
opportunity for mobile user. On average throughput 
suffers in a short time and well below 20% from 
possible peak throughput.    
Table 3 depicts a certain window of useful connectivity 
and successful file retransmission quantity. As shown in 
this Table, the average useful connectivity window or 
contact time is about 77 seconds at 20 km/h. The useful 
connectivity window decrease proportional by 
increasing the velocity of speed. The peak transferred  
file rate is value of 1440 obtained by slow movement. 
When the speed of vehicle was increase to 100 km/h, 
IEEE802.11n technology still allows transferring 324 
times 100 000 bytes large file during connectivity 
window while passing three APs zone. 

 
Table 3. The result of experiment in numbers  

 

Vehicle speed 
(km/h) 

Useful connectivity 
window(s) 

Transferred file 
quantity  

20 77,717 1440 
40 53,758 903 
60 41,682 571 
80 32,823 437 
100 26,347 324 

 
In fact, average goodput rate of TCP is dependent on the 
vehicle speed and decreasing proportionally with the 
vehicle speed. In Figure 5 shows the goodput of the 
IEEE802.11n standard with limited settings in 
comparison with IEEE802.11g [8]. Despite deminished 
settigs of improved standard presents up to 5 time  
preferably perfomence of goodput in vehicular 
enviroment then legacy standard. 
 

 
 
Fig. 5. Basic performance comparison of IEEE802.11g/n 
standards  

 
6. Conclusion 

 
In this article was presented field test evaluations of the 
IEEE802.11n standard with diminish settings comparing 
with IEEE802.11g standard using off-the-shelf 
equipments in the vehicle environment. The numbers of 
test were performed in the context of simple scenario of 
one vehicle and three access points for extending 
communication range as far as IEEE802.11p standard 
range. At various velocities has been tested the goodput 

of WLAN. It is important to note that results were 
showed in this article serve as information for future 
analyzes and vehicle wireless network systems 
designers to be aware of the system’s possible 
improvements and limitations. 
While the obtained results show the small scale scenario 
of vehicle network, there are more questions ahead, for 
example, performance of wireless network under fluent 
number of vehicles respectively active users 
simultaneously. To realize such field test for network 
evaluation is very difficult and costly. Therefore 
analytical models for goodput evaluation of vehicular 
communication systems in V2I scenario will be 
interesting to analyze for understanding the processes in 
wireless networks prior to conducting larger field test.  
Additional it will be interesting to compare 
experimental results of IEEE802.11p standard in the 
same field test condition as soon as devices will be 
accessible.   
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Abstract: This paper presents an approach to designing 
an adaptive, data dependent, committee of multilayer 
perceptrons (MLP) for predicting trends (positive or 
negative change) of five financial attributes used for 
assessing future performance of a company. Total Asset 
Turnover [TAT], Current Ratio [CR], Gross Margin 
[GM], Operating Margin [OM], and Return on Equity 
[ROE] are the attributes used in this paper. A two- and 
three-years ahead prediction of change is considered. A 
Self-Organizing Map (SOM) used for data mapping and 
analysis enables building committees, which are 
specific (committee size and aggregation parameters) 
for each data point analyzed. When tested on data 
concerning 59 companies of the United States 
biotechnology sector, committees built according to the 
proposed technique outperformed both averaging and 
weighted averaging committees.   

 
Keywords: financial distress, multilayer perceptron, 
self-organizing map, committee of models. 

 
1. Introduction 

 
A variety of soft computing techniques are being 
applied to bankruptcy prediction. Multilayer perceptron 
(MLP), radial basis function (RBF) net works, self-
organizing maps (SOM), learning vector quantization 
(LVQ), support vector machines (SVM), relevance 
vector machines (RVM) [1], probabilistic neural 
networks (PNN), decision trees (DT), Bayesian 
networks (BN), fuzzy decision trees (FDT), case-based 
reasoning (CBR), fuzzy logic (FL), random forests 
(RF), rough sets (RS), genetic algorithms (GA), hybrid 
systems, ensembles of predictors comprise a list of the 
most popular techniques applied. There is a huge 
number of examples demonstrating that hybrid and 
ensemble-based systems, when properly designed, 
outperform a one predictor based system designed for 
solving a prediction task. A recent review on hybrid and 
ensemble-based soft computing techniques in 

bankruptcy prediction can be found in [2] Nonetheless 
the difficulty in comparing the results obtained by 
different authors, the authors of the review make a 
general observation that ensembles, when properly 
designed, are more accurate than the other techniques. 
This is expected, since an ensemble integrates several 
predictors. In a successful ensemble design, a tradeoff 
between the ensemble accuracy and the diversity of 
ensemble members is achieved. The ensemble accuracy 
may greatly depend on the number of ensemble 
members being aggregated and the aggregation rule 
applied. It has been demonstrated that data dependent 
aggregation weights and data dependent dynamic 
selection of ensemble members [3] may noticeably 
improve the ensemble accuracy. Notwithstanding this, 
these issues are under-exploited in the bankruptcy 
prediction literature. 
This paper presents a technique to generate an adaptive 
ensemble of models for predicting trends of financial 
attributes to be used for characterize company's distress. 
Five attributes are used for the characterization. A 
separate, data dependent, ensemble of MLPs is 
employed to predict a change direction of each financial 
attribute. MLPs are aggregated into an ensemble by 
applying the weighted averaging technique. Both 
aggregation weights and size of ensembles are data 
dependent and are estimated using SOM. Predicted 
change directions of the financial attributes will be used 
in a fuzzy rule-based system to reason about company's 
"financial health".  
 

2. The data 
 

The data used in this study concern 59 companies from 
the United States biotechnology sector in the period 
2006-2010. The US housing bubble (2006–2007) 
occurred during this period and resulted into frozen 
credit markets and liquidity problems in the United 
States banking system during 2008-2009. Numerous 
failures of businesses and financial institutions as well 
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as downturns in stock markets were observed. 
Companies from the biotechnology sector were affected 
by these conditions in different ways.  
We used the most common financial ratios, computed 
from financial statements of the period 2006 -2010, to 
evaluate the overall financial condition of the 
companies. In total 31 financial ratios, characterizing 
companies from the profitability, liquidity, efficiency, 
and debt points of view, were used. Below given is a list 
of the financial ratios. 

1. R&D as a percentage of sales; 
2. R&D as a percentage of (General & 

Administrative + Selling & Marketing); 
3. Sales a percentage of  Total Operating Cost; 
4. Sales as a percentage of (General & 

Administrative + Selling & Marketing); 
5. Shareholder's Equity / Total Assets; 
6. Shareholder's Equity / Net Income; 
7. (Total Current Assets-Inventory) / Total Current 

Liabilities; 
8. Shareholder's Equity / Total Liabilities; 
9. Total Liabilities*100 / Total Assets; 
10. Total Long Term Liabilities*100 / Total Assets; 
11. Total Current Liabilities*100 / Total Assets; 
12. (Total Current Assets-Total Current Liabilities) / 

Total Assets; 
13. Shareholders' Equity*100 / Revenue; 
14. Total Long Term Liabilities*100 / Revenue; 
15. Total Current Liabilities*100 / Revenue; 
16. Gross Profit / Revenue; 
17. Total Current Assets / Total Current Liabilities; 
18. Net Income*100 / Revenue; 
19. Net Income*100 / Total Assets; 
20. Total Operating Expenses*100 / Cost of 

Revenue; 
21. Net Income*100 / Shareholder's Equity; 
22. Operating Income*100 / Revenue; 
23. Cost of Revenue*100 / Total Operating 

Expenses; 
24. Receivables*360 / Revenue; 
25. Revenue / Total Assets; 
26. Revenue / Total Long Term Assets; 
27. Revenue / Shareholder's Equity; 
28. Goodwill & Intangibles / Revenue; 
29. Net Property, Plant & Equipment*100 / 

Revenue; 
30. Total Current Assets*100 / Revenue; 
31. Total Current Assets-Inventory-Receivables*100 

/ Cash & Short Term Investments. 
Total Asset Turnover [TAT], Current Ratio [CR], Gross 
Margin [GM], Operating Margin [OM], and Return on 
Equity [ROE] are the five financial attributes we used to 
characterize future performance of the companies. Two- 
and three-years ahead prediction of [TAT], [CR], [GM], 
[OM] and [ROE] change directions (increase/decrease) 
is considered in this study. Thus, having a set of 31-
dimensional input vectors x , the task is to make a two- 
and three-years ahead prediction of the change sign of 
the five, aforementioned, financial attributes. Target 
values for the task are obtained according to the 
following example. Let us assume that TAT values 
computed for a given company from 2006, 2008, and 

2009 data are 1.63, 1.19, and 2.38, respectively. The 
target values for making a two- and three-years ahead 
TAT prediction based on x of 2006, are then given by 
(–) and (+), respectively. Therefore, when using the 
2006-2010 year period, 3 and 2 data vectors are 
constructed for each company, for the two- and three-
years ahead prediction, respectively. There are 171 and 
112 data vectors in total for the two- and three-years 
ahead prediction, respectively. 

 
3. The approach 

 
Enterprises used in this study can be attributed into one 
of the following four stages of development of 
corporate financial performance: 1) mature, 2) 
profitable, 3) growing, and 4) early stage of 
development. Therefore, one can expect achieving 
higher modeling accuracy if these differences are taken 
into consideration when building the models. For this 
reason, SOM is applied to cluster the enterprises using 
x  and y  data (concatenation of x  and y ). It is 

expected that companies of different stages of 
development, will build more or less distinct clusters. 
Information on data distribution in the SOM obtained 
from clustering is then used to build adaptive, data 
dependent committees.  
The study period, 2006-2010, used in this work covers 
the financial crisis. One can expect that companies 
affected by the crisis to a similar extent, will be mapped 
onto the same SOM node, or nodes being close in the 
SOM space. Thus, by applying the SOM-based analysis 
we can expect getting insights into resistance of the 
companies to the financial crisis.  
The procedure to construct the committees of models 
consists of the following steps. 
1. Collect a data set. Let 4321 ,,, vvvv  and 5v denote the 

five financial attributes. Use one-year change values 
of the financial attributes as target values vyy : . 

Divide the data set into learning and test subsets.      
Create L  bootstrap sets from the learning subset. 

2. Suppose that ,),( 1
N
k

k
ij

k
ij y x QjLi ,...,1  ,,...,1  , is 

the bootstrap data set used to train the i th basic 
model for predicting change of the j th financial 

attribute, where Rk n
ij x  is the input vector, 

1Ryk
ij   is the desired output, and N  is the number 

of data points. Train the QL * basic models. 

3. Let 1R nz be a concatenated vector consisting of 
x  augmented with v . Train Q  SOM maps using z  

vectors, see Section 3.2.1. 
4. Build a committee for predicting change of each 

financial attribute, Qj ,...,1 , by aggregating L  

basic models. The aggregation weights are 
computed according to the procedure described in 
Section 3.3. 

5. Compute the committee predictions, Qj ,...,1 . 

6. Replace one-year change values of the financial 
attributes used as y with two-year change values and 
repeat from Step 2 to Step 5. 
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Next, we briefly describe the main topics of the 
technique.  

 
3.1. Designing the basic predictor 

 
A feed-forward multilayer perceptron with one hidden 
layer and the hyperbolic tangent and linear transfer 
functions in the hidden and the output layer, 
respectively has been used. The optimal number of 
hidden nodes has been found experimentally. Cross-
validation data set based early stopping is a usual way 
to control over-fitting. However, due to the relatively 
small data sets available, we avoided using cross-
validation data sets. To avoid over-fitting, we used 
Bayesian regularization [4, 5], which is implemented by 
minimizing the following objective function: 
 

2 2

=1 =1 =1

E = {y ( ; ) - t }  + ( )
2 2

WNN B
i i
j i j s

i j s

w
  x w      (1) 

 

where ix is the input data point, N is the number of 

training data points, B is the number of outputs in the 

network (one in our case), w is the weight vector, WN  

is the number of weights, ( ; )i
j iy x w  is the output value 

of the jth output node, i
jt  is the target value for the jth 

output node given the input pattern ix , and  and   

are the hyper parameters. 
The second term of the objective function performs 
regularization. In the Bayesian approach, the weights of 
the network are considered as random variables and the 
optimal values of the hyper-parameters   and   are 

found automatically in the learning process. 
 

3.2. Training and processing the SOM 
 

1. Let X, v, and Z be matrices of (N × n), (N × 1) and 

(N × (n + 1)) size, respectively, where n+1 z is a 
vector concatenating x and v. 
2. Use the N × (n + 1) matrix Z to train a two-
dimensional SOM by applying the following learning 
rule: 
 

j ( 1) = ( ) + ( ) ( )[ ( ) - ( )],*
j jt + t t j , j; t t t w w z w (2) 

 

where ( )j tw is the weight vector of the jth unit, 

(  1)j t +w is the updated weight vector, ( )t is the 

decaying learning rate,  ( )*j , j;t  is the decaying 

Gaussian neighborhood function, and *j is the index of 

the winning node. 
3. Map data from Z onto the trained SOM. For each 

node j, determine the set jZ of data mapped onto the 

node and calculate the hit histogram   
4. To reduce high-frequency variations in the hit 
histogram, low pass  filter the histogram by convolving 
it with the filter h[t] [6, 7], see Eq. 3.Observe that the 

weight adaptation applied not only to the winner node 
but also to the neighbours is acting as an indirect filter 
of the hit histogram. Therefore this step is optional. 
 

[ ] ( )h t = M-| t | / M                       (3) 
 

where 2M + 1 is the filter size. The convolution is made 
in two steps, first in the horizontal and then in the 
vertical direction. The filtered signal y[t] is given by 
 

[ ] [ ] [ ] [ ] [ ]
M

m=-M

y t  = x t  * h t  = x t - m h m           (4) 

 

5. Calculate the discrete probability distribution from 
the filtered histogram 
 

 card
P P( ) 

l j

j j

l | V
 =  V =

N




z
z          (5) 

 

where  card •  denotes the cardinality of the set and 

Vj is the Voronoi region of the jth SOM node. The 

probability jP  can be considered as the a priori 

probability for the jth SOM node to become the winning 
node. 
 
3.3. Determining the aggregation weights 
 
A separate ensemble is built for each financial attribute, 
j = 1, ..., Q. Basic models designed to predict the same 
financial attribute are aggregated into an ensemble. 
Each ensemble consists of L (the number of bootstrap 
sets) basic models, at most.  
Aggregation weights are data dependent, meaning that 
the weights are specific for each data point being 
analyzed. Having an input data point x, the computation 
proceeds according to the following steps. 

1. Present ix to the basic models and calculate 

outputs ˆiy , i = 1,  ..., L. 

2. Form L iz vectors by concatenating the ix  and ˆiy . 

3. For each iz , i = 1, ...,L find the best matching unit 

i on its SOM. 

4. Compute the probability of iz  given *i using the 

multivariate Gaussian kernel function of the form: 
 

1
*

1 1
( ) ( ) ( )

2
* *

*

* T -
i i i ii i

i

p | i = exp - - -
A

 
 
 

z z w S z w  (6) 

 

Where [( 1) 2] 1/2(2 )* *

n+ /

i i
A = | | S is the normalizing 

factor, *i
w  is the weight vector of the *i th SOM node, 

and *i
S  is the diagonal covariance matrix computed 

from the data mapped onto the *i th node. 

5. Compute the probability of iz  to have been 

generated by the *i th kernel. 
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where K is the number of SOM nodes, kP  is the a priori 

probability for the kth SOM node. 
6. Aggregate outputs of those basic models j = 1,...,L, 

for which *( | )j jp j z , where j  is a threshold. 

We use the weighted averaging aggregation scheme, 
where the committee output ŷ  by is given by 

 

ˆ
ˆ i ii

ii

v y
y =

v



                                     (8) 

 

where the sum runs over the selected basic models and 

the aggregation weight *( | )i iv p i z  

 
4. Experimental investigations 

 
The available data set was split into the learning set lS  

and the test set tS . The set lS was used to train the 

models and the set tS  to estimate the classification 

accuracy. In all tests involving estimation of the 
classification accuracy, we run experiments 10 times 
using different split of the data set into learning and test 
subsets. The results presented here are average values 
calculated from such 10 runs.  
The optimal number of hidden nodes in MLPs was 
found experimentally and ranged between 1 and 6. We 
used a small SOM, 44   nodes, due to the relatively 
small number of companies available. 
Performance of committees design according the 
proposed technique was compared with averaging and 
weighted averaging committees. Weights of the 
weighted averaging committee members were made 
proportional to accuracy of the members.  

 
4.1. SOM-based analysis of input data 

 
First, companies’ performance was studied using SOM 
trained on 31-dimensional input data from the three-
year period 2006-2008. In total, 170 data points were 
used to train the SOM. Nodes of the SOM are labeled 
from N1 (bottom-left) to N16 (top-right), see Fig. 1 
(left). Fig.1 (right) presents an example of a trained 
SOM, where numbers stand for the number of data 
points mapped onto different SOM nodes. We 
distinguish three clusters of companies, shown by 
different colors, in the map.  

 

 
 

Fig. 1. SOM: labeling (left) and clustering results (right), 
given by the number of data points mapped onto different 
nodes and clusters shown in different colors 

 
To facilitate analysis of the SOM results, we exploited 
ratings given to some companies by the Standard & 
Poors rating agency. Observe that not all companies 
used in the study were rated by the agency. The rated 
companies were assigned by SOM to 13, 14, and 16 
nodes. Rated companies assigned to node 16 were 
deemed by the agency as Excellent or Good, while 
those assigned to nodes 13 and 14 were considered as 
being Good or Adequate. Analysis of the financial data 
shows that the strongest companies were placed on the 
upper part of the map, and the weakest were mapped 
onto the node1. “Financial health” of the companies 
deteriorates when going from top to down. 
One can study a “movement pattern” of a specific 
company on the SOM over the years. Such a pattern 
may reveal company’s stability and unexpected changes 
of performance. For instance, the fact that over all years 
company’s data are mapped onto the same SOM node is 
a sign of stability. In our study, companies rated by the 
agency as being Excellent, were mapped onto node 16. 
Fig. 2 presents an example of a movement pattern, 
where numbers on the arcs stand for the number of 
companies moved between different nodes.  
 

 
 
Fig. 2. An example of companies’ “movement pattern” 
 
4.2. Predicting trends 
 
Table 1 presents the average error (%) of the two-year 
ahead prediction obtained by the proposed committee 
for the five financial attributes, OM, CR, GM, TAT, 
and ROE. The error is shown separately for each SOM 
node. In Table 2 given is the number of basic models 
used to build a SOM node specific committee for 

16 15 14 13 

12 11 10 9 

8 7 6 5 

4 3 2 1 

36 8 5 18 

0 0 0 0 

23 6 12 0 

17 21 0 24 

36 8 5 18 

0 0 0 0 

23 6 12 0 

17 21 0 24 
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making two-years ahead predictions of OM, CR, GM, 
TAT, and ROE.  Observe that only SOM nodes 
occupied by the data are shown in the tables. Note also 
that when dealing with predictions, x  augmented with 
v  are used to create a SOM and a two-years SOM is 
different from a three-years one. As can be seen from 
Table 1 and Table 2, both the error rate and committee 
size are SOM node specific. The results substantiate the 
soundness of the chosen modeling approach. 
Table 3 and Table 4 present three-years ahead 
prediction results. As can be seen from the tables, the 
same observations can be also made for the three-year 
ahead prediction results. 
 
Table 1. The average error of the two-year ahead prediction 
obtained by the proposed committee for the OM, CR, GM, 
TAT, and ROE 
 

Node OM2 CR2 GM2 TAT2 ROE2 

N1 0.93 0.00 0.00 1.14 1.23 

N3 1.66 0.00 0.57 2.18 1.61 

N4 4.31 0.00 1.34 1.11 0.60 

N6 0.70 0.98 0.00 2.00 0.00 

N7 0.00 0.00 0.00 0.00 0.00 

N8 1.40 0.00 1.21 1.53 0.00 

N13 0.93 8.3 0.00 2.40 0.00 

N14 0.00 0.00 0.00 2.18 0.00 

N15 0.00 2.87 0.00 2.18 0.00 

N16 1.62 0.00 0.00 0.00 0.14 

 
Table 2. The number of basic models used to build a SOM 
node specific committee for making two-year ahead 
predictions of OM, CR, GM, TAT, and ROE 
 

Node OM2 CR2 GM2 TAT2 ROE2 

N1 10 9 10 10 6 

N3 4 7 8 10 7 

N4 2 10 10 10 8 

N6 10 8 10 6 7 

N7 8 8 9 8 9 

N8 4 10 6 8 10 

N13 9 1 9 5 9 

N14 6 8 2 10 9 

N15 10 4 10 10 8 

N16 6 10 10 10 9 

 
 
 
 
 
 
 

Table 3. The average error of the three-year ahead prediction 
obtained by the proposed committee for the OM, CR, GM, 
TAT, and ROE 
 

Node OM2 CR2 GM2 TAT2 ROE2 

N3 3.79 0.00 0.00 0.00 0.00 
N4 3.04 0.00 4.72 1.28 2.02 
N5 0.00 1.72 0.00 5.57 0.00 
N6 1.35 3.40 2.50 2.17 0.00 
N8 6.73 0.00 0.00 2.67 0.00 
N9 0.00 0.00 0.00 0.00 0.00 

N12 0.97 0.00 0.00 2.00 1.33 
N15 0.00 0.00 0.00 1.59 1.47 

 
Table 4. The number of basic models used to build a SOM 
node specific committee for making three-year ahead 
predictions of OM, CR, GM, TAT, and ROE 
 

Node OM2 CR2 GM2 TAT2 ROE2 

N3 4 9 9 10 10 

N4 5 8 10 8 6 

N5 10 7 2 4 8 

N6 10 5 4 7 7 

N8 2 9 9 10 8 

N9 7 8 9 9 9 

N12 9 9 8 7 8 

N15 10 4 9 10 7 

 
Performance of data dependent committees design 
according the proposed technique was compared with 
averaging and weighted averaging committees. Table 5 
and Table 6 present the average error rates obtained for 
the two-year and three-year ahead prediction, 
respectively, using committees of the different types. In 
the tables, WA means weighted averaging. Superiority 
of the proposed technique should be obvious from the 
tables. 

 
Table 5. The average error rate obtained from different type 
of committees in the two-year ahead prediction of OM, CR, 
GM, TAT, and ROE 
 

 Type OM2 CR2 GM2 TAT2 ROE2 

Averaging 19.6 17.21 14.24 22.08 15.09 

WA 1.9 1.45 1.34 2.18 1.19 

Proposed 1.16 1.22 0.31 1.47 0.36 
 
 
 
 
 
 
 
 

52



 

Table 6. The average error rate obtained from different type 
of committees in the three-year ahead prediction of OM, CR, 
GM, TAT, and ROE 

 

 Type OM3 CR3 GM3 TAT3 ROE3 

Averaging 28.04 23.1 24.44 27.46 20.01 

WA 2.71 1.94 1.97 2.67 1.52 

Proposed 1.98 0.64 0.90 1.91 0.60 
 

5. Conclusions 
 

A novel technique to build adaptive, data dependent 
committees of models was proposed and tested in a task 
of predicting trends of five financial attributes used to 
assess future company’s performance. Total Asset 
Turnover, Current Ratio, Gross Margin, Operating 
Margin, and Return on Equity are the attributes used.  
When tested on data concerning 59 companies of the 
United States biotechnology sector in the period 2006-
2010, adaptive committees built according to the 
proposed technique outperformed both averaging and 
weighted averaging committees.  
It was demonstrated experimentally that best committee 
performance is achieved when both committee size and 
aggregation weights are data dependent. 
A self-organizing map (SOM) is a useful tool not only 
for data exploration but also for determining the main 
parameters of adaptive, data dependent committees of 
models. 

6. References 
 

1. B. Ribeiro, A. Vieira, J. C. das Neves, Sparse 
Bayesian models: Bankruptcy-predictors of choice?, in: 
2006 International Joint Conference on Neural 
Networks, Vancouver, BC, Canada, 2006. p. 3377-
3381. 
2. A. Verikas, Z. Kalsyte, M. Bacauskiene, A. Gelzinis, 
Hybrid and ensemble-based soft computing techniques 
in bankruptcy prediction: a survey, Soft Computing 14 
(9) (2010) 995-1010. 
3. A. Verikas, A. Lipnickas, Fusing neural networks 
through space partitioning and fuzzy integration, Neural 
Processing Letters 16 (1) -2002 p. 53-65. 
4. D. J. MacKay, Bayesian interpolation, Neural 
Computation 4 -1992 p. 415-447. 
5. C. M. Bishop, Pattern Recognition and Machine 
Learning, Springer, Singapore -2006. 
6 M. Koskela, J. Laaksonen, E. Oja, Implementing 
relevance feedback as convolutions of local 
neighborhoods on self-organizing maps, in: J. R. 
Dorronsoro (Ed.), Lecture Notes in Computer Science, 
Vol. 2415, Springer-Verlag Heidelberg – 2002. p. 981-
986. 
7. C. Englund, A. Verikas, A SOM based model 
combination strategy, in: J. Wang, X. Liao, Z. Yi (Eds.), 
Lecture Notes in Computer Science, Vol. 3496, 
Springer-Verlag Berlin Heidelberg -2005, p. 461-466.

 

53



 

The 7th International Conference on 
Electrical and Control Technologies 
May 3-4, 2012, Kaunas, Lithuania 

 

 FORECAST OF HEALTHCARE INDUSTRY DISTRESS RATIO ACCORDING TO 

THE COMPANIES SECTORS 
 

Audrius KABASINSKAS*, Zivile KALSYTE**, Asta VASILIAUSKAITE*** 

*Deptartment of Mathematical Research in Systems. Kaunas University of Technology. Lithuania 

** Department of Electrical & Control Equipment.Kaunas University of Technology, Lithuania 

***Faculty of Economics and Management, Department of Finance, Kaunas University of Technology, Lithuania 

 

 

Abstract: This study aims to compare two different 

neural networks, used for forecasting the direction of 

distress value (increase or decrease) in nine sectors of 

US Healthcare industry. The neural networks differ in 

data sets, which were used for training and testing 

purpose. The idea of first neural network is that the 

dynamics of each company performance is fully 

reflected in the changes of economic environment. The 

data set of second neural network was collected by 

estimating the parameters of alpha-stable distribution of 

economic environment. The most important indicators 

for prediction of distress value were selected by genetic 

algorithm (GA). Feature selection using GA improve 

forecasting results for most sectors, except for Drug 

Manufactures Other sector, in first neural network. 

Feature selection using GA had less impact on the 

second neural network. 
 

Keywords: genetic algorithms, neural networks, distress 

forecasting, alpha-stable distribution. 
 

1. Introduction 
 

This article analyses the financial impact of the financial 

crisis in the Medical Instruments and Supply 

(M_I_a_S), Medical Appliances and Equipment 

(M_A_E), Long Term Care (L_T_C), Home Health 

Care (H_H_C), Health Care Plans (H_C_P), Drug 

Manufactures Major (D_M_M), Drug Manufactures 

Other (D_M_O), Diagnostic Substances (D_S), 

Biotechnology (B) sectors of the 2006–2010 period. 

During this period, financial crisis influenced all sectors 

by such effects as: strong shocks in financial markets, 

which affect the failure of businesses, financial 

institutions, downturns in stock markets. Crisis affected 

each company in a different way. This is reflected in the 

change of distress value. Distress value direction 

(increase or decrease) for the coming year is forecasted 

from current year's financial ratios by committee of 

Neural Networks.  

Distress value trend reflects the financial crisis influence 

on business and industry, which the company belongs. 

The companies from these different segments of health 

care industry were differently influenced by changing 

economic environment. 

Adya and Collopy [1] study showed that most of the 

authors compare the performance of neural networks 

with these traditional methods: Discriminant, Logistic 

regression, Regression models, Decision, ID3, NEWQ, 

Probit, Logit, Five Qualitative response models, Five 

Software reliability models, k Nearest Neighbour,  

Experts, Leading indicators, Factor-Logistic. We 

compare different neural networks, used for forecasting 

the direction of distress value. The neural networks 

differ in data sets, which were used for training and 

testing purpose. Each data set differs by indicators, 

which were selected, using genetic algorithms. The 

results showed that each sector crisis affected 

differently. This reflects of forecasting accuracy in a 

specific sector. As results shows each sector's financial 

situation is best characterized by a different group of 

financial ratios. Different sectors exhibit different 

distributional properties. The distributions of Gross 

Margin (GM), Operating Margin (OM), Current Ratio 

(CR) and Total Asset Turnover (TAT) vary over 

observation years (2006–2010).   

Adequate distributional fitting of empirical financial 

series for financial risk factors, such as  asset returns, 

income rates, FX-rates, implied volatilities and etc.,  has 

a great influence on forecasting and investment 

decisions. More specifically, real-world financial time 

series are often characterized by skewness, kurtosis, 

heavy tails, self-similarity and multifractality. One 

distribution supported by empirical evidence, first 

observed more than 45 years ago by Mandelbrot [4], is 

the stable distribution. The advantages of the stable 

distribution for modeling financial risk factors are now 

well documented (see, for example [5, 6]). In our 

statistical analysis of TAT, CR, GM and OM factors we 

also fit data series to the α-stable distribution. 

 

2. Methodology 

 

First neural networks were used for distress value 

prediction by using two different data sets for learning 
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and testing purpose. Two different neural networks were 

compared in pairs. After that neural networks were used 

as fitness function for genetic algorithm. The goal is to 

compare networks without features selection and 

networks with features selection.  

 

2.1. Neural networks 

 

Feedforward multi-layer perceptron (MLP), with one 

hidden layer and one output node is used for forecasting 

of distress value direction. The training phase is the 

most important, because of determining the weights. 

During the training phase the differences between the 

MLP output values and the known target values are 

minimized. Bayesian regularization were used for 

updating the weight and bias values according to 

Levenberg-Marquardt optimization. 

Let x1,... x29 be a vector of financial ratios, y be the 

distress value, w1 be the matrix of linking weights from 

input to hidden layer and, w2 from hidden to output 

layer. Then MLP with one hidden layer is a model: 

 

2 2 1 1( ( ))y f w f w x                          (1) 

 

During the training phase mean squared errors is 

minimized, and the weight matrices are estimated. 

The function for hidden nodes was the hyperbolic 

tangent sigmoid transfer function. The function for 

output node was linear transfer function. The MSE is 

computed by taking the differences between the target 

and the actual neural network output, squaring them and 

averaging over all data vectors. 

 
2

1

1
( )

N

j j

j

MSE a y
N 

                      (2) 

 

where ja  represent the target value and jy   represents 

the network output for the jth training pattern. N is the 

number of training patterns.  

 

2.2. Genetic Algorithms 

 

GA was chosen for searching of the local optima of data 

vectors which consists of financial ratios and 

considering many points in the search space 

simultaneously, by probabilistic rules. GAs performs 

these stages: 

- Initialization and selection. A population of 

chromosomes (the combination of financial ratios) is 

selected as the starting point of the search. The 

performance of the chromosome is encoded by fitness 

function (function, which computes the optimizing 

scalar).  

- Using crossover only the high scoring members 

chosen for new solution. The crossover occurs only 

with the one-point crossover rate.  

- The data vector randomly changes during mutation 

process. The algorithm stops, when the minimum of 

MSE function is found. 

Genetic optimization problem defined as: 

- The parameters that have to be coded for the problem. 

The 31 digits (a population of data vectors) generated 

by the GA (1010...0011) define which financial ratios 

is used (1 used, 0 not used).  

- Compute fitness function to evaluate the performance 

of each data vector. Find a combination of financial 

ratios with minimum MSE of neural network. A 

solution of the GA population is used to construct 

input data set for neural network, which is then trained 

using a training set and tested with a test set. MSE is 

used to determine its fitness. So the output of GA is 

string, which defines proposed combination of 

financial ratios. 

This process is repeated for each solution in the GA 

population. This allows exploring all possible 

combinations of 31 financial ratios, and this tends to 

favor the most likely solutions.  

 

2.3. Statistical analysis 

 

We start from TAT, CR, GM and OM empirical data 

analysis. We estimated mean, variance, skewness and 

asymmetry. Secondly we have fitted data series to the 

normal and to the α-stable distributions. 

Following the well-known definition, see [2, 3], a r.v. X 

has stable distribution and denoted ),,( SX
d

  , 

here Sα is the probability density function, if  X  has a  

characteristic function (4) of the form: 
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Each stable distribution is described by 4 parameters: 

the first one and most important is the stability index 

α(0;2], which is essential when characterizing financial 

data. The others, respectively are: skewness β[-1,1], a 

position μR, the parameter of scale σ>0.  

The probability density function of α-stable distribution 

is  

dtixttxp )exp()(
2

1
)(  








 (4) 

 

In the general case, this function (4) cannot be expressed 

in closed form. The infinite polynomial expressions of 

the density function are well known, but it is not very 

useful for Maximal Likelihood Estimation (MLE) 

because of the error estimation in the tails, the 

difficulties with truncating the infinite series, and so on. 

We use an integral expression of the PDF in standard 

parameterization and Zolotarev-type formula [8, section 

2.1]. The pth moment of any random variable X exists 
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 and is finite only if 0<p<α. 

Otherwise, it does not exist. So if α parameter of some 

series is less than 2 we understand that the variance do 
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not exists, and if it is less than 1, we cannot use mean as 

a positional characteristic of such variable. 

 

3. Data  

 

The data vectors, which describe companies from D_S, 
D_M_M, D_M_O, H_C_P, H_H_C, L_T_C, 
M_I_a_S, M_A_E, B sectors together, were chosen as 

input data for neural networks, because of the fallowing 

reasons: 

1) There are limits of available indicators and statistics 

which preclude any straightforward economic 

measurement dynamics of industry. It is because 

product and knowledge bases, techniques and tools, 

diffused and affected different applications and 

industries. 

2) The same companies can be found in different 

sectors classified by Standard Industrial Classification 

system from the US Bureu of Census because of the 

limitations of describing companies’ activities. The 

companies can specialize in these biotech related 

applications: research, production processes or 

products. Almost all of analyzed companies sell 

somewhat different and rely on different technologies 

and usages. That’s why their production processes 

diffuse in different industries.  

3) More general concept of industry can be achieve by 

using knowledge based perspective plus the 

classification into sectors including products, 

technologies and users perspectives. For example 

health care industry can be defined as biomedical 

industry, according to knowledge based perspective. It 

overlaps medical technology, instruments, medical 

supplies and influenced by knowledge, techniques, 

tools. This has different impacts to various sectors 

over time. 

4) All segments are regulated by significant 

Government supervision, taking into account President 

Obama commitments to healthcare reform. For 

example The Patient Protection and Affordable Care 

Act was passed by Congress in 2010. It describes 

conditions in healthcare industry.  Because of 

healthcare reform the amount of uninsured people is 

reduced. The high cost of developing new drugs and 

medical devices will trend to offset some of the cost 

savings, because of higher taxes. Different segments of 

each industry are differently influenced by advantages 

and disadvantages of healthcare reform process.  

5) Healthcare delivery and financing in the United 

States faces problems that are identified as high cost, 

uneven and quality. All of them have influenced 

companies and citizens.  For example total healthcare 

expenditures increased and the cost is rising faster, 

than inflation.  

 

3.1. Financial ratios 

 

A set of 31 financial ratios and 21 statistical 

characteristics from US healthcare industry were chosen 

to reveal differences between: different industries, 

different companies, and different time periods of one 

company. 

Selected indicators can be divided into the following 

perspectives: liquidity, financial leverage, profitability, 

efficiency, productivity, effectiveness ratios.  List of 

financial ratios are given below. 

Liquidity ratios 

1. Total Current Assets / Total Current Liabilities 

2. (Total Current Assets- Inventories) / Total Current 

Liabilities 

3. Shareholder's Equity/Total Liabilities 

Financial leverage ratios 

4. Total Liabilities*100/Total Assets 

5. Total Long Term Liabilities*100 / Total Assets 

6. Total Current Liabilities*100/Total Assets 

7. (Total Current Assets-Toatal Current Liabilities)/ 

Total Assets 

8. Shareholder's Equity*100/Revenue 

9. Total Long Term Liabilities*100/Revenue 

10. Total Current Liabilities*100/Revenue 

Profitability ratios 

11. Gross Profit*100/Revenue 

12. Net Income*100/Revenue 

13. Net Income*100/Total Assets 

14. Total Operating Expenses*100/Cost of Revenue 

15. Net Income*100/Shareholder's Equity 

16. Operating Income*100/Revenue 

Efficiency ratios 

17. Cost of Revenue*100/ Total Operating Expenses 

18. Receivables*360/Revenue 

19. Revenue/Total Assets 

20. Revenue/Total Long Term Assets 

21. Revenue/Shareholder's Equity 

Productivity ratios 

22. Goodwill&Intangibles/Revenue 

23. Net Property, Plant & Equipment*100/Revenue 

24. Total Current Assets*100/Revenue 

25. (Total Current Assets-Inventory-

Receivables)*100/Cash&Short Term Investments 

Effectiveness ratios 

26. R&D as a percentage of sales 

27. R&D as a percentage of General and administrative 

+ Selling and marketing 

28. Sales a persentage of total operating cost 

29. Sales as a percentage of General and administrative 

+ Selling and marketing 

List of financial ratios (Gross Margin (GM), Operating 

Margin (OM), Current Ratio (CR) and Total Asset 

Turnover (TAT)) and their parameters of stable 

distribution (alpha, beta, gamma, delta) are provided 

below. 

CR, CR_alpha, CR_beta, CR_gamma, CR_delta, TAT, 

TAT_alpha, TAT_beta, TAT_gamma, TAT_delta, 

OM(, OM_alpha, OM_beta, OM_gamma, OM_delta, 

GM, GM_alpha, GM_beta, GM_gamma, GM_delta 

Distress_Value of the current year. 

Financial situation of each company is described by the 

selected distress value, according to the following Table 

1, using observed data of Total Asset Turnover (TAT), 

Current Ratio (CR), and Gross Margin (GM).  
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Table 1. Outputs of distress value 
 

D

V CR TAT GM 

D

V CR TAT GM 

1 <1 <50 Dec 5 >=1 <50 Dec 

2 <1 >=50 Dec 6 >=1 >=50 Dec 

3 <1 <50 Inc 7 >=1 <50 Inc 

4 <1 >=50 Inc 8 >=1 >=50 Inc 

Note. Distress value (DV) : 1 - The situation is very tense; 2 - 

The situation is poor; 3 - Satisfactory situation;  4 - The 

average situation; 5 - On average, a good situation; 6 - A good 

situation; 7 – Stable situation; 8 - The situation is really good. 
 

Data sets consist of  indicators in the following sectors: 

Medical Instruments and supply, Medical Appliances 

and Equipment, Long Term Care, Home Health Care, 

Health Care Plans, Major Drug Manufacturers, Other 

Drug Manufacturers, Diagnostic Substances, 

Biotechnology of the period 2006 – 2010. This period is 

characterized by strong shocks in financial markets, 

which affects the failure of businesses, financial 

institutions, and downturns in stock markets. All of 

which have different effects on individual sectors and 

companies in those sectors 

Two different data sets formed of financial ratios. Four 

data vectors describe each company. Each of them 

describes the situation of the company in different year 

from the selected period. Two different types of data 

vectors were formed: 

1) Data vectors were formed from the 31 financial 

ratios, as input parameters, which describes current 

year financial situation plus changes of distress value 

between current year and one year ahead.  

2) Data vectors were formed from the data of 21 

financial ratios, as input parameters, which describes 

current year financial situation plus changes of distress 

value between current year and one year ahead.  

Two data sets were formed for experiments which 

evaluate all companies from different sectors and 

forecast one particular sector distress value.  

1st Data Set consists of 31 input parameters plus the 

change in the current year distress value and distress 

value of the coming years. The data consist of all the 

sector’s indicators. 

2nd Data Set consists of: Total Asset Turnover, Current 

Ratio, Gross Margin, Operating Margin and the current 

year distress value plus the parameters of alpha-stable 

distribution, which describe each financial ratio, 

mentioned above, as input parameters.  The change of 

distress value between the current year and one year 

ahead, as output parameter. The data consist of all 

selected sectors financial ratios. 

 

3.2. Distributional analysis 

 

Empirical data analysis of all ratios and separately of 

Total Asset Turnover (TAT), Current Ratio (CR), and 

Gross Margin (GM) has showed that: 

 all financial ratios are non-normally and non-stable 

distributed; 

 the distributions of TAT, CR, and GM ratios differs 

for different periods and different industries, but  

usually they are α-stable distributed. 

These results imply that given financial ratios cannot be 

used in linear regression. The non-linear regression or 

neural networks should be applied to forecast distress 

value. 

Secondly TAT, CR, and GM data series usually are 

normally or α-stable distributed. Gauss distribution is a 

special case of α-stable law, when α=2.  This means that 

we may use estimates of α-stable distribution parameters 

to forecast the distress value changes. Moreover these 

estimates are normally [7] distributed and linear 

regression (if necessary) may be used. However, we will 

use them to train neural network with generic algorithm 

approach. 

 

4. Experiments 

 

The goal of first experiment is to identify indicators that 

best reflect the impact of changing economic 

environment in each sector separately. The goal of 

second experiment is to predict the change of distress 

value between current year and one year ahead for each 

sector separately. The experiments were organized as 

follows: 

1. We calculate these financial ratios: Total Asset 

Turnover, Current Ratio, Gross Margin for each 

sector. We classify each company, using Table 1. 

Form the target values, as change between current year 

class and one year ahead class for each company. 

Therefore, these strategies of research were selected:  

a) The idea is that the dynamic of companies’ 

performance fully reflects the changes in economic 

environment. The same financial ratios were used to 

evaluate performance for companies’ distress as also 

to describe the development of economic 

environment. These financial indicators can be 

classified as: liquidity, financial leverage, 

profitability, efficiency, productivity, effectiveness 

ratios.  

b) Using the parameters of alpha-stable distribution 

(of Total Asset Turnover, Current Ratio, and Gross 

Margin) to describe the development of economic 

environment.   

2. Divide the data into learning and testing groups. 

Learning group consist of data from all sectors 2006, 

2007, 2008, 2010 years. Testing data contains only 

2009 years data for each sector separately (which was 

not used for learning process).  

 

5. Results 

 

5.1. Distress value prediction 

 

The first experiments carried out with all the selected 

indicators. Then, using a genetic algorithm it was 

selected a group of indicators, which has the greatest 

influence. Comparable results of both methods are given 

in Table 2.  
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Table 2. Error of forecast when financial ratios were used as 

input features 
 

  31 Ratios 21 Ratios 

Company NN GA+NN NN GA+NN 

D_S 26.3 0 0 0 

D_M_M  77 15.8 18.18 18.18 

D_M_O  31.5  50 21.73 17.39 

H_C_P 78.7 37.5 0 2.22 

H_H_C  40 0 20 20 

L_T_C  28.3 0 16.66 20 

M_I_a_S 27.1 17.4 13.46 13.46 

M_A_E 66.6 22.6 75.8 22.09 

B 40.6 30.2 20.83 14.58 

Note. NN - neural network without features selection; 

GA+NN -  neural network with features selection, by genetic 

algorithms. 
 

As can be seen from the Table 2, feature selection using 

genetic algorithms improved performance of the method 

in almost all sectors (except D_M_O). Feature selection 

using genetic algorithms improved performance of the 

method in these sectors: D_M_O, M_A_E, B. And did 

not improve results in these sectors: D_S, D_M_M, 

H_H_C, M_I_a_S. The model, which used genetic 

algorithms results made bigger error in these sectors: 

H_C_P and L_T_C.  
As can be seen from the first and second tables, the use 

of genetic algorithms had different impact on models 

that used different input features. 

 

5.2. Features selection 

 

The 31 financial features are subdivided into groups.   

Sectors are compared according the financial ratios of 

each group, which are most important in each sector.  

1) Liquidity ratios. Similar sectors are: a) D_S, 

H_H_C, M_A_E (the most important indicator is 

(Total Current Assets- Inventories) / Total Current 

Liabilities in these sectors). b) D_M_O and H_C_P 

(the most important indicator is Total Current Assets / 

Total Current Liabilities in these sectors). c) Totally 

different sectors are: D_M_M (the most important 

indicator are (Total Current Assets / Total Current 

Liabilities, (Total Current Assets- Inventories) / Total 

Current Liabilities, Shareholder's Equity/Total 

Liabilities) and B (there is no important indicators 

from this group in this sector). 

2) Productivity ratios. Totally different sectors are: 

D_S (the most important indicator are 

(Goodwill&Intangibles/Revenue, (Total Current 

Assets-Inventory-Receivables)*100/Cash&Short Term 

Investments 

3) Effectiveness ratios) in this sector) and L_T_C (the 

most important indicator are (Net Property, Plant & 

Equipment*100/Revenue, Total Current 

Assets*100/Revenue) in this sector).   

4) Effectiveness ratios. Similar sectors are: a) D_M_O 

and H_H_C (the most important indicator are (R&D 

as a percentage of sales, R&D as a percentage of 

General and administrative + Selling and marketing, 

Sales a percentage of total operating cost) in these 

sectors. b) L_T_C and B (the most important indicator 

are (R&D as a percentage of sales, R&D as a 

percentage of General and administrative + Selling 

and marketing, Sales a percentage of total operating 

cost, Sales as a percentage of General and 

administrative + Selling and marketing) in these 

sectors).  

In the groups of profitability and efficiency ratios, 

combinations of important features differ in each 

sector. 

The 21 features are subdivided into groups. A group 

consists of financial ratio and the parameters of stable 

distribution (alpha, beta, gamma, delta), which 

describes sector’s situation in each year of the period 

2006 – 2010. Lower alpha indicates bigger number of 

unprofitable companies in each sector. Beta describes 

the trend of companies (the company is susceptible to 

losses (beta <0) or profit (beta>0)) in each sector. 

Gamma describes the financial situation of the average 

company in each sector. Delta (scale parameter) 

defines the differences between companies in each 

sector. The goal is to discover the most important 

features in each sector. 

1) Similar sectors are: a) D_M_O and H_C_P (the most 

important indicators are (CR, CR_gamma) in these 

sectors. b) L_T_C and B (the most important indicator 

is (CR_gamma) in these sectors. 

2) Similar sectors are: D_S and M_I_a_S  (the most 

important indicators are (TAT_alpha, TAT_beta, 

TAT_gamma, TAT_delta) in these sectors. Totally 

different sectors are:  D_M_O (the most important 

indicators are (OM_alpha, OM_beta, OM_delta) in 

this sector and H_H_C (the most important indicators 

are (OM, OM_gamma) in this sector. 

3) Similar sectors are: a) D_S and M_I_a_S (the most 

important indicator are (OM_beta, OM_gamma) in 

these sectors. b) D_M_M and D_M_O (the most 

important indicators are (OM_alpha, OM_beta, 

OM_gamma) in these sectors. Totally different sectors 

are: H_C_P (the most important indicators are 

(OM_alpha, OM_beta, OM_delta) in this sector and 

H_H_C (the most important indicators are (OM, 

OM_gamma) in this sector. 

4)  Similar sectors are: H_C_P and M_A_E . There are 

no important indicators from this group in these 

sectors. 

 

6. Conclusions 

 

Feature selection (from data set of 31 feature) using 

genetic algorithms reduced the prediction error of the 

method in almost all sectors: D_S from 26.3% to 0%, 

D_M_M from 77% to 15.8%, H_C_P from 78.7 % to 

37.5%, H_H_C from 40% to 0%, L_T_C  from 28.3% 

to 0%, M_I_a_S from 27.1% to 17.4%, M_A_E from  

66.6  to 22.6, B from 40.6% to 30.2 (except D_M_O) . 

Important feature selection (from data set of 21 feature) 

using genetic algorithms reduced the prediction error of 

the method in these sectors: D_M_O from 21.73% to 

17.39%, M_A_E from 75.8% to 22.09%, B from 
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20.83% to 14.58%. And had very weak effect in these 

sectors: D_S, D_M_M, H_H_C, M_I_a_S. The model, 

which used genetic algorithms results made bigger error 

in these sectors: H_C_P, L_T_C.  
According to liquidity ratios, similar sectors are: a) D_S, 

H_H_C, M_A_E; (b) D_M_O and H_C_P; (c) Totally 

different sectors are: D_M_M and B. According to 

productivity ratios totally different sectors are: D_S and 

L_T_C . According to effectiveness ratios similar 

sectors are: a) D_M_O and H_H_C; b) L_T_C and B. 

According to the first group of features, similar sectors 

are: a) D_M_O and H_C_P; b) L_T_C and B (the most 

important indicator is CR_gamma. According to the 

second group of features, similar sectors are: D_S and 

M_I_a_S. Totally different sectors are:  D_M_O and 

H_H_C. According to the third group of features, 

similar sectors are:  a) D_S and M_I_a_S;  b) D_M_M 

and D_M_O; c) Totally different sectors are: H_C_P 

and H_H_C. According to the fourth group of features, 

similar sectors are: H_C_P and M_A_E . 
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Abstract: In this research the performance of a cyclic 
system and the performance of a cyclic wireless 
network is calculated.  Based on real data, a model for 
calculation of real data transfer rate in wireless 
vehicular network depending from the number of 
objects moving in the base stations operational zone 
was developed. Data from previous researches was used 
for solution and verification of set tasks. The correlation 
of change in data transfer rate and number of remote 
objects was defined  
 In the result of the experiment, the mathematical 
models for closed cyclic wireless networks were 
selected as ones who are to be used for choosing an 
optimal method for performance evaluation of Short 
range communication Vehicular network.  

 
Keywords: Vehicular network, closed wireless network, 
cyclic system. 

 
1. Introduction 

 
For the sake of a simpler mathematical model, let’s 
make the following assumptions. First, the processed 
tasks are homogeneous. A homogeneous task flow is a 
common characteristic for network systems controlling 
technological processes in real time. Second, the 
processing moment for every task is accidental and is 
exponentially distributed with a mean value 
corresponding by element. Third, elements and tasks 
being processed are mutually independent. 
The significant improvement of 802.11n standards 
comparing to previous standards is the raw data rate of 
the wireless channel up to 600 Mbps – more than 
twenty-fold improvement over 27 Mbps of 802.11p 
maximum data speed. This capacity has been gained 
through different features and table 1 shows the 
maximal data rate of the standard. 

 
 
 

2. Cyclic system 
 

This article offers to create a vehicular wireless network 
using a closed wireless network model. 
The terminal count in each vehicular wireless network 
is usually high. On evaluation of bandwidth it is 
possible to replace conveyor transfer of files with a 
consistent transfer. 
Following the obtained practical results we will 
calculate the base station performance at variable client 
count. In our case the 200 meters long base station 
operational zone of is divided to 5 zones, 40 meters 
each, the third zone being the most adjacent to the base 
station. 
We will assume that N vehicles enter the operational 
zone of the base station, starting at the speed of zero. 
Then velocity increases exponentially.  

 

 
 

Fig. 1. A 200 meter segment consisting of 5 zones, 40 meters 
each, N=10 

 
Let’s investigate a closed network consisting of M 
independent nodes with N incoming queries. 

Distribution is exponential with the parameter i  
According to this research the speed of vehicle 
movement on highway is characterized by density. The 
placement of vehicles per meter:  
 

  
Ck

k
 10                               (1) 

where, maximal permissible flow rate, and 0 - initial 
vehicular movement flow rate. Let’s assume that the 
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area of interaction between vehicles and base station 
can be divided into M intervals. Let’s provide a number 
of trespassing vehicles per second for each interval 
according to query intensity and processing. If the 

interval length equals iS , and vehicle movement speed 

equals i , then the intensity of vehicle service by road 
interval equals [10]: 

                                 
i

i
i S


                               (2) 

 According to (1) the intensity of vehicle service will be 
depending as from initial vehicle flow rate into the road 
interval as from density of vehicle location on the road 
interval.  
Vehicles pass all M intervals successively, and the total 
number of vehicles in the base station’s range of 
operation is N.    Entering the base station’s range of 
operation from the zero state (a lack of connection with 
the station) the vehicle finds itself in the zero state 
again. Such a system can be described in a form of a 
closed cyclic mass service system network with M 
service devices, N queries and exponentially distributed 
service time. Query service intensity in the i-th interval 

equals i , as show in Fig. 4. 
We will assume that N vehicles enter the operational 
zone of the base station, starting at the speed of zero. 
Then velocity increases exponentially, as show Fig. 2.  
N vehicles are entering the base stations operating zone, 
with initial velocity of zero. After that velocity grows 
exponentially: 
 

                         )1( r
oi e                             (3) 

Where r – distance to base station, 0 - 100km/h. 

 

 
 

Fig.2. Exponential Equation 

Due to the periodic nature of this model 11 x  and the 
next step is calculated as follows: 
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             (4) 
Buzen’s algorithm the most effective methods for 
closed network analysis, as show in Table. 1. Buzen’s 

matrix, at the row i and column j can be calculated 
using the formula, as show Fig. 3[1]: 
 

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

Table 1: Buzen’s matrix 
 

Nr. 1 0.62 0.5 0.45 0.43 
0 1 1 1 1 1 
… … … … … … 
9 1 2,6357 5,298 9,6113 16,5219 

10 1 2,6447 5,3414 9,753 16,9069 
… … … … … ... 
19 1 2,65944 5,4159 10,0096 17,6447 
20 1 2,65949 5,4162 10,0106 17,6508 

  
Utilization of segment being occupied [6]: 

            
)(

)1(1
NG

NG
xnP ii


            (6) 

 

 
 

Fig.3.  Utilization of cyclic model 
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Fig.4. Closed cyclic system 
 

 Then probability of query (vehicle) distribution among 
service devices (road intervals):  
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                      (7) 

 
where G(N) – normalizing constant, resulted from 
adding up and equating to one all probabilities or by 
Buzen’s method. 
Naturally, that there are no limitations for the number of 
vehicles (queries) in the i-th interval, as show Figure 1. 
 Average number of queries (vehicles) in i-th interval 
[11]:   
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Fig. 5. Number of Vehicle 
 

Depending from vehicles distance from base station, 
packet processing rate and packet processing rate in 
base station will be different [7]. Each vehicle in sub-
zone i can exchange packets with base station with 
intensity 1 . 
 Depending from the vehicles proximity to base station 
data processing rate and data processing intensity in 
base station will be different [2][3]. For file transfer the 
common packet length is 1500 bytes. Then we will 

estimate base stations performance i , for a car 
separated from base station with a distance of r, by the 
chart at Fig. 2[8] [9]. 
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Fig. 6. Goodput in wireless network with one router 
depending on distance for 802.11n and 802.11g 

 
The goodput rate of FTP is depending on the vehicle 
speed and decreasing proportionally with the vehicle 
speed. In Fig. 7 shows the goodput of the 802.11n 
standard with limited settings in comparison with 
802.11g.  
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Fig. 7. Basic performance comparison of 802.11g/n standards 
 

Using the M/M/1/N i , model for every sub-zone i, we 
find the probability of base stations idleness [4]: 
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Depending from vehicles distance from base station, 
packet processing rate and packet processing rate in 
base station will be different [5]. Each vehicle in sub-
zone i can exchange packets with base station with 
intensity 1 . 
There β for i-th region is obtained from measurement 
results,  illustrated in Fig. 6, recalculated from elapsed 
time to distance from vehicle to access point. 
Unfortunately, that this is packets service intensity in 
AP, when vehicle reside in sub-zone i. Goodput of a 
station providing service for the region i  can be 
obtained from this formula and can be seen in the Fig. 8 
and Fig. 9: 
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Fig. 8. Bytes Received with 10 vehicles 
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Fig.  9. Bytes Received with 20 vehicles 
 

Depending from the vehicles proximity to base station 
data processing rate and data processing intensity in 
base station will be different, as show Fig. 10. For file 
transfer the common packet length is 1500 bytes. 

Goodput of base station with 802.11g and 802.11n
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Fig. 10. Goodput for moving with 10 and 20 vehicles 
 

                  ii iP  )(1 0                         (10) 
Summary goodput for 802.11g at N=20 will be: 

.sec
1052 packets

i   

Summary goodput for 802.11n at N=20 will be: 

.sec
3244 packets

i  
 

 
3. Conclusions 

 
In this research experimental data is presented, about 
data transfer rate in wireless networks of 802.11g/.n 
standard connecting moving objects. Based on the 
experimental data mathematical patterns were 
developed binding characteristics of vehicular flow with 
characteristics of data transfer system. The work 
presented a simple scheme to compute the maximum 

goodput of 802.11g/n for cyclic system network, which 
the most popular in vehicular network at the moment. 
It can be concluded that the performance of a base 
station depends on the number of cars and speed. For 
our calculations we assumed that the rate increases 
exponentially. 
As seen in Fig. 9 performance in zone 1 will always be 
greater as the speed of vehicle there is the low. 
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Abstract: A temperature control prototype system has 
been developed to facilitate teaching automatic control 
to undergraduate students. This easy-to-understand 
system can be used as a tool for acquiring 
understanding of the course concepts such as process 
variable, disturbance, controller, converter, transfer 
function, etc. Practical skills of system modelling, 
controller design, programming, electronics, data 
acquisition and analysis can be also developed. Using 
this temperature control system, a number of 
experiments have been performed testing some typical 
temperature control methods.  
 
Keywords: temperature, controller, prototype, 
education. 

1. Introduction 

Automatic control has become a major field in almost 
every engineering subject, and automatic control 
courses are part of the respective engineering curricula 
[2]. Automatic control education in the Faculty of 
Technology at Šiauliai University is currently focused 
on the increase of educational efficiency by introducing 
new practical lab exercises. In the recent past education 
was mainly conducted by using basic theoretical 
tutorials and computer simulation exercises. 
It is deeply believed that experience related to real-life 
control problems can provide in-depth understanding of 
the main concepts and techniques of system control. 
Although the importance of the experiment has been 
recognized for a long time, there is still a limitation in 
the wide use of experimental devices for education 
purposes. It is mainly due to their relatively high 
investment and maintenance costs. 
In the Department of Electrical Engineering at Šiauliai 
University, a temperature control system prototype has 
been designed and developed to provide understanding 
of the major issues of system control with low cost. 
Dealing with thermal system control many essential 
features related to automatic control such as process 
variable, disturbance, controller, converter, transfer 
function, etc. could be studied and tested. The system 

prototype can be also used to develop practical skills of 
system modelling, controller design, programming, 
electronics, data acquisition and analysis. 

2. System description and design 

Heat is defined as the form of energy that is transferred 
between two systems (or a system and its surroundings) 
by virtue of a temperature difference [3]. 
The thermal system is built from the conventional 
incandescent light bulb (heat source) powered by a 
regulated AC voltage source and the surrounding air 
(heat sink). The air temperature in the vicinity of the 
bulb Ta is affected by the heat Q provided by the bulb 
and the ambient air temperature T0. The heated air 
around the bulb can be blown out by an electrically 
controlled axial fan (forced air mixing). 
Heat transfer rate due to the temperature difference in 
the air can be written: 

 a
a a

dTdQ
m c

dt dt
 ; (1) 

where ma and ca are the mass and specific heat capacity 
of the air, Ta – temperature of ambient air. 
Heat transfer from the light bulb to the ambient air can 
be written: 

 ( )b a

dQ
UA T T

dt
  ; (2) 

where U and A are the heat transfer coefficient and 
contact surface area between the light bulb and ambient 
air, Tb – temperature of the bulb surface. 
Some not-factory-made temperature control systems for 
education purposes are presented in the available 
literature [4, 5]. The control system designed and 
developed at Šiauliai University tries to even more 
improve the visualization and analysis of control issues 
to make them easier for students to acquire. Thus, one 
of the major tasks in the software development phase 
was to build a simple graphical user interface for system 
control and parameter tuning to leave behind the raw 
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programming code which can be too complicated to be 
adjusted by most students during lab sessions. 
Figure 1 shows a block diagram of a closed-loop 
temperature control system. An input and output of the 
closed-loop control system are a temperature set point 
rT(t) and a process variable yT(t) respectively. A 
temperature sensing element is used to quantify the 
process variable providing measured output y׳T(t). A 
control error signal eT(t) occurs due to the difference 
between the set point rT(t) and the actual measured 
temperature signal y׳T(t). The error signal eT(t) is fed to 
the PC-based controller with a predefined control action 
to set the control signal uT(t) to be supplied to the power 
converter. Finally, the converted control signal u׳T(t) is 
supplied to the process (via light bulb) to influence the 
output y(t). The thermal system can be constantly or 
eventually disturbed by signal dT(t) generated by the air 
blower. The intensity of load disturbance can be 
adjusted by control signal uF(t). 

 
Fig. 1. Block diagram of the closed-loop temperature control 
system 

The closed-loop control system presented in Figure 1 
has been realized by developing a self-made simple 
thermal system with a PC-based controller as shown in 
the photograph (see Figure 2).  
In order to control the air temperature of a thermal 
plant, two actuators (AC operated light bulb and DC 
controlled axial fan) and a temperature sensor are 
utilized. The bulb acts as the air heater and the fan is 
used to remove the hot air to the ambient one. The 
temperature sensors are placed 2-3 cm from the light 
bulb. 

 
Fig. 2. Photograph of the temperature control system 
prototype 

A short description of the basic hardware parts of the 
system is presented in Table 1. 
The software used for the experimentation was designed 
using MATLAB, which is widely accepted by 
universities as a basic software platform for engineering 
studies.  

Table 1. Description of system’s hardware 

No. Hardware description 

1. Light bulb (power rating of 60 W at 230 V AC). 

2. Axial fan (1.9 W and 1700 rpm at 12 V DC). 

3. 
Precision centigrade temperature sensor LM35D 
(linear 10 mV/°C scale factor, accuracy ±1 °C, 
 +2 to +150°C temperature measurement range). 

4. 
Velleman K8064 DC controlled power dimmer 
(max. load – 750 W at 230 V, adjustment voltage 0-
12 V). 

5. 
Velleman MK138 thermostat (NTC temperature 
sensor (thermistor) included, temperature range: +5 
°C to +30 °C, relay power rating: 24VDC/AC 3A). 

6. 
Velleman K8055 USB experiment interface card (5 
digital inputs, 2 analogue inputs and outputs (8 bit 
resolution), 8 digital open collector output switches). 

7. 

DC power supply (built from 230 to 15 V (AC) 
voltage transformer, diode rectifier and voltage 
regulator); operational amplifier for data acquisition 
board, power converter and fan control voltage 
conditioning. 

System control interface (Fig. 3) has been built using 
MATLAB Graphical User Interface (GUI) Layout 
Editor. The program code has been written in the 
MATLAB environment applying source code (dynamic 
link library and C header files) needed to access the 
board via USB interface. 

 
Fig. 3. Graphical user interface for temperature control 

Graphical display contains components that enable a 
user to perform interactive tasks. Each component is 
associated with routines known as callbacks. The 
execution of each callback is triggered by a particular 
user action related to the selection of a menu item. The 
graphical environment is composed of these sections: 
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a) control mode selection; 
b) temperature set point assignment (for 

automatic control); 
c) actual temperature measurement; 
d) actuator (bulb and fan) control; 
e) controller parameter setting (Kp, KI and KD 

coefficients for PID control law, control 
interval or hysteresis for on/off control law); 

f) system identification; 
g) process start and termination; 
h) control and measurement data storage. 

At the moment four temperature control methods (one 
manual and three automatic) are being implemented.  

3. Realization of the basic temperature control 
algorithms  

There are three basic types of controllers: on-off, 
proportional and PID for typical temperature control 
applications. Their selection depends on the 
requirements of the system to be controlled. 
An on-off controller, also known as a hysteresis 
controller, is a feedback controller whose output 
abruptly switches between two states umin and umax. The 
ideal on-off controller can be described as follows: 

 max, , 0
( )

0, 0
T T

T

T

u if e
u t

if e

 


. (3) 

An on-off controller is the simplest form of automatic 
temperature control device. The device output is either 
on or off. For heating control the output is on when the 
temperature is below or above the set point (Fig. 4). 
Depending on the hysteresis width, the process 
temperature will be cycling continually from below to 
above the set point. 

 
Fig. 4. On-off controller with hysteresis 

A PID controller is the most common form of feedback. 
In process control today, more than 95% of the control 
loops are of PID type, most loops are actually PI control 
[1].  
The control algorithm in continuous time domain is 
presented as follows: 

 ( )
( ) ( ) ( )

t
T

T P T I T D

o

de t
u t K e t K e d K

dt
    ; (4) 

where the P term is proportional to the error (adjusted 
by coefficient KP), the I term is proportional to the 
integral of the error (adjusted by coefficient KI), the D 

term is proportional to the derivative of the error 
(adjusted by coefficient KD). 
In order to make PID control algorithm suitable for 
computation within a microprocessor, the discretization 
procedure should be applied by approximating the 
integral and derivative terms. Thus equation (4) is 
transformed to: 
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 ; (5) 

where k is discrete step at time t = kTs and Ts is sample 
time. 
Figure 5 presents the flowchart of a program 
implemented on the PC to perform temperature control. 
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Fig. 5. Flowchart of the temperature control process 
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In the first step of the temperature control cycle the 
initial software configuration is performed. Then, the 
control mode selection (between manual and automatic 
control) follows. If manual control has been chosen, the 
control signal uT (as well as disturbance dT) can be 
changed manually. During the teaching process, in this 
phase the task can be given to drive the system to a 
certain state (to achieve some temperature set point with 
small control error allowed). The time taken to achieve 
this goal should be limited to some reasonable value. 
The system control commands are initiated through the 
graphical user interface and actual as well as historical 
measurement data are displayed in the figure window. 
Having reached the first goal, the system can be 
disturbed starting the axial fan and a new task of 
manual temperature stabilization can be introduced. 
During the first stage of lab exercise, performance of 
the basic hardware unit (control board, power converter, 
temperature sensor) should be examined. For the 
students of electrical and electronic engineering it is 
recommended to measure electrical signals in different 
parts of the system to get deeper insight in hardware 
issues of typical control applications. 
Having tested manual control, an automatic mode can 
be started. At the moment it is possible to test 3 
different automatic control methods independently: on-
off (in hardware), on-off (in software) and PID. For on-
off control (in hardware) a ready-made circuit with a 
thermostat is put into the control loop. The thermostat 
has a potentiometer for set point control. The designed 
amount of hysteresis can be increased by decreasing the 
value of a fixed resistor. On-off control (in software) is 
implemented in the program code. As well as for 
manual control, the graphical user interface allows to 
interactively set the desired temperature value and 
hysteresis using a computer mouse and keyboard. 
The PID control developed uses software controller 
based on (5). The GUI allows setting the PID controller 
structure and parameters (as well as output disturbance 
signal) before or during control experiment to acquire 
understanding of their impact on system performance. If 
needed, the controller and measured signal historical 
data can be saved to the computer disk to be further 
investigated and discussed. 
In the future more complex control methods such as 
feedback-feedforward, fuzzy, model predictive control 
are expected to be implemented. 
Due to relatively high system inertia (moderate 
experiment duration), it is highly desirable to perform 
simulation experiments before dealing with the system 
described. In this case a mathematical model of the 
system is required. 

4. System identification and modelling 

The dynamic behaviour of the system was identified 
using non-parametric modeling – a reaction curve 
method. To obtain a reaction curve, at zero time 
instance the power converter input of the open loop 
system received a constant step impulse. The 
temperature of the ambient air in the vicinity of the light 
bulb was measured and recorded every two seconds. 

The system identification experiment results with fitted 
first order transfer function (6) are presented in Fig. 6. 
The first order transfer function G(s) has a near 2 
second delay and time constant equals to 73 sec.: 
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where kTS – thermal system gain, TTS – thermal system 
time constant, TS,d – thermal system time delay. 
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Fig. 6. The system identification experiment results 

Using the identified process model G(s), the simulation 
model of the whole temperature control system has been 
designed. Due to the reasonably high time constants of 
the thermal system, the power converter’s dynamics 
were neglected. The temperature sensor’s gain was set 
to one. The thermal system’s gain kTS was calculated 
including the analog-to-digital and power converter 
impact as well as output disturbance (as initial weather 
temperature in the room). The closed-loop temperature 
control system’s block diagram including the thermal 
process G(s), controller C(s) with corresponding input, 
output and disturbance signals is presented in Fig 7. 

 
Fig. 7. Block diagram of the thermal system closed-loop 
control 

Representing system signals by their Laplace transform 
and using the block diagram presented above give 
output and error signal equations providing information 
on system behavior. It is used for controller selection 
and parameterization: 
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Equation (7) was rewritten including the thermal 
system’s transfer function presented in (8): 
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where RT and DT can be considered as step input, so  

( ) ( ) T T
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  . The steady state of the error 

is given by limit value theorem: 
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Equation (10) indicates that a single proportional 
controller does not eliminate the steady state output 

error, which is equal to 
1

T T

P TS

R D

k k


 

 . To compensate for 

this error, an integral part of the controller should be 
added and  
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. (11) 

Considering Fig. 7, the temperature PID control 
simulation model (Fig. 8) has been composed using 
MATLAB and Simulink software. 
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Fig. 8. Simulation model of temperature control  

Compared to the real system, the model allows 
investigating system behaviour faster with added 
flexibility in controller design. It is worth mentioning 
that due to the current thermal system’s nature (a system 
without strong boundaries) the simulation model might 
be a poor predictor outside the region where the 
identification experiment was performed. To improve 
performance of the model, the mechanistic (or white 
box) model of the system involving heat transfer 
physics should be developed and applied. However, 
these issues are out of scope of the current paper. 
Nevertheless, the simulation model with identified 
process first order transfer function and the PID 
controller has shown fairly good prediction results 
(Fig. 12 – 15). 

5. Control experiments and discussion 

Using the developed temperature control system a 
number of experiments have been performed.  
The manual temperature control can be implemented to 
obtain initial information concerning system behaviour 
and dynamics. The lower graph of Fig. 9 shows the 
light bulb and axial fan control signals (percentage of 
their nominal values), while the upper one indicates the 
measured temperature response. The increase in light 
bulb power produces more heat and, subsequently, the 
temperature near the bulb rises with some inertia. At 

time of about 300 seconds the axial fan was turned on in 
70 percent of its nominal power. The thermal system 
was disturbed and the temperature decrement could be 
observed. Nearly after one minute the light bulb was 
turned at its full capacity trying to compensate for the 
disturbance impact, but no significant increment was 
registered. At time of about 400 seconds the axial fan 
was turned off, keeping the nominal light bulb power to 
reach the temperature of 46 degrees in Celsius. As the 
light bulb was turned off, the temperature was gradually 
falling tending to reach the new equilibrium point. At 
appr. 1020 sec. the axial fan was turned on again to mix 
the air and thus drive the temperature to its initial value 
(room temperature). 
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Fig. 9. Measurement and control signal data of manual 
temperature control  
 

Fig. 10 shows the measured temperature response using 
on-off (in hardware) control method. It can be observed 
that temperature gradually oscillates around a certain 
temperature set point value. 
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Fig. 10. Measurement signal data of on-off (in hardware) 
temperature control  
 
For on-off control method (in software) the set point 
tracking experiment has been performed (for 30 and 35 
°C). Additionally, at time instance of 630 sec. the 
hysteresis width was changed from 2 to 5 degrees 
giving a larger time interval for a light bulb being set on 
or off. The experiment has revealed different system 
dynamics when lamp is being heated and set off. The 
measurement and control signal data is presented in 
Fig. 11. 
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Fig. 11. Measurement and control signal data of on-off (in 
software) temperature control  
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For PID controller evaluation along with the real system 
the simulation experiment using the model presented in 
Fig. 8 has been performed. Two types of controllers P 
and PI have been evaluated. Fig. 12 (measured data) 
and Fig. 13 (simulation results) show that using a 
proportional controller the steady-state air temperature 
does not reach the set point value. These findings were 
predicted by (10). This equation shows that steady-state 
error can be reduced increasing the KP value. According 
to (11), for full elimination of control error an integral 
part of controller should be included.  

0 50 100 150 200 250 300 350 400 450
20

25

30

35

Time Duration, s

T
e

m
pe

ra
tu

re
, 

C

 

 

0 50 100 150 200 250 300 350 400 450
20

30

40

50

Time Duration, sC
on

tr
ol

 s
ig

na
ls

, 
%

 o
f 

m
ax

. 
va

lu
e

 

 

T
s.p.

T
meas.

 
Fig. 12. Measured temperature and control signal data of P 
temperature control (KP = 10) 
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Fig. 13. Simulated temperature and control signal data of P 
temperature control (KP = 10) 

Fig. 14 (measured data) and Fig. 15 (simulation results) 
demonstrate that the steady-state air temperature does 
successfully reach the set point value using a 
proportional and integral controller. Measurement and 
simulation results are in fair accordance. Thus the 
simulator can be advised for rapid and flexible system 
controller analysis and development. It should be noted 
that the PID controller parameter optimization 
procedure was out of scope of this paper. This topic as 
well as the development of controllers of other type is 
scheduled for the future work. 
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Fig. 14. Measured temperature and control signal data of PI 
temperature control (KP = 1 and KI = 1) 
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Fig. 15. Simulated temperature and control signal data of P 
temperature control (KP = 1 and KI = 1) 

6. Conclusions and future work 

The designed and developed low cost temperature 
control system can give an efficient way for 
undergraduate students to understand and test the main 
features of process dynamics and control issues.  
Due to relatively high thermal system inertia, it is 
highly desirable to perform simulation experiments 
before dealing with the real system. For this purpose, 
the identified first order process model could be used. 
Using the temperature control system described, a 
number of experiments have been performed. For PID 
controller evaluation along with the real system, the 
simulation experiment using a model has been 
performed. Two types of controllers P and PI have been 
evaluated. System measurement and simulation results 
show that the steady-state air temperature does not 
reach the set point value using a proportional controller. 
These findings were successfully predicted by derived 
error signal equation. 
The system presented is currently employed in 
automatic control theory course taught at Šiauliai 
University. We believe that experience obtained dealing 
with the proposed system control tasks can increase 
educational efficiency. 
In the near future sophisticated control algorithms such 
as fuzzy, feedforward and model predictive control are 
expected to be developed and embedded to the 
software. 
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Abstract: Face identification system recognizes an 

individual by matching the input image against images 

of all faces in a database and finding the best match. 

Usually face matching is carried out in two steps: during 

the first step detection of a face in a complex 

background (various lightning condition) and 

localization of its exact position is done, and in the 

second step face classification using gathered databases 

is performed. In reality detected faces can appear in 

different position and they can be rotated. These 

disturbances reduce classification algorithm 

dramatically. This paper deals with geometric 

normalization of the face. To increase the classification 

accuracy special geometric normalization procedure 

based on extracted facial feature position such as eyes, 

nose, etc. is proposed. This allows increasing the face 

classification accuracy significantly. 

 

Keywords: face identification, facial features, eye 

position, geometric normalization. 

 

1. Introduction 

 

Finding face is a primary step in different face analysis 

applications. Several face detection methods have been 

developed in the past years [1]. Each method is 

developed in a particular context and we can group these 

numerous methods into three main approaches: template 

matching methods, feature invariant approaches and 

feature based methods. The first method finds structural 

features that exist even when the pose, viewpoint, or 

lighting conditions vary, like skin color. Second use 

trained classifiers which uses big set of training images 

contain searchable object. Then the classifier is scanned 

through the whole image and detects wanted object. The 

third method consists in detecting particular face 

features lake eyes, nose, etc. So detecting face in images 

is essential stage in face identification [2] and the 

efficiency and accuracy of face detection which localize 

and extracts the face region from the background have 

critical influence in performance of a face identification 

system. 

In real time application detected face varies in rotation 

brightness, size, and etc. even for the same person in 

different images. Those features are independent of face 

features and will affect the face classification accuracy 

rate significantly. One of the methods to solve this 

problem is to normalize the detected faces. The 

objective of the face normalization is to reduce the 

effect of the useless, interferential and redundant 

information, such as background, hair, cloth and etc., so 

as to enhance the identification process. The 

normalization of the different images with the same 

person's face gets similar face contour, size, rotation and 

distribution of the brightness. As a result, the normalized 

face images appear more identical of the same person. 

In order to normalize the face, the basic feature points 

are commonly selected by using the center points of the 

eyes. For eye detection, different methods have been 

presented [3, 4, 5]. However they are either 

computationally expensive or unable to exactly localize 

the double eyeballs midpoint.  

This paper proposes an efficient algorithm for face 

geometry normalization to improve the recognition rate 

and real time efficiency. In this algorithm, we employ 

the local SMQT features and Split up Snow Classifier 

proposed M. Nilsson [6] to detect the face area. Then 

detect the features such as eyes using region of interest. 

Then the face normalization is performed. The 

geometric normalization is carried out by a rotating 

detected face region based on the eyes. Then, the 

brightness is normalized on cropped face region by the 

grey information. Since the algorithm is mainly based on 

the histogram analysis, it can normalize the face 

efficiently. The experiments showed that the proposed 

algorithm can successfully and efficiently normalize the 

face images. We have also carried out comparisons 

between the recognition rates of faces with and without 

face normalization using PCA (Principal Component 

Analysis) method. The experiments showed that after 

the normalization the face recognition rate was 

improved from 47% to 56% based on the color FERET 

face image database, where faces are rotated with 

different illumination and face scale. 
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2. Algorithm of face normalization 

 

Face identification system firstly needs to detect the face 

area in the input images and then compare it with the all 

faces in a database, finding the best match. The 

difficulty in face detection and identification step is due 

to variation in light intensity, presence or absence of 

structural components, facial expression, skin color, 

scale, pose, image orientation and etc. [2]. There are 

many factors affecting the result significantly, but the 

face normalization can reduce the effects of factors that 

are independent of face features. 

Using face normalization algorithm, we normalize the 

geometric information and brightness of the face. The 

geometric normalization rotates the face in the specified 

orientation and scales it to the 120x120 pixels size 

which is used in faces identification, and the brightness 

normalization gives a uniform distribution of brightness 

in the face. Rotation of the face is defined by the 

detected two eyes centers points. Using the eyes for the 

normalization has the advantages, which it is easy to 

detect their positions and the detection is robust to 

noises in images. The brightness distribution is 

normalized to the same mean and variance based on the 

algorithm proposed in [7].  

The algorithm is outlined by the flowchart in Fig. 1. 

 

 
 

Fig. 1. The flowchart of the normalization algorism 

 

Many algorithms have been developed for face detection 

[8, 9]. The major methods include skin color detection 

method [10], pattern matching method [11], mosaic 

image method, statistical feature method and etc. In our 

application, we will use the face detection method 

developed M. Nilsson [6] based on SNoW classifier and 

SMQT features, the accuracy of detection are 94%, and 

the frames are processed in less than 0.4 sec. Since the 

emphases of our algorithm are to normalize the face 

detected, the face detection method is not presented in 

detail in this paper. The details in each step will be 

explained in the coming sections. 

 

3. Eye center detection and geometric normalization  

 

The region of interest (ROI) is those areas that contains 

eye. Then we extract these regions we reduce the 

computational cost by reducing the search space. We 

can find the region of interest by denote height and 

width of the face image by H and W. We determine the 

parameters of the window based on extensive 

experimentation. As Figure 2 shows, the parameters 

selected for the window are as follows: the coordinates 

of the left eye will be (xl=0,2*H; yl=0,1*W) and the 

regions of interest height and width will be (h= 0,3*H; 

w=0,4*W), and the coordinates of the right eye will be 

(xr=0,2*H; yr=0,6*W) and the regions of interest height 

and width will be the same (h= 0,3*H; w=0,4*W). At 

this stage we have two regions where each one has an 

eye. 

 

Fig. 2. The window selection for eye location 

 

After finding the region of interest and knowing that eye 

is usually darker than the other eye regions, so 

straightforward fast approach for eye detection is to 

locate the pixels with the lowest intensity values in a 

gray scale image. Image pixel values are converted into 

0 or 1 using [n×n] mowing window size.  

 










 otherwise , 0 n][n N

min05.0intensity  , 1 n][n N

i

i valiue
Eyeregion  (1) 

 

In order to improve detection, we have defined the pupil 

with the iris must be no wider than 25 pixels and the 

height are between 10 and 25 pixels range. As result we 

get the binary image that only contains the pixels of 

pupil and upper eyelid as shown in Fig. 3. The pixels of 

this region, with lowest intensity value, are considered 

as the pixels of iris and the gravity center of these 

candidates is considered as the potential candidate of the 

pupil center. 
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Fig. 3. Eye detection example  

 

After the eyes localization, two center points of the eyes 

were detected. A line segment L can be obtained from 

the two points. Then, the face coordinate can be 

obtained by the line segment. The middle point of the 

line segment can obtain a basic center point of the face 

coordinate, and the horizontal ordinate of the face 

coordinate can be set by line segment. We can get the 

accurate angle θ between the line and the horizontal line. 

This step can adjust detected face area to the face. 

Because the input image was a rectangle image, after the 

detected face area is rotated by the angle θ, we get knew 

face area there eye balls of the face are in straight line. 

To get face more similar with the images in the face 

database, we resized it to the specific size, all details 

shown in Fig. 4. 

 

 
 

Fig. 4. Face geometric normalization, there the eye ball are 

brought in a straight line 

 

4. Face illumination normalization 

 

The face images captured at different times or positions 

often have different brightness and this and it also 

affects recognition rate. In order to reduce the affection 

of the brightness, we use a brightness normalization 

method to let the image have the same mean and the 

same variance value. We use well known Histogram 

equalization for illumination normalization. If a face 

image width and height then the face image can be 

considered as the matrix with N pixels and the total 

number of k grey levels, e.g., 256 grey levels for an 8- 

bit image. Histogram equalization tries to transform the 

spreading of the pixel intensity values in the image into 

a uniform spreading. This redistribution of pixel 

brightness improves the contrast of the image, i.e., by 

spreading out the most frequent pixel intensity values. 

Formally, histogram equalization can be defined as 

follows: given the probability p(i) = ni/N (i.e., the actual 

histogram of image of an amount of a pixel with a grey 

level of i, where i =0, 1, ..., k − 1 and ni denotes the 

number of pixels in image with the grey level value of i, 

the mapping from a given intensity value i to a new 

transformed one inew which can be defined by: 
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Equation (2) defines a mapping of the pixels’ intensity 

values from their original range (0-255) to the new 

owns. Thus, to obtain pixel values in the original 

domain, e.g., the 8-bit interval, the values inew have to be 

rescaled. A visual example of histogram equalization is 

presented in Fig. 5. 

 

 
 

Fig. 5. A sample image and its histogram before (upper row) 

and after (lower row) histogram equalization 

 

As we can see, the contrast of the processed image is 

greatly increased which makes histogram equalization 

one of the most often employed preprocessing 

techniques for illumination normalization in the field of 

face recognition. 

 

5. Experimental results 

 

To verify the proposed method, we have implemented it 

and conducted experiments. In the experiments, we used 

color FERET face database. We first normalized the 

image by the method described in this paper and 

demonstrate that the normalization algorithm can really 

improve the face recognition rate. We carried out 

comparison experiments of face recognition with and 

without face normalization. The algorithm for face 

recognition in the comparison experiments is based on 

PCA. We used images of 72 persons with 20 images 

which are rotated, scaled, with glasses and etc., of each 

person for training PCA and used the other 100 images 

to be recognized. We used 120 principal vectors to 

prepare recognition database and set vector similarities 

to the threshold of 60% for recognition using 

correlation. The correct recognition rate is 47% with the 

original images. And it arrived to 56% with the image 

normalized by our method. It can prove that our method 
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can improve the recognition rate of faces, but its needs 

more to be done to achieve belter results. 

Fig.6 shows the results, how the mowing window size 

effects eye center detection rate and computation cost of 

time. The best result shows using [8x8] window size, 

then eye center detection reach maximum value ~ 98% 

of correctly detected eye center and for the both eye to 

find center coordinates it takes about 0,15 seconds. So 

it’s enough fast to apply in real time application. In 

Fig. 7 presented some results, obtained at the major 

steps of the algorithm, of face images of three people. 

The three input images were properly selected so that 

the eyeballs are not easy to detect. In the first image, it is 

eyes are closed; the face turned in the next image and in 

the third image person wears glasses so the localization 

is difficult. However, the result demonstrated that the 

algorithm can detect their positions with an acceptable 

accuracy.  

 

 
 

Fig. 6. Experiment results of the eye center detection accuracy 

and the computation time dependence of the scanning window 

[nxn] size 

 

 
 

Fig. 7. The results of  the  proposed algorithm, eyes 

localization  

 

6. Conclusions and future work 

 

This paper presented a fast algorithm for normalizing 

detected face images. The algorism can normalize the 

input images to images with similar brightness, size and 

orientation. We have applied this algorithm and verified 

its performance by experiments, which demonstrated 

that this method can effectively improve the face 

recognition rates. The experiments also showed that the 

proposed normalization algorithm is efficient for real-

time applications. But despite this good result the eye 

center not always in the center of the iris. In future work 

will use PCA method to detect eye centers, which may 

improve accuracy of the eye center detection and fast 

enough to work in real time. 
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Abstract: Sometimes the human is too slow for 
repeatable actions and altering unpleasant work places 
by robots can increase performance significantly. In 
those cases almost always accurate computer vision is 
required. Our task was to recognize which side of the 
connector is visible while the connector lies down on 
the conveyer. Hierarchical temporal memory (HTM) 
was used to obtain results. Visible and near infrared 
light spectrums were investigated and compared. Both 
spectrums show similar accuracy results but they have 
some differences that should be considered. 

 
Keywords: object orientation recognition, invariant 
orientations, Hierarchical Temporal Memory, robots in 
manufacturing process, computer vision. 

 
1. Introduction 

 
Before assembling connectors of vehicle electrical 
bundle they should be marked first. For this task a 
conveyor and ink-jet printer are used in production of 
small batches line. A worker takes each connector one 
by one and manually places it on the right side on the 
conveyor. Conveyor moves the connector into a printer 
and a label is printed on side of connector. Marked 
connector goes to the end of the conveyer and drops in 
to the box. The manual work is monotonous, requires 
preparation for each batch and drains attention of 
worker. After a few hours of work, workers have 
problems with eyes pain. 
It is impossible to use any orienting devices with 
vibratory-bowl feeders because: 1 - amount of 
connectors in each batch is small, 2 – each kind of 
connector varies in size, geometry, weight, color and 
texture. We think what the system with computer vision 
and an industrial robot is best solution and connectors 
can be reoriented fast and without human interaction. 
Where are some similar attempts to recognize objects 
orientation in space using stereo cameras [1] and SVM 
classifier, HNN [2] method for characters or ANN [3] 
using histogram features. 

Our goal is to use computer vision and industrial robots 
like is shown in Fig. 1. Connectors (see Figure 1, 9) one 
by one are carried by conveyor belt (see Figure 1, 1) to 
the visual area (see Figure 1, 8) where our light source 
(see Figure 1, 7) and video camera (see Figure 1, 6) are 
installed. Connector orientation in the plane and the side 
on which it rests is recognized in this area. Control 
system of robot reorients robot’s grip according 
recognition results. The robots grip takes a connector 
and reorients it so that the face for the label would be 
directed to the printer. Its possibly what grip can’t 
reorient a connector without releasing it at least once, so 
the connector (see Figure 1, 5) temporally is placed on 
the plate (see Figure 1, 10) if needed. The robot releases 
grip and then changes orientation of connector. After 
the orientation of the connector is adjusted then it is 
placed back on the conveyer for printing process. 

 

 
 

Fig. 1. Complete manufacturing process: 1 – conveyor, 2 – 
already marked connectors; 3 – ink-jet printer; 4 – industrial 
robot, 5 – connector in grip, 6 – video camera, 7 – light 
source, 8 – connector for position and orientation testing, 9 – 
not orientated connectors, 10 – plate for temporary placement 

 
The paper contains four main sections. In the second 
section theoretical background is overviewed. Third 
section gives more information about experimental 
setup used to acquire data. Experimental results are 
represented in section 4. And conclusions including 
future work are in section 5. 
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2. Theoretical background 
 

HTM is a memory system that tries to implement the 
structural and algorithmic properties of the neocortex 
[4,5]. Instead of programming individual solutions for 
each problem, this method uses common algorithms [6] 
to solve many cognitive tasks. 
One of basic HTM functions is to discover causes. 
Anything that interacts with our senses like physical 
objects or even abstract things like ideas can be 
expressed as patterns. And those patterns always have 
causes. So, every input pattern is related to concrete 
causes (Figure 2, a). A belief is the moment-to-moment 
distribution of possible causes. 

 

 
 

Fig. 2. a) HTM concept [4] b) three levels of the HTM 
network 

 
By applying the HTM the spatial-temporal aspects are 
essential [7]. A spatial property allows creating a finite 
alphabet of input patterns and a temporal property 
allows relate input variations in time to same causes. A 
HTM network is trained using continuously changing 
data over time while causes remain relatively stable. 
Network is organized as tree shaped hierarchy of nodes 
and each node executes the same algorithms (see 
Figure 2,  b). Learning data are exposed to a sensor; 
which is at the bottom of network. Then, the 
information flows up through the network hierarchy to 
the top of the network and at each network-level more 
abstract beliefs are formed. In a learning phase, value of 
category goes directly to the top node (a supervised 
learning). By the time, when data comes to the top node, 
it’s already known to what category the input belongs. 
In the end of training procedure the hierarchical model 
of the world is formed. When all levels of the network 
are trained, we can apply this network to patterns 
recognition tasks (inference). 
There are two types of inference: Flash Inference (FI) 
(we used “maxProp” mode which computes a more 
peaked score for the group based on the current input 
only) and Time Based Inference (TBI). TBI can help the 
network to produce better inference results where each 
successive input is temporally related to the previous 
one, because the output is computed based on the 
current and previous inputs. The system takes into 
account the likelihood of each coincidence to follow 
another (based on the order of coincidences seen during 
training) and uses this information to compute the 
output probabilities after each input. For example, if you 
have an image application and you are feeding in 
successive frames of a movie, TBI mode will likely 
produce better inference results than FI. The FI is best 

suited for applications where each successive inference 
input is completely independent from the previous one. 
Numenta provided some tools to experiment with HTM 
algorithms. The core is NuPIC framework based on 
Python programming language. It allows creating a 
HTM network in any structure, to train, to debug and to 
run inference on data sets after training is done. Visio 
Framework is an extension of NuPIC to design 
networks for vision problems only in a parameterized 
way without coding python. Vision Toolkit has GUI, 2 
optimized HTM networks for universal vision problems 
and let’s to run experiments in only few clicks. All these 
tools were used for experimenting and some 
comparisons of accuracy and performance are shown in 
results section. 
The biggest challenge is to design a HTM network 
which is fast enough, accurate and universal. Firstly we 
tried to create networks with Vision toolkit. This toolkit 
analyses data and choose one of two already prepared 
networks. Those networks are optimized, but they are 
too big for our problem, slower than necessary and can’t 
be used with TBI ability. It’s why we decided to create 
own network. 
Networks designed by Numenta are too large, so we 
designed own network of only 3 levels. Most 
parameters were tuned empirically, others taking into 
account desirable outcome. Here are some adjustments 
explained. 
Sensor dimensions are 150x150 pixels in size. We 
found that this size is small enough to get reasonable 
good performance and is big enough not to lose 
important information. 
We use grayscale pictures, because HTM can’t deal 
with colors yet and it converts them to grayscale 
anyway. 
First experiments was done using spatial pooler in the 
first level, but we found what it creates different outputs 
even if training set doesn’t changes and this can lead to 
unpredictable results, because each time different spatial 
alphabet is formed. So, we have used NuPIC instrument 
“GaborNode” witch works like Gabor filter and always 
has same results with same input. 

 
3. Experimental setup 

 
The complete manufacturing process is shown in 
Figure 1. When the connector is bellow the camera then 
an image is acquired. The system finds where the 
connector is located in the image and recognizes on 
which side it is lying down. Robot decides how the 
connector should be brought to the next processing 
location. The system uses different trained HTM 
networks for each connector because only one type of 
connectors is processed at same time. And the goal of 
training process is to prepare one HTM network per one 
connector to deal with invariants of many possible its 
orientations on the conveyer. 
The core idea of experimental setup is to train the 
system and to run manufacturing process with the same 
robot afterwards. As we have more than one robot, we 
could afford perform experiments using two robots (see 
Figure 3) but it’s not necessary, one of them can be 
easily replaced by simple drive. 
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Fig. 3. Experimental setup: 1 – first articulated robot, 2 – 
video camera, 3 – spiral trajectory of camera, 4 – plate, 5 ¬ 
connectors for training; 6 ¬ circular movement of plate, 7 – 
second robot 
 
Four connector types were chosen for experiments (see 
Figure 4). They differ by shape, side’s amount, size, and 
color. During training both robots moves they hands 
using defined path and significant amount of variations 
is acquired. First robot uses spiral path and the second 
spins 360 degrees and then backs to starting position 
(see Figure 3). The data acquiring algorithm runs 3 
minutes because we found that in this time enough data 
for experiments can be acquired while camera operates 
at 25 fps frame rate. Half of data were used to train and 
rest for testing. 

 

 
 

Fig. 4. Four connector types were chosen for experiments. 
One example per connector type in visible light is shown 

 
We tried to compare visible and infrared lights, because 
HTM is able to join different sensors to produce single 
output, but it was not clear how different lighting can 
affect results. One camera acquires frames in visible 
light and another in infrared. Additional infrared 
lighting was attached. For visible light we have used 
daylight bulbs. The problem with this setup is that we 
had experiences that the light of sun is greater than 
artificial lighting in room, so exposure level varies in 
frames a lot. Some examples are shown in Figure 5. 
 

 
 

Fig. 5. A few examples of each side in visible light 
 

The background of the conveyer was white, but it can 
be of any kind of color. It may be helpful if the 
background is opposite color of the connector on it, 
because then the background can be easily removed. 
Connectors were extracted from frames using Canny 
edge detection algorithm before using frames in training 
or testing. Extracted connectors were in 150x150 px of 
size. The sensors of HTM networks are the same in size 
for all connectors. But size of sensor could be adjusted 
by size of the connector, because some connectors are 
smaller and it’s not necessary to use background space 
and waste resources while processing it. 
 

4. Experimental results 
 

Experiments were running on Vision toolkit and Vision 
framework provided by Numenta. They are freely 
accessible on Numenta web site but require python 
language to be installed. 
All experiments were done on two different HTM 
networks. The first one is 7 levels Vision toolkit 
network (standard) and the second one is 3 levels 
designed by us. The second network is able to perform 
TBI recognition and is much faster. 
Results summary is shown in Table 1. As we can see, 
network with more levels is more accurate. That means 
what a bigger abstraction level helps to create better 
model of invariants. If its better performance is 
desirable, then 3 levels still gives high accuracy. 
TBI results weren’t as good as expected and it may be 
because lighting changes drastically while data are 
processing. This should be tested in the future. 
It is very important to note that some sides of 
connectors have less impact than others. Statistically it’s 
more likely the connector will fall down on some 
particular sides much often than on others. So, then we 
look at errors in the Table 1, we should take it in to 
account. If some sides has great error rate, but they are 
rare in reality then overall error rate is smaller. 
The main difference between infrared light and visible 
light is that IR errors are more spread through all sides 
and in visible light errors are more concentrated on 
specific sides. 
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Table 1. Results summary. TE – testing set, TR – training set, IR – infrared light, VL – visible light 
 

Network 
1st connector  2nd connector  3rd connector  4th connector 

IR, %  VL, %  IR, %  VL, %  IR, %  VL, %  IR, %  VL, % 

Standard 7 levels HTM network (TR)  99,9  97,6  100,0  99,8  100,0  100,0  99,9  100,0 
Standard 7 levels HTM network (TE)  87,3  81,6  86,1  98,5  98,4  99,9  97,0  99,9 
3 levels HTM network using FI (TR)  99,8  100,0  100,0  100,0  100,0  100,0  100,0  100,0 
3 levels HTM network using FI (TE)  81,4  79,3  96,5  97,3  96,8  97,4  95,7  95,8 
3 levels HTM network using TBI (TR)  98,9  100,0  99,2  93,0  100,0  100,0  100,0  92,0 
3 levels HTM network using TBI (TE)  76,9  78,5  91,2  80,0  95,5  96,5  94,6  87,7 
 
The first connector has only 3 sides and it is smallest 
(see Table 1). Two sides are similar in shape and only 
tiny difference inside of the connector exists. That 
makes very difficult to distinguish those two sides and 
those two sides creates about 95 percent of all errors 
with that connector. But it’s more likely what this 
connector will fall down almost always on third side 
which is accurate. By the way, the connector is partly 
transparent white in color and the background was white 
too. It’s more likely to reach better results if the color of 
connector and background has bigger contrast. 
Second connector with four sides is bigger and has 
better results. Most errors are because front-back and 
top-bottom sides are misclassified. As we did training, 
we intentionally did not used mirroring training option, 
because some sides are so similar, that it would make 
more ambiguous. And those errors may be related to 
mirroring issue, because misclassified cases are very 
similar in look. 
Third connector had best exposure than any other 
connector and this implies that strong lighting is 
essential in reaching highest accuracy. When shadows 
are completely eliminated then the system learns only 
the connector without noises. This helps because 
shadows changes over time and the system tries to learn 
more invariants than is necessary. It’s why IR shows 
worse results, because IR lighting was poor and a lot 
shadows generated. Third connector is black, has strong 
contrast with white background and it has 5 sides. 
The last connector had good exposure too and results 
are similar to third one. It has 6 sides. 
The more sides the connector has the more time it takes 
to train its HTM network. As we experienced, the more 
HTM network example invariants sees during training 
the better the accuracy is. The problem with what is that 
it takes a lot of time and computing resources to 
experiment with huge databases. 

 
5. Conclusions 

 
With HTM algorithms high accuracy was reached but 
it’s still not enough in real manufacturing process and 
some improvements should be made. 
The lighting conditions in both spectrums should be 
fixed and all shadows eliminated. We are planning to 
use grid of LED lighting and then no shadows will be 
left. It’s easy to setup two different grids of LEDs for IR 
and visible lighting. 
For each connector high contrast background can be 
used and this will allow reducing any influence of 
background if it’s lighted well. 

The only one difference between IR and visible light 
what we have experienced was what errors in IR are 
more spread through several sides and in visible light 
they are more concentrated on specific sides. But the 
general accuracy is very close. And lightings in both 
spectrums should be installed well before accurate 
comparisons could be made. 
In our context very high accuracy is required, because 
even small error rate makes huge loss afterwards. Zeta1 
algorithms are not supported by Numenta anymore and 
we are looking for possibilities to try Numenta’s new 
generation of algorithms called Cortical Learning 
Algorithm. 
The whole manufacturing process is more complicated 
than to recognize on which site the connector is lying 
down. The next step will be to identify corner of 
orientation and then to use robot to carry that connector 
to the next manufacturing step. 
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Abstract: For investigation into neurodynamical 
systems FitzHugh-Nagumo model is often suggested. 
The network of that models can be used for modeling of 
the brain processes and because of that investigation 
and development of those models have a great 
importance. Modeling of an entire network of 
FitzHugh-Nagumo neurons using numerical simulation 
requires a lot of calculation resources and time therefore 
hardware models are proposed. Usually the electronic 
FitzHugh-Nagumo models are used. The article 
discuses the microcontroller based model of the 
FitzHugh-Nagumo neuron.  
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1. Mathematical model of neuron 

 
The most famous reduced model of neuron is FitzHugh-
Nagumo (FHN) model. The equations (called the FHN 
equations) have the form [1, 2]: 
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where 0 < a < 1, ε > 0, and γ≥ 0. 
The form of FHN equations can slightly differ 
depending on the sources, but in general is used this 
form [2]: 
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where h1(v) – polynomial of third order; h2(v, w) – 
linear function of v and w.  
The system of equations (2) is non-linear and therefore 
can not be solved analytically. However it can be 

analyzed using phase plane method. The set of 
nullclines equations has a form: 
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It can be shown that if it satisfies the condition [1]: 
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the FHN system has just one fixed point. Thus, the only 
way to lose stability is a Hopf bifurcation.  
The Fig. 3 shows the positions of nullclines, which are 
described by equations (3), at different values of I. The 
stable points are marked as black circles, unstable are  
white circles.  
 

 
 

Fig. 1. Nullclines of FHN system at different values of I 
 
According to Fig. 1 the FHN system is stable at I=0. 
Hopf bifurcation occurs when the current reaches the 
value Iact and the system loses its stability. After that the 
system remains unstable until the I will be less than Idact. 
Finally the system become stable if I>Idakt.  
Similar behavior of FHN system corresponds to 
behavior of real neuron. Real neuron, similar to FHN 
system, will stay in the rest state until the current 
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through membrane of the cell do not exceed activation 
value and will generate impulses after exceeding. 
For investigation into dynamic of FHN system 
numerical imitations were made. The parameters of 
FHN equations were chosen: 
 
 .005,0;5,2;95,0  a  (5) 
 
Calculated trajectories of FHN systems in the phase 
space, at different values of I are presented in Fig. 2. 
There are presented two nullclines f1(v,w,0) and f2(v,w) 
and two trajectories starting from different initial 
conditions x01=[0.2; 0.2] and x02=[0.6; −0.2]. 
 

 
 

Fig. 2. Phase plain of FHN system when I=0 
 
From the trajectories shown in Fig. 2 can be stated, that 
independently from initial conditions trajectories have 
end in the fixed point which is intersection point of both 
nullclines.  
The transients of variable v starting from different initial 
conditions are presented in Fig. 3. 
 

 
 

Fig. 3. Transients of variable v when I=0 
 
The transient in Fig. 3 confirm the conclusion made by 
analyzing of Fig. 2 considering system stability. So 
without activation, i.e. I=0, system is stable. 
The system trajectories in the case I=Iact are shown in 
Fig. 4. There are presented nullclines f1(v,w,Iact.) and 
f2(v,w) and two trajectories starting from different initial 
conditions x01=[0,2; 0,2] and x02=[0,6; −0,2]. 
 

 
 

Fig. 4. Phase plain of FHN system when I=Iact 
 
Trajectories shown in Fig. 4 can indicate that some limit 
cycle, independent from initial conditions, appears. This 
means the oscillations of the FHN system. 
The transients of variable v starting from different initial 
conditions are presented in Fig. 5. 
 

 
 

Fig. 5. Transients of variable v when I=Iact. 
 
The transient in Fig. 5 confirm the conclusion made by 
analyzing of Fig. 4 considering system stability. Thus 
with activation oscillations in the system appear. 
This behavior of the FHN system corresponds to 
experimentally estimated behavior of neuron. 

  
2. Analog hardware models of FHN system 

 
The most evident way to model the FHM system is 
creation of the numerical simulation model. It works 
fine if one or few neurons are modeled, but not in the 
case of neural network. 
For modeling of an entire neural network the hardware 
model is proposed. It is usually implemented into 
electronic circuits. 
The simplest electronic model of FitzHugh-Nagumo 
neuron is described in [3]. Nonlinear part of the 
FitzHugh-Nagumo equations is formed using nonlinear 
circuits which consist of in series connected diodes and 
resistances.  
It should be noted, that in the papers [3] have not been 
presented any expressions, which show the relation 
between the FitzHugh-Nagumo equations (1) and 

79



 

values of circuit elements. Without those it difficult to 
use the circuit described in [3]. 
Slightly more complex model is presented at [4]. 
Nonlinear characteristic of the FitzHugh-Nagumo 
system is approximated by using diodes for switching of 
linear electric circuits. Experimentally determined 
accuracy of approximation is also presented. 
The attention should be paid to the fact, that nonlinear 
characteristic realized by model is a little bit simpler 
than described by the FitzHugh-Nagumo equations. The 
authors of [4] use v3 instead of   – v3 + (a+1)v2. 
Else one of more advanced solutions could be 
application of programmable structure analog array 
(FPAA). Due to multipliers, which are integrated into 
the chip, the mathematically exact realization of the 
nonlinear equation is possible [5]. Two FPAA chips of 
type AN231E04 were used for representation of 
nonlinear part of FitzHugh-Nagumo equations [5]. 
The biggest disadvantage of that model is unpopularity 
of FPAA chips. The first FPAA chip was produced in 
year 2000, therefore this technology is rather new and 
not well-established. 

 
3. Microcontroller based  model of FHN system 

 
The first equation of the set (1) can be split to linear and 
nonlinear parts: 
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Nonlinear part is denoted as i(v) in expression (6). 
Performed analysis shows that the greatest problems 
arise from elaborating analog models of this part of 
FitzHugh-Nagumo system. 
It is really difficult to realize such function i(v) using 
analog circuits, however i(v) can be easily calculated 
using microcontroller. Simplified circuit diagram of 
proposed model is presented in Fig. 6. 

 

 
 

Fig. 6. Functional diagram of FitzHugh-Nagumo model 
 

It can be shown that with known values a, γ and ε of the 
FHN equations the circuit elements are calculated from 
expressions: 
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where quantities V, W and T should be chosen in that 
way that the currents and the voltages of the circuit 
could not exceed allowable values. 
The expression programmed into microcontroller 
should be: 
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where coefficients k3 and k2 are: 
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For already investigated FHN system with coefficients 
(5) and with V=3 V; W=0,001 A and T = 5·10–5 s the 
circuit elements are: C1=16,67 nF; L1 = 30 H; R1=7,5 
kΩ ir R2=3,174 kΩ. Coefficients of (3) are: 
k3=3,7037·10–5 and k2=2.167·10–5. 
The trajectories of FHN systems in the phase space, at 
different values of I are presented in Fig. 7. The initial 
conditions were  x01=[0.6 V; 0.2 mA] and x02=[1.8 V; 
−0.2 mA].  
 

 
 

Fig. 7. Phase plain of model of FHN system when I=0 
 
From the trajectories shown in Fig. 7 can be stated, that 
independently from initial conditions the trajectories 
terminates in the point with coordinates [0, 0]. It means 
that system is stable. 
The transients of variable uC starting from different 
initial conditions are presented in Fig. 8. 
 

 
 

Fig. 8. Transients of variable uC when I=0 
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The transient in Fig. 8 confirm the conclusion made by 
analyzing of Fig. 7 considering system stability.  
The system trajectories in the case I=Iact. is shown in 
Fig. 9. There are presented two trajectories starting 
form different initial conditions x01=[0.6 V; 0.2 mA] 
and x02=[1.8 V; −0.2 mA]. 
 

 
 

Fig. 9. Phase plain of model of FHN system when I=Iact 
 
The trajectories shown in Fig. 9 indicate that some limit 
cycle appears independently from initial conditions. 
This means the oscillations of the FHN system. 
The transients of variable uC starting from different 
initial conditions are presented in Fig. 10. 
 

 
 

Fig. 10. Transients of variable uC when I=Iakt 
 
The transients in Fig. 10 confirm the conclusion made 
by analysis of Fig. 9 considering system stability. So 
with activation oscillations in the system appear. 
Comparison of the trajectories of the FHN system with 
those of the proposed model confirms the identity of 
both. The same conclusion can be made from analysis 
of the transients. 
 

4. Conclusions 
 
By using analog electronic circuits it is difficult to 
model the nonlinear part of FitzHugh-Nagumo 
equations. Analog circuits usually are able to represent 

just simplification of nonlinear part of FitzHugh-
Nagumo equations. 
Suggested model of the FitzHugh-Nagumo neuron is 
based on microcontroller, which calculates the 
nonlinear part of equations mathematically correctly, 
i.e. without any approximations.  
The expressions, which relate the coefficients of the 
FitzHugh-Nagumo equations and values of the circuit 
elements, are also presented. 
Dynamic analysis of the circuit shows that the 
suggested circuit correctly and adequate simulates the 
behavior of the FitzHugh-Nagumo neuron. 
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Abstract: The mathematical model of control system, 
having structure of the chain, is investigated. The 
mathematical model of system is matrix differential 
equation with delayed argument. The step responses of 
the system are analyzed using the Lambert W functions 
method. The transients in the system are investigated. 
 
Keywords: differential equations, delayed arguments, 
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1. Introduction 

  
The control systems find application in various 
engineering equipments including the networks of 
transmitting and distributing of the information. Using 
the mathematical models that more exactly describe the 
behavior of the system it is necessary to consider delays 
of the signal, transferred along the system. Despite the 
great achievements in the projection and 
implementation of control systems with delays, the 
works devoted to analytical investigation of such 
systems are important. 

  
2. Formulation of the problem 

 
In the presented work the dynamics of the 
multidimensional control system with delays and chain 
form structure is investigated. The mathematical model 
of this system is the matrix differential equation with 
delayed argument [1-3] 
  

1 2( ) ( ) ( ) ( ) ,

( ) ( ) , [ , 0],

x t B x t B x t z t

x t t t



 

    

  
  (1) 

 

where  1 2( ) ( ) ( ) ( )
T

nx t x t x t x t   is the desired 

vector function, T denotes the operation of  
transposition,   is a constant time delay, ( )t  is a 

vector valued initial function, ( )z t  is a free term 

(continuous function depending on the initial 

conditions),   is a coefficient, 1B  and 2B  are n n  

( n N ) numerical matrices ( 1 2, n nB B R  ), 
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( n nE R   is the identity matrix, matrix n nB R   
outlines the structure of the internal links of the system). 
As an example of a control system, described by the 
equation (1), the mutual synchronization system of the 
communication network , composed of n  oscillators, 
joined into a chain, can be pointed out [3] (Fig. 1).  
 

 
 

Fig.1. The scheme of internal links of the system 
 

In this case the symbol ( )ix t  in (1) stands for the phase 

of the i -th oscillator. Taking into account the system’s 
reaction to unit jumps of the phases of oscillations of 
the oscillators, we shall investigate the transient 
processes in the synchronization system. For this 
purpose, firstly, we shall find the step responses matrix 
of the synchronization system. 
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3. Step responses matrix of system 
 

The matrix  ( ) ( )ijh t h t  we shall call the step 

responses matrix of the synchronization system. The 

entry  ( ) , 1,ijh t i j n  of this matrix is the response of 

the i -th oscillator oscillation phase to a unit jump in the 
j -th oscillator oscillation phase. We shall find the 

matrix ( )h t . 

When the increment of the phase of the j -th oscillator 

takes form of the unit jump the increment of the free 
term of the equation (1) can be expressed as follows 
 

( )( ) ( ) ;jz t t I    (5)  

 

here ( )jI  is the matrix-column all elements of which 
are zeros except the j -th element, which is equal to 1, 

( )t  is the Dirac delta-function. Taking this into 

account and using (1), we get the following differential 

equation for step responses  ( ) , 1,ijh t i j n  of the 

system: 
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here  1 2( ) ( ) ( ) ... ( )
T

j j njj
h t h t h t h t is the j -th 

column of the step responses matrix ( )h t , matrices 1B  

and 2B  are defined by (2) and (3), respectively. 

Using the solution, found on the interval [0, ]  , the 

differential equation (7) on the interval  ,   can be 

presented as homogeneous matrix delay differential 
equation: 
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here ( )
j

t is the preshape (initial) vector-function. The 

entries of the vector-function ( )
j

t  assume the 

following values: 
 

  1( ) , if ,( ) ( )
0 , if ;
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jij i

e t i jt t
i j




 


   (8)  

 
here 1( )t  is the Heaviside step function. 

Applying the Lambert function method (see 
APPENDIX), the solution of (7) on the interval  ,   

can be expressed as follows: 
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 1

2 1

1
( ) ,B

k k
S W B Te B

     

 
1

2
( )B

k
W B Te  is the value of the k -th branch ( )

k
W H  

of the matrix Lambert function ( )W H  at 

1

2

BH B Te   , 

( )
k

C j  are the complex valued vectors corresponding to 

the preshape vector function ( )
j

t  (see (7) and (8)). 

The algorithms for finding ( )
k

C j  and kW  are 

explained in the APPENDIX. From (9) follows the 

approximate expression for ( )
j

h t : 

, ;( ) ( ) 1, , ,k
N S t

kj k N
h t e C j j n t 


     (10)  

here N  is sufficiently large natural number. 
 
4. Comparing the Lambert function method with the 
method of consequent integration (method of ‘steps’) 
 
Mathematical equations ought to be centrally arranged 
The solution of homogeneous matrix delay differential 
equation (7) is presented by the infinite functional series 
(see (10)), which determines the exact solution. In the 
real calculations we apply the approximate formulas, 
obtained from (10) with finite N  ( 2N +1 indicates the 
number of branches of the Lambert W function, which 
are used in calculations of the solution). We shall 
investigate the rate of convergence of the approximate 
solution to the exact solution with increasing N . For 
this purpose we shall apply the exact expression of the 
step response of the mutual synchronization system 
with chain form structure. This expression was found in 
[4] by the method of consequent integration (method of 
“steps”). 
The step response of mutual synchronization system 
with a structure of a chain, computed by the method of 
consequent integration (the exact method) and by 
Lambert W function method with different values of 
N , are presented in the Fig.2. As we see from this 
figure, increasing N  the approximate solution 
approaches the exact solution. 
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(a) 
 

 
(b) 

 

Fig.2. Graphs of the step responses 1( )ih t at different values 

of N  
 

The maximal relative errors max  obtained for 

 0,t    using different values of N  are presented 

in the Table 1. As we see from the table for 50N   the 
maximal relative error is not greater than 
 
Table 1. The maximal relative errors  
 

N  1 3 30 50 

max  0.3397 0.0597 0.0126 0.0109 

 
0.02 (with increase of N the maximal relative error 
decreases). Such accuracy is sufficient for practical 
applications. 
 

5. Results of calculations 
 
The transients in the synchronization system were 
investigated applying derived formulas. Some results of 
calculations are presented in Fig.3,4 as graphs of step 
responses. 

For the calculation of the step responses we have 
applied the approximate formula (10) with 50N   (this 
means that we have used 101 branches of the Lambert 
W function in the computations). With such N  the 
relative error is not greater than 0.02 for any t  on the 
base of the 4-th section. So the graphs of the step 
responses, presented below, are sufficiently accurate (in 
the presented figures these graphs practically coincide 
with the exact ones). 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig.3. Graphs of the step responses 21( )h t  
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In Fig.3 the graphs of the step response 21( )h t  are 

given for different values of product   and for 
different numbers of oscillators in the synchronization 
system. From the figure we see that the duration of 
transients in the synchronization system depends on the 
magnitude of the product   and on the number n  of 
the oscillators. With increase of   and n  the duration 
of transients in the system tend to increase. The 
transients get oscillatory features if 1.5  .  
 

 
(a) 

 
(b) 

Fig.4. Graphs of the step responses 2 ( )ih t  

 
In Fig.4 the reaction of the oscillations of different 
oscillators of the system to the unit jump in the phase of 
the oscillations of the second oscillator in the cases 

8 and 15n n   are presented ( n  is the number of 

oscillators in the system). As we see from the figure 
with increase of number of oscillators the transients go 
longer. All step responses approaches the same limiting 
value when t  tends to  . The oscillatory features of 
the reaction are less significant for those oscillators that 
are more remote from the affected oscillator. 

 
6. Conclusions 

 
1. The Lambert W function method is used for 

computing step responses for the synchronization 
system. It is shown that using 101 branches of the 
Lambert W function (taking 50N  ) in 

calculations of step responses ( )ijh t  the relative 

error is not greater than 0.02 for any t . Such 
accuracy is sufficient for practical needs. 

2. The Lambert W function method has the advantage 
in comparison with a method of consequent 
integration (method of “steps”), as time of 
calculation of the step response by this method 
does not depend on delay size, whereas time of 
calculation of the step response by means of a 
method of consequent integration is in inverse 
proportion to the delay size. 

3. The method of research of dynamics, used in the 
presented work, can also be applied to other control 
systems, described by the linear matrix differential 
equations with delayed arguments and with 
commuting coefficient matrices.  

 
APPENDIX 

 
Solution of linear homogeneous matrix delay 
differential equation applying Lambert W function 
method 
 
 Consider homogeneous system of linear delay 
differential equations with constant coefficients, written 
in a matrix-vector form 
 

 
( ) ( ) ( ) 0 , 0 ,

( ) ( ) , , 0 ;

x t Bx t Ax t T t

x t t t T

    

  
 (A1)  

here andA B  are n n  numerical matrices, ( )x t  is an 

1n  desired vector function, ( )t  is an 1n  preshape 

(initial) function, T  is a constant delay. The existence 
and uniqueness of the solution for such system is 
proved in [5]. The solution of (6) we shall find applying 
the Lambert W function method [6-8].  
Recall definition of the Lambert function. 
The inverse function for the function  
 

( ) wz w we   (A2)  
 

(here z and w  are complex variables) defines the 
Lambert function, denoted by ( )W z :  
 

1( ) ( ) .w z W z    (A3)  
 

The Lambert function ( )W z has infinite number of 

branches. The complete expressions of these branches 
can be found in [8.9].  
Now we shall begin the procedure of solution of (A1) 
with help of the Lambert function method. 
To begin with, we assume, that the solution to (A1) has 
form  
 

0( ) ;  Stx t e x  (A4)  
 

here S  is n n  matrix (the entries of S  are some 

complex numbers), 0x  is some nonzero vector. 

Substitution of (A5) into (A1) yields 
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0( ) 0 .ST StS Ae B e x    (A5)  
 

Assuming 0 0Ste x  , we get  
 

0 .STS Ae B    (A6)  
 

(A6) is the transcendental characteristic equation of 
(A1) . 

Multiplying (A6) by STe , we represent this 
characteristic equation in the following form: 
 

( ) .STS B e A    (A7)  
 

Performing further transformations, we multiply both 

sides of (A7) by BTTe . This yields:  
 

( ) .ST BT BTS B Te e ATe    (A8)  
 

In this paper we consider the differential equations in 
which the coefficient matrices and BA  commute. In 

[5] it is shown, that if and BA  commute the matrices 

andS A  also commute and the following equality 

holds: ( )( ) ( ) .ST BT S B TS B Te e S B Te    Taking this 

into account we rewrite (A8): 
 

( )( ) .S B T BTS B Te ATe    (A9)  
 

The Lambert function is defined by  
 

( )( ) .W HW H e H  (A10)  
 

Comparing (A9) and (A10), we note that  
 

( ) ( ) .BTS B T W ATe    (A11)  
 

Then, solving (A11) for S , we get 
 

1
( ) .BT

T
S W ATe B    (A12)  

 

The matrix Lambert W function, defined in (A12), 
contains an infinite number of branches [9]. For 

BTH ATe   we compute the eigenvalues , 1,i i n   

of H  and the corresponding eigenvector matrix V . To 
each branch k  ( , ..., 1, 0,1, ...,k     ) of the 
Lambert W function we get [11]  
 

1
.

2
( ) diag( ( ), ( ), ..., ( ))1k k k k n

W H V W W W V     (A13)  
 

Finally, kS  we get from (A12), using the result given in 

(A13): 
1

( ) .BT

k kT
S W ATe B    (A14)  

 

Thus, (A4) is a solution of delay differential equation 
(A1), if and only if S in it assumes values given by 

(A14). The particular solution of (A1), satisfying given 
initial conditions, can be presented in the following 
form: 
 

;( ) kS t
k

k

x t e C



   (A15)  

 

here 
k

C  is a 1n coefficient matrix-column computed 

from the given preshape function ( ) ( ) ,x t t which is 

an initial state of delay differential equation (A1) for 
t  [ , 0T ]. The procedure of finding matrix-column 

k
C  is described in [8] (here it is omitted).  

 One of advantages of the Lambert W function method 
is that one can compute all of the branches of the 
function analytically using commands already installed 
in various software packages [8]. 
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Abstract: In this article, the principles of airflow control 

(PID) are researched as a function of altering room 

temperature.  

The research provides a method for room temperature 

estimation. 

The article explains a calculation of supply air 

temperature, required to produce the requested 

temperature in a hospital operation rooms after being 

mixed with room air. 

Researches will be made and results obtained, showing 

that at a smaller supply air volume a wider difference 

between supply and set point temperatures is needed and 

vice versa – at sufficient volume, the temperature may 

differ just slightly, the ideal solution being when the air 

with the requested temperature fully replaces the air with 

unacceptable temperature. 

 

Keywords: PID, variable air volume, Matlab, 

temperature. 

 

1. Introduction 

 

The purpose of Heating, Ventilating and Air 

Conditioning (HVAC) control systems is to keep people 

comfortable within an enclosed space. Although comfort 

control is thought of as achieving a desired temperature 

in a building, it is also achieved by maintaining a 

desired level of humidity, pressure, radiant energy, and 

air motion and air quality. 

One of the most popular HVAC applications, the 

Variable Air Volume (VAV) application, is designed to 

deliver low energy cost, low maintenance and good 

comfort performance in hospitals rooms. The VAV 

application controls the temperature inside a space by 

modulating the amount of air supplied to it. VAV 

systems, which are studied in this chapter, are easy to 

install, commission and service. They are also simple to 

understand and represent a good introduction to HVAC 

controls. VAV systems.  Nowadays control arithmetic of 

VAV is designed based on the linear system. Differing 

from above method, a novel control strategy with 

differentiable geometry theory of modern math is put 

forward in VAV system. Supply air volume for variable 

air volume systems is determined by room’s current heat 

load. The problem emerges in ensuring the required air 

exchange in the whole area of load variability without 

excessive energy expenditure. Therefore, ventilation 

system regulation principles have an important influence 

on both air exchange and energy consumption. 

 

2. System model  

 

The supply of air temperature should be set up thus that 

the return of the air temperature in the room is between 

22ºC-26 ºC degrees [3].  

Apart from the maintaining of thermal comfort, the task 

of the air distribution in the operating rooms is reduction 

of germ and particle concentration. Supply of the air 

should be delivered through ceilings, purified with 

HEPA filters and should cover all the operating area. 

Air speed of laminar outlet should be 0.25m/s. 

The VAV regulator also called VAV terminal serves as 

the main element in sustaining hospitals set temperature 

and air consumption. Terminals task is to sustain the set 

5200m3/h of supply and 800m3/h of exhaust air 

volumes, whatever is required.   

1200m3/h of air exchange is fresh air, delivered from 

the main air handling unit.  

The required exhaust air volume is determined from 

Building Management Systems (BMS) output control 

signals value.  

While VAV system is used the exhaust air volume in 

ventilation system varies. The actual heat load of 

separate rooms determines the total air consumption 

volume in ventilation system in a defined time interval. 

Maximal amount of air supplying the system depends 

from the total sum of maximum loads that could be 

requested simultaneously.  

As shown in Fig. 1 a VAV systems control diagram for 

microclimate in an operating room is shown.   
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Fig. 1. Principal scheme of operating rooms’ ventilation 

system 

 

Air handling unit CK enables the air supply at a 

temperature of 15C in operating rooms, there being a 

total of 5 operating rooms in the hospital. Each 

operating room is serviced by a separate inlet device P 

that performs the last step in preparing the supply air 

temperature to the needed value of 22C. Air 

temperature control is provided through a control panel 

with an integrated temperature sensor. The amount of 

fresh air in operating rooms is regulated using VAV 

canals and air handling unit ventilators. Required value 

of sustainable pressure in operating rooms is 5 Pa, 

request for the required air volume comes from pressure 

difference sensor between operating room and 

preoperative placement [1]. 

Ventilation system is being controlled by building 

managements system, built from controllers and 

software from DEOS company. 

 

3. Dynamic model of operating rooms  

 

In room temperature should be considered as a system 

with distribution parameter. If the model with 

distribution parameter is adopted, it becomes complex 

and is not applicable to design controller. To be simple, 

lump-parameter method is adopted to establish the 

model of operating  room. System provide hot air to the 

zones to meet heating loads. According to conservation 

principle of energy, a heat balance on the room can be 

represented that change rate of energy stored in zone air 

is equal to the difference between energy entering the 

room and leaving the room. 

The equation (1) describes room heat balance:     

 

 

        (1) 

 

 

where 

τ - time, s; 

Tn - indoor air temperature, ºC; 

Cr - capacity for heat, J/kg; 

Qa,in – supply air enthalpy, W; 

Qa,out – enthalpy of the air leaving the zone, W; 

Qsource – enthalpy of the air leaving the zone, W; 

Qtransfer – convective heat transfer from the envelope, 

W. 
The difference between the supply air enthalpy and the 

enthalpy of the air leaving the zone can be formulated as 

in (2): 
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Convective heat transfer sum from the envelope can be 

formulated: 
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where 

G - supply air mass flow rate; 

Cp - specific heat, J/kg; 

Ts - supply air temperature, ºC; 

K - coefficient of heat transfer, W/m
2
; 

A - area of envelope, m
2
; 

Tz - solar air temperature, ºC; 

αn - convection coefficient, W/m
2
  

ΔTn,τ - temperature fluctuation of interior surface, ºC. 

Substituting (2) and (3) for Qa,air, Qa,out and Qtransfer in 

equation (1), the dynamic equation can be written: 

 

 

  (4)  

  

 

 

Taking analyses for equation (4), internal heat gains, 

including people, electric device and other equipments, 

and convection heat gain of interior surface of envelope 

are considered as disturbances [3]. 

 

4. Control principles outdoor air consumption 

settings 

 

The first step is determining the contents of outdoor air 

for every diffuser of VAV system by dividing the 

sanitary standards of each room by the total air 

consumption in the system. The controller of the plenum 

chamber calculates the total flow volume and the 

„critical” room from the data from every air diffuser of 

VAV system. Using the label „critical” in terms of 

outdoor air the controller can calculate the 

corresponding amount of outdoor air for the whole 

system and regulate the outdoor air input.  

Such a method called „selection of outdoor air flow” or 

„air intake setup” ensures the most accurate regulation 

of ventilation system. When air intake settings are 

applied only the requested amount of outdoor air is 

flowing into the building.  
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Hardware and software of DDC/VAV system provides a 

collection of data requred for air intake setup. The 

diffusers of VAV system and controllers of plenum 

chamber execute control and/or monitoring of control 

parameters. BMS (Bulding Management System) uses 

this information to estimate the real time autdoor air 

consumption [2]. 

 

 
 

Fig. 2. Operating rooms DDC/VAV system  

 

5. Air handling unit temperature control strategy  

 

In operating rooms, a simple time clock or time of day 

schedule is used to start and stop the ventilation system. 

During hours when the building is expected to be 

unoccupied, the system is shut off and the temperature is 

allowed to drift away from the occupied setpoint. The 

time at which the system starts again in the morning is 

typically set to ensure that the indoor temperature 

reaches the desired occupied setpoint prior to occupancy 

on either the coldest or warmest morning of the year. In 

turn, this increases the number of operating hours and 

system energy use. An alternative approach is a strategy 

called optimal start. This strategy utilizes a building 

management system to determine the length of time 

required to bring each zone from current temperature to 

the occupied setpoint temperature. The system waits as 

long as possible before starting, so that the temperature 

in each zone reaches occupied setpoint just in time for 

occupancy. This optimal starting time is determined 

using the difference between actual zone  temperature 

and occupied setpoint. 

 

 
 

Fig. 3. Start/Stop model 

 

6. VAV dampers control strategy 

 

Control systems for pressure-independent VAV boxes 

commonly use a cascaded control strategy to maintain 

the zone temperature at the setpoint value. A typical 

control sequence is shown graphically in Fig. 3. A 

heating setpoint and a cooling setpoint are specified. As 

the zone temperature increases above the cooling 

setpoint, the airflow rate to the zone increases 

proportionally. This is accomplished by resetting the 

setpoint value of the airflow rate upward and modulating 

the damper to achieve this flow rate. As the zone 

temperature decreases toward the cooling setpoint, the 

airflow rate setpoint is decreased and the damper 

gradually closes until it is providing the minimum flow 

rate necessary for ventilation. 

At this point the zone temperature is equal to the cooling 

setpoint. If the zone temperature continues to decrease 

and reaches the heating setpoint, the reheat valve will 

begin to open. The airflow rate can also be varied in the 

heating mode, with the airflow increasing as the 

temperature decreases. 

Alternatively, a higher fixed airflow rate may be 

specified for heating operation to improve the 

distribution of the warm air. In Fig. 3, it is assumed that 

a fixed airflow rate associated with the ventilation 

requirement of the zone is provided in the heating mode. 
 

 
 

Fig. 4. Typical control sequence for pressure independent 

VAV box 

 

The regulation method described above, is different 

from the regulation method applied at the analysed 

facility. In this case, during the heating the VAV supply 

canal fully closes and only the heating of the recycled 

air is taking place, without supply air intake. As soon as 

temperature in the room reaches the required 22C, 

VAV canal opens and required air flow is provided. 

This strategy permits to lower the energy consumed on 

heating the operating rooms (Fig. 5). 
 

 
 

Fig. 5. Diagram of VAV control in heating model 
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Fig. 6. shows the operating rooms temperature 

dependance on the position of VAV supply valve in 

heating mode.  
 
 

 
 

Fig. 6. Room temperature and position of supply VAV during 

heating process  

 

7. PID simulation 

 

As a means of control used classic PID controller. To 

maintain the desired temperature in the operating room 

were selected actuators meet the principles of building a 

system of regulation indoor climate, in the case of 

temperature control. 

System actuators include: the frequency inverter, which 

regulates the fan speed, the feed air into the operation 

room, the air valve to regulate the flow of air into the 

room and the heating coil, which carries out 

maintenance of necessary temperature heating of the 

room upon request. 

This system meets the minimum requirements to 

maintain indoor climate. The transfer functions for 

actuators were chosen close to real design performances 

[4][5].   
 

 
 

Fig. 7. Operating rooms climate simulation ideal model 
 

During the simulation, PID control system to maintain 

room temperature at 22 C°, with a request for heating 

comes at 15 C°. PID regulator monitoring time is 35 

minutes. In the chart shown below, the perfect 

occurrence of rooms temperature regulation is shown, 

the regulation time required for the system to reach set 

point temperature does not exceed 90 seconds. 

 

 
 

Fig. 8. Ideal temperature regulation PID characteristic 

  

In the actual VAV regulation system in operating rooms, 

the system reaction time is 35 minutes. Such a large 

reaction time can be explained with the work of many 

system mechanisms with their delays to escape system 

instability.  Also the parameters of those ventilation 

devices that provide the required air volume and the 

heating energy used for maintaining a stable operating 

room climate play a role here.   

 
 

 
 

Fig. 9. Real temperature regulation in operating rooms 

 

8. Conclusions 

 

In the research provided, strategies of temperature 

control in hospitals operating rooms were examined. An 

alternative method of VAV valve control was proposed, 

that permits the lowering of heat energy consumption for 

maintaining the required temperature in operating 

rooms. A strategy of optimal launch and stop of 

ventilation hardware will also help in reducing energy 

consumption. The provided analysis of PID regulator 

shows, that in real circumstances system regulation 

occupies much larger time span, this can be explained 

with reaction times of ventilation system elements as 

well as with thermal processes in operating rooms. 
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Abstract: The task of estimating “good” predictive 
models from available finite data is common in virtually 
all fields of science and engineering. The paper 
proposes an approach for building logistic regression 
models by adaptively constructing their basis functions 
depending on the data at hand. In this approach, to 
attempt to achieve acceptable model accuracy, instead 
of adjusting model’s maximal degree and building a 
model using subset selection (as done in many existing 
approaches), the model is built using a combinatorial 
search in infinite model space using four state-transition 
operators which not only are able to add and delete 
basis functions but also can modify any of the functions 
as training the data requires. 
 
Keywords: Predictive modelling, logistic regression, 
Adaptive Basis Function Construction, sparse 
polynomials. 
 

1. Introduction 
 
The task of estimating “good” predictive models from 
available data is common in virtually all fields of 
science and engineering. The goal of the task is to 
estimate unknown (input, output) dependency (or 
model) from training data (consisting of a finite number 
of samples acquired through, e.g., experiments or 
simulations) with good prediction (generalization) 
capabilities [1,3]. 
There exist two important types of problems in statistics 
– classification and regression. Each deals with the 
prediction of a response variable y given the values of a 
vector of d-dimensional predictor variables 

 dxxxx ,...,, 21 . Let x denote the domain of x and y 
the domain of y. For real-valued y the problem is called 
regression. Otherwise, if y is a finite set of unordered 
values, the problem is called classification. In any case, 
the problem is to build a model F(x) which maps each 
point in x to a point in y. The building of F(x) requires 
the existence of a training sample of n observations 

),( ii yx , ni ,...,2,1 . In classification problems, the 

criterion for choosing F(x) is usually expected 
misclassification cost. 
One of the widely used tools for solving classification 
problems is logistic regression. Logistic regression 
represents log odds of y being equal to 1 as a linear 
model: 
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where P is the predicted probability of y being equal to 
1, T

kaaa ),...,,( 21a  are parameters of the model, k is 
the number of basis functions in the model (equal to the 
number of parameters), and )(xfi , ki ,...,2,1  are the 
included basis functions. P can be also represented as 
 
  ))(exp(11 xFP  . (2) 
 
The parameters a of the model are usually estimated by 
minimizing the deviance: 
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Since there is no closed form solution to this 
minimization, the standard approach to solving it is to 
use iterative algorithms such as Iteratively Re-weighted 
Least Squares [11]. 
In practical applications, as F(x) commonly low-degree 
polynomial models are used. A low-degree polynomial 
has low number of unknown parameters and tends to 
smooth out noise in the data. However, it may exhibit 
too little flexibility for modelling highly nonlinear 
behaviours (causing underfitting). Higher-degree 
polynomials can be used, but they may contain too 
many parameters and therefore either overfit the data or 
prohibit parameter estimation because the number of 
parameters exceeds the number of training data 
samples. 
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The most popular approach to controlling model’s 
complexity is subset selection [3,15,16]. The goal of 
subset selection is from a fixed full predetermined 
dictionary of basis functions to find a subset that 
corresponds to a model (a sparse polynomial) of the 
best predictive performance. 
Before performing the actual subset selection the user 
must first predefine the dictionary basis functions of 
which will be used for model generation. This is usually 
done by setting the maximal degree of a full polynomial 
and taking the set of its basis functions. 
In polynomial regression, increase in the full model’s 
degree leads to exponential growth of the number of 
basis functions in the dictionary [1,3] leading to double-
exponential growth of the number all possible subsets 
of basis functions. Efficient heuristic subset selection 
methods such as Sequential Forward Selection, SFS 
(also known as Forward Selection or Stepwise Forward 
Selection [3,15]) and many others (see, e.g., [16]) 
considerably reduce the time. However, it is still 
exponential in the degree and the number of input 
variables [6]. 
The approach of subset selection assumes that the 
chosen fixed finite dictionary of the predefined basis 
functions contains a subset that is sufficient to describe 
the target relation sufficiently well. However, generally 
the required maximal degree is not known beforehand 
and needs to be guessed (or found by additional search 
over the whole subset selection process) since it will 
differ from one regression task to another. In many 
cases (especially when the studied data dependencies 
are complex and not well studied) this means either a 
non-trivial and long trial and error process or 
acceptance of a possibly inadequate model. 
In [6,7], an alternative approach is proposed – Adaptive 
Basis Function Construction (ABFC). The goal of this 
procedure is to overcome some of the limitations 
associated with the subset selection approach outlined 
above. ABFC is developed for building of sparse 
polynomial regression models without restrictions on 
model’s degree and enables building of models in 
polynomial time instead of exponential. The required 
basis functions are automatically adaptively constructed 
specifically for the data set at hand without using a 
restricted fixed finite user-defined dictionary. The 
dictionary of ABFC is infinite and polynomials of 
arbitrary complexity can be generated. 
The aim of this paper is to propose and test usage of 
ABFC for the problem of building logistic regression 
models for classification. The remainder of this paper is 
organized as follows: Section 2 shortly reviews the 
ABFC approach and briefly characterizes two of its 
special cases; Section 3 demonstrates the efficiency of 
the ABFC methods in a number of classification 
problems; Section 4 concludes the paper. 
 
 
 
 
 
 
 

2. Adaptive basis function construction 
 
The basis functions in a polynomial regression model 
generally can be defined as a product of original input 
variables each with an individual exponent: 
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where r is a dk   matrix of nonnegative integer 
exponents such that rij is the exponent of the j-th 
variable in the ith basis function. Note that the intercept 
term of a model can be defined when for a particular ith 
basis function 0:  ijrj . 

Given a number of input variables d, matrix r with a 
specified number of rows k and with specified values of 
each of its elements completely defines the structure of 
a polynomial model with all its basis functions. 
Moreover, as neither the upper bounds of r elements’ 
values nor the upper bound of k are defined, it is 
possible to generate polynomials of arbitrary 
complexity, i.e., of arbitrary number of basis functions 
each with arbitrary exponent for each input variable. 
In order to efficiently build a sufficiently good 
regression model for a particular dataset an efficient 
search mechanism is required enabling searching in an 
infinite space of polynomial models. 
The search mechanism of ABFC is organized as follows 
(see [6] for details). The search is started from the 
simplest model – the model with one basis function 
which corresponds to the intercept term. New models 
are generated using so-called model refinement 
operators which enable adding, copying, modifying, and 
deleting the rows of r, i.e., adding, copying, modifying, 
and deleting the basis functions of the model (not only 
adding and deleting, as it is in the subset selection 
approach). Next an efficient search strategy and a model 
evaluation measure are required. In the special case of 
ABFC called Floating ABFC (F-ABFC) the search 
strategy of Sequential Floating Forward Selection [14] 
is adapted and the corrected Akaike’s Information 
Criterion (AICC) [5] is employed. The termination 
condition of the search process is met when the 
algorithm has generated a model which cannot be 
further refined using any of the refinement operators. 
It should also be noted that, although the state space of 
F-ABFC is infinite, in practice the models of the best 
predictive performance are normally located in the part 
of the space that is relatively near to the initial state 
where all the models (and their basis functions) are 
relatively simple and do not yet neither overfit the data 
nor have basis functions more than samples in the 
training data. This also means that really only a small 
finite fraction of the whole infinite state space must be 
explored to build “good enough” models. 
Additionally, in order to lower the general model 
building issues of selection bias and selection instability 
[6,13,16], a technique of model averaging (also called 
ensembling or combining) is carried out. This leads to 
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the second special case of ABFC called Ensemble of F-
ABFC (EF-ABFC) [6]. 
The ABFC methods attempt to model arbitrary 
dependencies in data with little or no knowledge of the 
system under study. The user is normally not required to 
tune any hyperparameters. However, if there is 
sufficient additional domain knowledge outside the 
specific data at hand it may be appropriate to place 
some constraints on the final model. If the knowledge is 
fairly accurate, such constraints can improve the 
accuracy while saving computational resources. 
For example the constraints might be one or more of the 
following: 1) limiting the maximal degree of all the 
basis functions (similar to the subset selection), i.e., 

pri
d

j ij   1
0: ; 2) limiting the maximal value of 

the exponent for each particular input variable in all the 
basis functions, i.e., jij pri  0: , where jp  is 

maximal exponent of the j-th variable; 3) restricting 
contributions of specific input variables that are not 
likely to interact with others so that those variables can 
enter the model in basis functions only solely – with 
exponents of all other variables fixed to zero. 
These constraints, as well as far more sophisticated 
ones, can be easily incorporated in the ABFC. However, 
note that in all the experiments described in this paper 
we did not use any kind of constraints. 
A more detailed description of F-ABFC, and EF-ABFC, 
as well as detailed empirical comparisons to subset 
selection methods and other popular regression 
modelling methods is given in our previous studies 
[6,7]. The biggest disadvantage of the EF-ABFC 
compared to F-ABFC is that it requires larger 
computational resources. However, the fact that before 
the model combining the models are built completely 
separately allows for an easy parallelization of the 
process. 
In [8,9,10] we applied the ABFC methods in 
metamodelling for optimum design of laser welded 
sandwich structures and glass fibre composite 
structures. However, the methods of ABFC are really a 
general-purpose regression modelling tools. 
 

3. Experiments 
 
This section presents the results of empirical 
experiments comparing the ABFC methods used with 
logistic regression and the methods of subset selection, 
as well as a number of other well known state-of-the-art 
classification methods. All experiments are 10-fold 
cross-validations scored with classification accuracy 
values. All experiments were performed on a Pentium 
IV 2.4GHz machine with 1.5GB RAM. 
The methods compared are the following: 1) logistic 
regression with “full” polynomials (FP) of different 
degrees; 2) logistic regression with sparse polynomials 
of different degree built using SFS with AICC as the 
evaluation criterion; 3) F-ABFC; 4) EF-ABFC; 5) 1- 
and 5- Nearest Neighbours (NN); 6) Naïve Bayes; 7) 
J48 classification trees; 8) Multilayer Perceptron 
(MLP); 9) Multivariate Adaptive Regression Splines 

(MARS) [2,18]. Some of the compared methods are 
implemented in the VariClass software tool freely 
available at http://www.cs.rtu.lv/jekabsons/ while others 
are implemented in Weka tool freely available under 
GPL licence [18]. All the methods in Weka were used 
with their default parameters except were stated 
otherwise. 
The experiments are performed using the following 
classification datasets from the Weka repository of 
datasets (http://www.cs.waikato.ac.nz/ml/weka/) and 
from [17]: “creditscore” (cred), “lawsuit” (laws), 
“bankruptcy” (bank), “diabetes” (diab), and “biomed” 
(biom). Dimensionality of the datasets varies from 5 to 
9. 
Table 1 presents the results of the performed 
experiments. As can be seen, the ABFC methods 
compare rather well to all the other methods including 
those with logistic regression underneath as well as to 
the other state-of-the-art methods. 
 
Table 1. Average predictive performance of the methods in 
terms of classification accuracy (%) 
 

Method cred laws bank diab biom 
FP, p = 1 95.0 97.0 90.0 77.7 89.4
FP, p = 2 - - - 75.8 -
SFS, p = 1 98.0 98.1 86.0 77.0 89.0
SFS, p = 2 98.0 97.0 78.0 76.4 88.0
SFS, p = 3 99.0 97.0 80.0 - 87.5
SFS, p = 4 98.0 - 76.0 - -
1-NN 79.0 96.2 86.0 70.2 88.0
5-NN 74.0 97.0 84.0 73.2 85.2
Naïve Bayes 96.0 96.6 84.0 76.3 90.4
J48 99.0 98.1 78.0 73.8 89.5
MLP 80.0 97.0 90.0 75.4 90.9
MARS 94.0 94.7 86.0 76.8 90.0
F-ABFC 97.0 97.4 82.0 76.8 90.9
EF-ABFC 98.0 97.7 86.0 - 90.0
 

4. Conclusions 
 
In this paper we shortly reviewed the ABFC approach, 
briefly characterized two of its special cases – F-ABFC 
and EF-ABFC, and demonstrated the efficiency of the 
methods for employment with logistic regression in 
classification problems. 
While the performances of all used methods are similar, 
it should be noted that the ABFC methods, in contrast to 
the methods of subset selection, do not require 
predefinition of the maximal degree or the dictionary of 
the basis functions. Instead they automatically adapt to 
the particular data at hand. 
Directions of future research include employment of 
ABFC or derivations of it in different real-world 
applications and further theoretical studies concerning 
the efficiency of ABFC. 
Implementations of F-ABFC and EF-ABFC together 
with some other regression and classification methods 
are freely available at http://www.cs.rtu.lv/jekabsons/. 
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Abstract: This paper presents the technical 

characteristics of Texas Instrument DM3730 embedded 

platform when performing video information processing 

tasks. To measure the system performance some new 

Python and OpenCV tests are proposed. This allows to 

evaluate realistic platforms ability to collect and 

preprocess video information. Also, thermal analyses of 

system were made by thermo vision methods and power 

consumptions were measured during the tests. These 

characteristics are important for practical application of 

the platform. 

 

Keywords: embedded platform, dm3730, python, video 
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1. Introduction 

 

Nowadays ARM architecture based microprocessors are 

taking their place in various applications.  The main 

reason for that is dramatic growth of smart phones and 

mobile multimedia applications [1, 2, 3]. Manufactures 

do all to impress buyer with smart phone possibilities to 

use it like regular desktop PC: play 3D games, watch 

HD movies and deal with big files on the go if needed. 

Texas Instrument (TI) released high-performance digital 

media processors with codename DaVinci which are 

designed by advanced 45-nm process technology to 

provide best in class ARM and Graphics performance 

[4] and deliver low power consumptions.  
 

Variscite, Technexion, and few new open communities 

BeagleBoard, PandaBoard started to make low-cost, 

fan-less single board computers-developing platforms 

with same microprocessors. We can found examples of 

using these platforms to video data proceeding [5, 6]. 

In this paper we will analyze video data processing 

performance, energy consumption and thermal 

characteristics of Blizzard development board with 

TDM-3730 CPU module from TechNexion. This 

research is a part of pedestrian counting system 

development, where ARM microprocessor is used for  

video information preprocessing tasks.  

 

2. System overview 

 

The paper deals with TechNexion Blizzard multimedia 

development board with TDM-3730 CPU module (see 

Fig. 1)  witch use low-power ARM® Cortex™-A8 CPU 

with POWER SGX530 Graphics Accelerator.  The 

board includes also NAND 512 MB Flash memory, 512 

MB Low power mobile DDR memory, MARVELL 

8686 wireless module, SMSC wired network module, TI 

TPS65930 power-management device witch also 

include includes a full audio codec with two digital-to-

analog converters (DACs) and two analog-to-digital 

(ADCs) to implement dual voice channels, and a stereo 

downlink channel that can play all standard audio. 

Dimension of the module is only (50.0 x 62.1 mm), 

weight 12g and mean time between failures (MTBF) 

over 100000 hours. 

 

Fig. 1. DM3730 module with block diagram 
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3. System setup 

 

Operating system and all other data where installed on 

high-speed 8GB SDHC class 10 memory card (with 

speed rating over 20MB/s). As an operating system it 

was chosen the Linux ANGSTROM distribution (kernel 

2.63) compiled for use with the ARM OMAP3 system 

and additional Python and OpenCV software where 

installed on the module.. 

Thermal measurements were made on idle in Linux and 

for CPU 100% loads. For thermal analysis we used 

FLIR infrared camera – InfraCAM with 120 x 120 

pixels resolution witch detects temperature differences 

as small as 0.20°C.  

Power measurements were carried out during Linux idle 

with active ssh connection over wired network and on 

system load using hi scale calculation tests witch take 

CPU to all time 100% load. The measurements were 

performed using current and voltage measurement meter 

(connected to notebook over USB), coupled with a 

current measuring probe. Power dissipations were 

measured for the entire system (development board with 

CPU module).  

For performance comparison we tested top performance 

notebook with Intel® i7-2760QM running 3.5 GHz on 

Turbo Boost Technology witch have 4 cores and 8 

threads with max thermal design power rated at 45W 

with most advanced processors technologies and futures.  

 

4. Video data processing tests 

 

To test the Technexion DM3730 platform’s video data 

processing performance we created 10 python scripts 

with OpenCV and Image libraries (all tests are available 

to download and test/compare system from 

https://sites.google.com/site/embeddedsystemstests/). As 

input data were random selected 10 color images with 

resolution of 1920x1200 pixels. To collect data from 

webcam we used OpenCV library.  The processing tests 

include performing three classical filters (Min filter, 

Median filter and Mode filter) on choosen image. 

10 images filtering using Min Filter
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Fig. 2. 10 images filtering using Min Filter speed comparison 

chart 

 

First test creates a Min filter of the given size. For each 

pixel in the input image, this filter copies the smallest 

pixel value from a (size, size) environment to the output 

image. Tests were completed with filter size parameters 

(3,3) (5,5) (7,7) (9,9) (11,11), the results are shown in 

Figure 2. On filter with 3x3 pixel size Intel systems 

processed image data 6x faster and on bigger filter size 

~4.5x faster then DM3730 platform. 
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Fig. 3. 10 images filtering using Median Filter speed 

comparison chart 

 

Second test creates a Median filter of the given size. For 

each pixel in the input image, this filter copies the 

median pixel value from a (size, size) environment to 

the output image. 

Tests were completed with filter size parameters (1,1) 

(3,3) (5,5) (7,7) (9,9) (11,11). ). The results are shown 

in Figure 3. On filter with 1x1 pixel size Intel system 

precede 10 images 9 times faster and on bigger filter 

size ~4.5 times faster. 

 

10 images filtering using Mode Filter
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Fig. 4. 10 images filtering using Mode Filter speed 

comparison chart 

 

Third test creates a Mode filter of the given size. For 

each pixel in the input image, this filter copies the most 

common pixel value in a (size, size) environment to the 

output image. 

Tests were completed with filter size parameters (1,1) 

(3,3) (5,5) (7,7) (9,9) (11,11). On Mode filter speed test 

TI DM3730 platform performs ~10 times slower, with 

some improve on filter size 9x9.  

All three tests have shown that embedded DM3730 

platform processing speed drops if we deal with smaller 

amounts of data, and performance increase with bigger 

data sets near 2 times when comparing with Intel i7-

2760QM based system. An average performance 

difference in these test are about 6 times. 
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Table 1. Python Image and OpenCV libraries operation speed 

comparison 
 

 Time in (s) Differ

ence 

in % 

Max fps* 

i7-

2760Q

M 

DM 

3730 

i7-

2760Q

M 

DM 

3730 

Get 10 webcam 

buffer reads 
0.08 1.34 1669% 125.0 7.5 

Get 100 webcam 

buffer reads 
0.77 11.9 1551% 129.9 8.4 

Save 10 images 

from webcam 

buffer 

0.12 1.78 1483% 83.3 5.6 

Save 100 images 

from webcam 

buffer 

1.18 18.7 1583% 84.7 5.4 

Save 10 images 

from webcam 

buffer with 

processing 

(CvtColor,Dilate,

Smooth) 

0.09 2.8 3106% 111.1 3.6 

Save 100 images 

from webcam 

buffer with 

processing 

(CvtColor,Dilate,

Smooth) 

1.42 27 1899% 70.4 3.7 

Get 10 webcam 

buffer reads and 

convert data to 

Image lib. picture 

0.11 1.55 1409% 90.9 6.5 

Get 100 webcam 

buffer reads and 

convert data to 

Image lib. picture 

1.18 16.2 1369% 84.7 6.2 

Load 10 images 

to memory 

(cv.LoadImage) 

0.27 3.98 1474% 37.0 2.5 

Save 10 images 

to storage 

(cv.SaveImage) 

0.2 6.02 3010% 50.0 1.7 

*theoretical calculation of max frames per second proceeding 

 

Python Image and OpenCV libraries operation speed 

comparison are presented in table 1. Technexion DM3730 

platform in most situations are about 15 times slower 

then Intel i7-2760QM based system. If we look in 

possibility to use DM3730 for real-time data processing 

from webcam we get really low FPS speed (0.137s for 

one frame reading, for image size 640x480 pixels). Also 

over 30 times slower we get on write to disk situations. 

It’s because Technexion platform don’t have SATA 

connector and all data are stored on SD card, witch 

performance are dramatically lower over HDD or SSD. 

From the other hand, if we look in main processor 

recommended customer price for today, Intel i7-

2760QM lists $378 and Texas instrument $40 per unit. 

It’s about 10 time difference in price and that maybe 

crucial, when choosing processor for practical 

application. 
 

5. Power dissipation results 
 

 
 

Fig. 5. Whole-system idle power dissipation in W during 100 

s period with Wlan/Bluetooth module disabled 

 

Power dissipation is important for all practical 

application. Technexion DM3730 platform power 

dissipation in Watts during 100 s period of system idle 

are presented at Fig.5. With Wlan switched off in Linux 

we get average 4.05W power dissipation. 
 

 
 

Fig. 6. Whole-system idle power dissipation in W during 100 

s period with Wlan/Bluetooth module enabled 

 

In Fig. 6 it is shown Technexion DM3730 platform 

power dissipation in Watts during 100 s period of 

system idle. While Wlan where enabled we get average 

5.25W power dissipation. Its promising results if we 

focus in lower power consumption, for example 24 

hours per day 365 days per year running practical 

applications. Next we review power dissipation on 

system loads. 

 
 

Fig. 7. Whole-system load power dissipation in W during 100 

s period with Wlan/Bluetooth module disabled 

 

Fig. 7 shows Technexion DM3730 platform power 

dissipation in Watts during 100 s period of system load. 
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With WLAN switched off in Linux, we get 3.90W 

power dissipation. 
 

 
 

Fig. 8. Whole-system load power dissipation in W during 100 

s period with Wlan/Bluetooth module enabled 

 

ARM®-based platform power dissipation in watts 

graphic during 100 s period of system load are presented 

in Fig. 8, while Wlan where enabled we get average 

5.05W . An interesting fact is that the average power 

dissipation of the Technexion DM3730 platform under 

load is actually slightly (about 5%) lower than idle state. 

This suggests that TI TPS65930 power-management 

device is optimized for CPU loads.  

 

6. Thermal results 
 

 
 

Fig. 9. Thermal Image of platform (a) and CPU module (b) 

during Linux system idle  

 

For practical application it is very important to have 

good thermal characteristics of the system for various 

working regimes. This was tested using FLIR infrared 

camera. Technexion DM3730 platform and CPU 

module thermal pictures are presented in Fig. 9. CPU 

temperature during Linux system idle are 50ºC and 

platform average 30 ºC testing area temperature is 22 

ºC. 
 

 
 

Fig. 10. Thermal Image of platform (a) and CPU module (b) 

during 100% CPU load after 10 min  

Average CPU temperature after 10 minutes 100%  CPU 

load are 75ºC and platform average 35 ºC testing area 

temperature is 22 ºC. This system design is far away 

from TI3730 module limits: 90 ºC. After 5 hours work 

in time this system was in save 78 ºC range.  The 

thermal test results have shown that the Technexion 

DM3730 platform can work long time with full work 

load without violation of thermal limits. 

 

6. Conclusions 

 

TI DM3730 based system creates interesting approaches 

for cheap video information processing tasks. But TI 

DM3730 based system isn’t powerful enough to deal 

with live video data at high frames per second (fps) or 

bigger structures data matrixes, but offers really low 

power consumptions and price range if we compare it 

with Intel Atom or even Intel i7 based systems. Before 

making decisions for practical implementation of TI 

DM3730 based system for video information pre-

processing tasks it is necessary to know and define time 

limits given for processing tasks.  TDM-3730 platform 

thermal design is ready to run long time with full 

workload avoiding violation of thermal limits. 
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Abstract: The paper introduces the research on the 

avatar’s face features influence on the user in the virtual 

environment. Emotion-based reaction of the user to a 

certain amount of measurable avatar’s face feature 

changes is analyzed and the relations between emotional 

states of a user and 3D face features of the avatar are 

explored. Four EEG-based parameters were 

investigated: excitement, meditation, frustration, and 

boredom. During the experiments excitement and 

frustration signals have shown significant variation 

corresponding to the changes of face feature parameters. 

Variability of meditation and boredom signals was low. 

The results will lead to the further investigations and a 

definition of a set of control rules for the face features of 

an avatar that enable changing the parameters of the 

features to increase the satisfaction of the user. 
1 empty line using 10-point font with single spacing 

Keywords: Intelligent avatar control, emotion detection, 

virtual reality, 3D human face model, neuro-feedback 
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1. Introduction 
1 empty line using 10-point font with single spacing 

In the recent years virtual environment became a space 

where more and more people play, communicate, share 

their experience, do their shopping and learn. At the 

same time it is widely known that more than 90% of the 

information transferred to the other person reaches 

him/her through body language (mostly face features) 

and voice characteristics [1]. It is obvious that a person 

is used to react to the smallest face feature changes. 

Reference [2] claims that 100 ms interval of looking to 

the face is enough to make a judgment about a person. 

Without any visual contact with another person, user 

looses the majority of the information. Reference [3] 

describes a research where virtual human faces are 

simulated to represent different emotions based on the 

Russel’s valence-arousal emotional space. Even if it is 

not difficult to generate human faces with different 

emotions automatically, there is a need to evaluate the 

influence of such faces or other virtual environment to 

the user, to bring more personalization into human-

computer interaction [4, 5]. The most reliable way of 

getting the right feedback is to monitor human bio-

signals [6].  

There are a variety of methods and techniques that help 

to analyze, visualize and measure human bio-signals. 

One of the most usual methods is EEG measuring [7]. 

Methods used for emotion recognition includes higher 

order crossings [8], discrete wavelet transform [9], fuzzy 

logic [7], HOC-EC [10], quadratic discriminant analysis, 

k-nearest neighbors, Mahalanobis distance [11], 

artificial neural networks, decision trees, Bayesian 

techniques, support vector machines [12], fractal-based 

methods [7]. 

After identifying emotions, the results can be used for 

emotion regulation in virtual environment [13]. They are 

mostly based on the Gross model [14, 15, 16] and 

implemented in therapy [17] or game [18] applications.  

Our goal is to create a parametric highly effective 

control mechanism in the virtual environment for 

providing necessary response to the user’s emotional 

state using neuro-feedback, according to the particular 

situation or target. One of the targets can be keeping the 

user in the constant emotional state to be in the highest 

readiness for learning.  

In this paper the basic investigations are described that 

show the relation between the emotional state of the user 

and the changes of the virtual 3D face features.  

We have chosen a virtual 3D human face as a test object 

because it has measurable features that can be easily 

changed and the reactions of the user can be evaluated 

directly. On the other hand, a person is used to observe 

human faces and reacts to them immediately. 

Other objects or environments, having precise 

parametric characteristics that can be measured and 

uniquely evaluated, can be used for the experiments and 

the development of control model as well.  

The paper is organized in the following order: the input-

output for the experiments are described in Section 2; 

Section 3 illustrates the experiments when a person 

observes virtual 3D human faces and his/her brain 

signals are recorded simultaneously; the results of the 

experiments are given in Section 4; and Section 5 

includes both conclusions and discussion.  
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2. Input – output 
1 empty line using 10-point font with single spacing 

A set of 3D human face models was used for the 

experiments to explore human face feature influence on 

the emotional-state of the user. Four EEG-based 

parameters were monitored during the experiments. The 

experiment scheme is illustrated in Fig. 1.  
 

 
1 empty line using 6-point font with single spacing 

Fig. 1. The experiment scheme. Input – different sets of virtual 

3D human faces, output – four EEG-based parameters, 

measured with Emotiv Epoc device 
 

Fifteen men and the same count of women faces were 

created using Autodesk MAYA for input. One man and 

one women face was modeled as basic or “neutral” and 

the other faces were made when changing one or more 

features: height of forehead, width of nose and chin, 

distance between eyes, thickness of lips, position and 

shape of eyebrows.  

The created faces were imported into Unity 3D engine. 

Using this engine the transitions between different faces 

were programmed using morphtarget's method [19], 

when the positions of vertices of one object are 

transferred to the positions of other object. Three tests 

with each – man and women – faces were prepared. The 

first test included faces with features representing 

trustworthiness or untrustworthiness [20, 21] with 20 s 

interval between different pictures. The second test was 

designed from the faces with changes of separate 

features with an interval of 10 s. The last set of faces 

was composed of neutral and extremely distorted faces 

with 20 s interval, to monitor user’s reactions when the 

differences between two neighboring pictures are very 

high and unexpected. 

During the experiments users watched the pictures of 3D 

faces with different modifications of feature parameters 

and measured output brain signals (using Emotiv Epoc 

device) were recorded synchronously. The signals of 

four parameters (emotions) were observed: excitement, 

meditation, frustration, and engagement/boredom. Every 

parameter was evaluated in the scale from 0 to 1 at each 

time step, when 0 represented the lowest value of the 

parameter and 1 represented the highest value of the 

parameter. In engagement/boredom parameter case 0 

denotes the highest boredom value and 1 denotes the 

highest engagement value. The signals were recorded in 

a frequency of 2 Hz. Different input sets for the 

experiments are presented in Section 3. 

 

3. Experiments 
1 empty line using 10-point font with single spacing 

Four male volunteers were tested using Emotiv EPOC 

device. The tests were performed in a silent and isolated 

environment with a technical assistance of supervising 

person who helped to put the device on and monitored if 

the test application runs properly.  

The experiments included all three input sets, described 

in Section 2. The tests were performed in the following 

sequence: first, second and third input set was presented 

to the volunteers.  

Three of the participants were unfamiliar with the visual 

data for experiments (3D faces) and one was familiar 

with all three input sets. This configuration of volunteers 

was chosen to investigate the new visual information 

influence on emotional state in comparison to the old 

one and to test if the parameters received from brain-

signals are capable to present the differences.  

In the first experiment with the first input set the faces 

were given in the following sequence: neutral, more 

trustworthy, most trustworthy, neutral, less trustworthy, 

least trustworthy, neutral (Fig. 2). 
1 empty line using 10-point font with single spacing 
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Fig. 2. A sequence of 3D men faces representing the features 

of trustworthiness. From left to right, top-down: neutral, more 

trustworthy, most trustworthy, neutral, less trustworthy, and 

least trustworthy. Data set for the first experiment 

1 empty line using 10-point font with single spacing 

The pictures were placed into one application of 140 

seconds. Each face was shown for 20 seconds to identify 

the influence on the emotions of a user and to leave time 

for getting accustomed to the specific face. Then the 

picture was changed immediately in order to detect the 

instantaneous reaction to the next face representation. 

The second experiment was designed to monitor the 

reaction of the user to the different features of the face. 

The 3D faces were presented in the following order: 

neutral face, thin lips, thick lips, low forehead, high 

forehead, narrow chin, wide chin, thin nose, wide nose, 

small distance between eyes, big distance between eyes, 

neutral face. The modified faces are shown in Fig. 3. 

The pictures were placed into one application of 120 

seconds. Each face was shown for 10 seconds. 

100
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Fig. 3. Data set for the second experiment with men faces. 

From left to right, top-down: thin lips, thick lips, low 

forehead, high forehead, narrow chin, wide chin, thin nose, 

wide nose, small distance between eyes, big distance between 

eyes. Different features are marked with dotted circles 

 

The data for the third experiment contained five 3D 

faces with a large change in all feature parameters to 

investigate user reactions to the large-scale feature 

distortions. They were put into the sequence in the 

following way: neutral, highly noticeable feature 

distortion 1, neutral, highly noticeable feature distortion 

2, and neutral (Fig. 4). The pictures were placed into 

one application of 100 seconds. Each face was shown 

for 20 seconds. 

 

 
1 empty line using 6-point font with single spacing 

Fig. 4. Data set for the third experiment with men faces. From 

left to right, top-down: neutral, highly noticeable feature 

distortion 1, neutral, highly noticeable feature distortion 2, 
neutral 

empty line using 10-point font with single spacing  

The same experiment configurations were repeated 

using feature changes in women 3D faces. The same 

four volunteers were tested and their EEG-based signals 

were recorded in the same way as in the previous 

experiment. Three of the volunteers didn’t know what 

visual stimuli they are going to watch. The fourth 

volunteer knew the input data very well before the 

experiment. 

The first experiment was designed according to the 

features, representing trustworthiness with 20 seconds 

interval between each two samples. Fig. 5 illustrates the 

input pictures.  

   
 

 

   

 

 

Fig. 5. A sequence of 3D women faces representing the 

features of trustworthiness. From left to right, top-down: 

neutral, more trustworthy, most trustworthy, neutral, less 

trustworthy, and least trustworthy. Data set for the first 

experiment 

 

The second set of 3D women faces for the experiment 

was composed of the faces with variation in single 

feature parameters. The pictures are presented in Fig. 6, 

excluding neutral face as it is already shown in Fig. 5.  
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Fig. 6. Data set for the second experiment with women faces. 

From left to right, top-down: thin lips, thick lips, low 

forehead, high forehead, narrow chin, wide chin, thin nose, 

wide nose, small distance between eyes, big distance between 

eyes. Different features are marked with dotted circles 

 

The third set of 3D face pictures is shown in Fig. 7 and 

is made of neutral face and two faces with strong feature 

distortions. 

Each volunteer was asked about the impressions after 

the experiment. There were a few remarks given that the 

time for one picture was long and the differences 

between some faces were not strongly observable.  
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Fig. 7. Data set for the third experiment with women faces. 

From left to right, top-down: neutral, highly noticeable feature 

distortion 1, neutral, highly noticeable feature distortion 2, 
neutral 

point font with single spacing 

4. Results 

1 empty line using 10-point font with single spacing 

EEG-based emotional output parameters – excitement, 

meditation, frustration, and engagement/boredom – were 

recorded and primary analysis has been done. One of the 

recorded signal sets is shown in Fig. 8. It belongs to the 

first volunteer and represents the neuro-feedback during 

the first data set experiment with 3D men faces. Axis x 

shows the time in seconds and axis y shows the 

amplitude or parameters in absolute value from 0 to 1. 

Thick solid line represents excitement, dashed thin line- 

meditation, thick dotted line – frustration, thin solid line 

– engagement/boredom parameter. Vertical lines denote 

the time moments where the features in 3D face have 

been changed.  

This first experiment was done when a volunteer was 

unfamiliar with the virtual faces. It can be noticed that 

engagement/boredom value starts with 0.9-0.95 at the 

beginning and finishes with 0.7 at the end of the test 

session. The excitement parameter has large variability 

and varies from 0.1 to 1 during the whole test session. In 

phases 1, 4 and 7 where the neutral face is shown, the 

excitement parameter is relatively lower (varies from 0.1 

to 0.5) and in other phases (where the 3D face is 

changed to a trustworthy or untrustworthy) values are 

much higher. Frustration parameter has relatively high 

variability in values during the experiment. One can see 

that frustration parameter increases in almost every of 7 

phases of the experiment. That can be influenced by 

many factors as tiredness, personal contexts or 

environment, but one of the most presumable causes is 

the time interval of the phase. Meditation parameter was 

nearly constant and equal to 0.3. 
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Fig. 8. Neuro-feedback data of the first volunteer in the first 

data set experiment with 3D man faces. Excitement – thick 

solid line, meditation – dashed thin line, frustration – thick 

dotted line, engagement/boredom – thin solid line 

This leads to the assumption that excitement and 

frustration parameters show the changes in human 

emotions, corresponding to the changed stimulus.  

The similar variability of the same parameters was 

noticed in almost all the other experiment sessions, 

using both men and women 3D faces with the volunteers 

who was unfamiliar with the visual data for the tests.  

The situation is different when the experiments are 

performed with a person who has seen the test faces 

several times before. Fig. 9 illustrates the neuro-

feedback signals of the experiment with the second data 

set using 3D man faces when the fourth volunteer was 

tested.  
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Fig. 9. Neuro-feedback data of the fourth volunteer in the 

second data set experiment with 3D men faces. Excitement – 

thick solid line, meditation – dashed thin line, frustration – 

thick dotted line, engagement/boredom – thin solid line 

 

The excitement parameter is low during the whole time 

of experiment session. The signal pattern leads to an 

assumption that the novelty of the information that a 

person receives can be measured by a simple non-

medical device.  

Although the reaction of the volunteers to the visual 

stimulus can be easily seen in excitement and frustration 

parameter signals, the variations of values are not 

similar for different users in the same situation. Fig. 10 

illustrates two cases when the same input faces influence 

the first and the second volunteer diversely. In the upper 

part of the figure frustration parameter is high in the first 

three phases of the experiment for the first volunteer and 

the excitement has the lowest values in the first 

experiment phase and has a wide variation of values 

during the test. The situation is opposite in the second 

volunteer case (Fig. 10, below) when excitement has its 

highest values at the beginning of the experiment (0.5) 

and is decreasing constantly or slightly varies around 

0.3. At the same time, frustration parameter has high 

variability as in the case of the first volunteer but there 

are high peaks through the entire signal, not only the 

first part of the experiment. The same phenomena as in 

previous cases is seen when frustration parameter 

increases in the second part of the interval with constant 

3D face in nearly all five phases for both volunteers. 

Meditation and engagement/boredom parameters do not 

show a significant difference between neuro-feedback 

data of both volunteers, but there are different 

variations. It is worth to notice that comparing output 

engagement/boredom parameter of the first volunteer 
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with input set 1 (Fig. 8) and input set 2 there is a 

decrease of the values in the first experiment from 0.9 to 

0.7, and after the volunteer becomes familiar with the 

input, the same parameter varies constantly around 0.7.  

An assumption can be made that different users react 

differently to the same visual input and there is no single 

rule for all the cases.  
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Fig. 10. EEG-based signals of the first and second volunteers 

in the third data set experiment with 3D men faces. 

Excitement – thick solid line, meditation – dashed thin line, 

frustration – thick dotted line, engagement/boredom – thin 

solid line 

 

The EEG-based signals recorded during the first 

experiment with the first input set using men 3D faces 

were compared with the same parameters recorded 

during the second experiment with women 3D faces as 

input. The structure of both experiments was the same. 

At first the neutral faces were changed to more and most 

trustworthy, then after presenting the same neutral faces 

they were transformed to less and least trustworthy. At 

the end the same neutral faces were presented again. Fig. 

11 shows engagement parameter variability in the first 

volunteer case. Values of the parameter are nearly 

opposite in the experiment. 
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Fig. 11. EEG-based signals of the first volunteer in the first 

data set experiment with 3D men and women faces. 

Excitement parameter. Man face experiment – thick solid line, 

woman face experiment – thick dotted line 

 

Thick solid line represents the excitement parameter 

when men faces are used for input and thick dotted line 

represents the same parameter when women faces are 

used. Investigating the excitement signal of the first 

case, low variation and lower values are observed when 

neutral man face is shown and values increase when 

some kind of changes are presented: face is considered 

more or less trustworthy than the average. Regarding the 

second case the highest excitement values are observed 

when neutral woman face is on the screen and they 

decrease when the distortions are added.  

These observations show that a human reaction strongly 

depends on the stimulus and is affected by the context of 

personal lifestyle and attitudes.  

We have already showed the differences between 

emotional reactions of a person who receives the 

information for the first time (Fig. 8) and the one who is 

familiar with the same information for some time 

interval (Fig. 9). We have also made an experiment to 

see if a process of getting acquainted to the information 

can be observed in a short time. In Fig. 12 the signals of 

excitement parameter of the third volunteer with the first 

data set with 3D women faces are shown. The thick 

solid line represents the first experiment session. The 

signal varies from 0.2 to 1 during the entire experiment.  

The same experiment was repeated shortly after the first 

session. The thick dotted line shows the excitement 

parameter from the second session when the input data 

was already known. In this case the parameter values 

vary from 0 to 0.6. The result shows that a person gets 

used to the information very fast.  
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Fig. 12. EEG-based signals of the third volunteer in the first 

data set experiment with 3D women faces. Excitement 

parameter. First test – thick solid line, second test – thick 

dotted line 

 

There is not a huge difference in reaction to the stimulus 

between a volunteer who have seen input data for 

several times and a volunteer who saw the same data 

only two times. The results lead to an assumption that 

one accustoms to the non-intimidating visual stimulus 

very fast and the first impression is the most exciting. 

An unknown stimulus can provide the most useful 

information for investigations.  

1 empty line using 10-point font with single spacing 

5. Conclusions and discussion 

1 empty line using 10-point font with single spacing 

After summing up the results and observations of the 

investigation a few conclusions can be done. There were 

six experiments performed using six different data sets 
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for each of four volunteers and four EEG-based 

parameters representing emotions were observed and 

recorded. The output data of the experiments showed 

that every volunteer reacts to the 3D faces differently. 

Various and sometimes opposite reactions of the same 

volunteer to the man and women faces lead to the 

conclusion that emotion-based reactions strongly depend 

on the stimulus and that personalized output-input 

control model is needed.  

Excitement and frustration parameters were the most 

informative and have high variation of values after 

unexpected and sudden changes in visual unfamiliar 

input objects. Independent of the number of times the 

3D pictures were seen before, the excitement values 

were lower and did not vary in amplitude as much as if 

the information was new. That leads to an assumption 

that a person gets used to the information very fast. At 

the same time an increase in frustration parameter values 

was observed after a static picture is shown longer than 

5-10 s. 

The investigation encourages to discus some aspects of 

the experiments and the future works. First, the optimal 

experiment plan has to be designed. This includes 

selection and composition of the input that elicits the 

strongest stimulation of person’s emotional response. 

Second, the output-input model has to be intelligent and 

adaptive as the reactions to the same stimuli of every 

individual are different and there is no single rule for all 

situations. Third, the influence of the environment and 

user personal context has to be investigated and 

evaluated before neuro-feedback control actions are 

performed. The person is affected not only by the input, 

but various factors as noise, surrounding, thoughts and 

former experiences, social and personal contexts can 

influence the EEG-based parameters of emotions. This 

leads to the conclusion that the mechanisms for virtual 

objects or entire environment have to be context-aware 

as well as intelligent and adaptive.  

1 empty line using 10-point font with single spacing 
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Abstract: The design of control systems is often 
concentrated on management of technological 
processes. To reflect business requirements and link 
technological processes with business processes, the 
interface between business process and process control 
layers needs to be described. Proposed component-
based system model identifies interfaces between 
business processes, information systems and control 
systems. The model provides business process 
requirements for control systems. 
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1. Introduction 

 
It is usual practice that design of process control 
systems concentrates on technological process and the 
interface between business and technological process is 
not described [1]. As a result, implemented process 
automation systems often do not hold the functionality 
that is required by business operations. While 
enterprises continue to use text documents for 
specifying and analyzing requirements, the graphical 
requirements modeling are getting more attention. 
Unified Modeling Language (UML) [7] seems more 
complex for business stakeholders, than Business 
Process Model and Notation (BPMN)[10] models. 
Business process models represent the current situation, 
and the target situation that should be reached after 
automation [3], for designers it is important to know 
what part in target business process the process control 
system should implement or support. 

 
2. Adding the Business process layer 

 
In the process of control system development, Business 
Requirements could come in many forms. It can be 
presented in a form of a list or as a detailed 
specification that describes all technological details. 
Business process flow describes goals and objectives of 
the business and allows to identify the potential 
automation opportunities. According to the proposed 

approach, a complete process should be described as a 
part of control system design specification.  
Transition from the business layer to the technological 
layer is performed by creation of the component-based 
system model (CBSM) [2][5]. CBSM provides a 
conceptual structure for description of links between 
elements of business layer, applications layer and 
technological layer. It enables to identify interfaces 
(connectors), describe whether inputs and outputs will 
be manual data entry, system-to-system interface, 
report, etc.  
Fig. 1 shows CBSM development process: 
 

 
 

Fig. 1. CBSM development process 
 
The four layers of CBSM  (business, information 
processing, information and technology) are similar to 
multi-tier architecture in software engineering, where 
applications are logically divided into tiers - the 
presentation, the application processing, and the data 
management. 
CBSM implements requirements of Information 
Architecture Framework for Enterprise Integration [6] 
and divides business of enterprise into four layers: 
Business domain (BD) – includes business activities;  
Information processing domain (IPD) - business 
rules, information processing activities; 
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Information domain (ID) – includes data and 
knowledge;  
Technological processes domain (TPD) - includes 
technological processes, flows of materials. 
 

 
 

Fig. 2. Component-based system model 
 
Fig. 2 shows component-based system model. 
Components are displayed as rounded rectangular, 
interconnected with interfaces. Each pair of domains 
communicates through different type of interface (see 
Fig. 3). 

 
3. Process of CBSM creation 

 
The process of building CBSM (see Fig. 1) provides the 
framework for transition between business layer and 
technological process control layer. In the analysis 
phase, business process models, described in BPMN 
notation [9], are analyzed. In this way relevant business 
components are identified and appropriate set of 
interfaces is defined. During the analysis phase, the 
following rules should be applied: 

- computational processes should be mapped  to 
IPD components; 

- business activities and the gateways should be 
mapped to BD components; 

- the information flows connecting processes 
should be mapped to ID components; 

- technological processes should be mapped to 
TPD components; 

-  components should be joined with interfaces 
S1-S6. The number of interfaces depends on 
joined components place in CBSM (see Fig. 
3). 

 

 
 

Fig. 3. Interfaces between CBSM layers 

 
After CBSM development the designer of control 
systems will get input to design of control systems 
about System informational links with business 
processes of enterprise (as show in Fig. 3): 

- interface S1 specifies which information 
should be exchanged between business 
activities; 

- interface S2 specifies which computational 
activities aggregate business activities; 

- interface S3 specifies how business activities 
are connected with and technological process;   

- interface S5 specifies which information 
should be exchanged between technological 
processes,  business activities; 

- interface S6 which computational activities 
aggregate technological processes. 

Interfaces S3, S5 and S6 show information flows 
between technological process and the rest of the 
business. 
Components from CBSM tracks can be mapped to 
information entities or user/system interfaces: 

- BD and TPD components will be implemented 
as a user interface for information entering to 
the system. 

- IPD components will be implemented as 
modules or applications, that perform 
computational tasks. 

- ID components will be implemented as 
information storage entities, on paper data 
tables on databases. 

- TPD components will be implemented as the 
interface of control system. 

 
4. Case study CBSM design in the Power plant  

 
Experience shows that of the main focus during the 
development of control systems is concentrated on the 
technological process (shown in Fig. 4). Usually, for the 
analysis of business process is not given enough 
attention.  
 

 
 

Fig. 4. Example of technological process management 
interface 
 
As a result, distributed control systems of the power 
plant ensure high availability, reliability and flexibility 
of technological process, but lacks the functionality that 
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is needed for business operations. For example, working 
hours of particular device, consumption of electricity 
for electrical motors is not registered by and provided in 
the interface or database of the control system. Such 
situations appear when the designer of control system 
deals only with technological layer (see Fig. 4) and has 
no knowledge about parallel or higher business process 
layers. 
 

 
 

Fig. 5. Power Plant Operation business process 
 
Fig. 5 shows a simplified business process of electricity 
production. The Produce Power process consists of 
two parallel processes – Power plant maintenance and 
Power plant operation. 
 

 
 

Fig. 6. Electricity production business process 
 
Fig. 6 shows Power plant maintenance process, which 
describes main maintenance activities. 
 

 
 

Fig. 7. Power Plant Maintenance business process 
 

Fig. 7 and Fig. 8 show CBSM models of Electricity 
Production sub processes – Power Plant Maintenance 
and Power plant Operation. The development of 
CBSM provides a broader view of Electricity 
Production process during the design of control 
system.  
 

 
 

Fig. 8. CBSM of Power Plant Operation business process 
 

   

Fig. 9.  CBSM of Power Plant Maintenance business process 
 
During the next stage of the design process, interfaces 
between different domains of business activities can be 
specified.  Fig. 7 shows an example. Interface S3 
connects business activities Describe Incidents and Fill 
Operational Data with technological layer. Designer of 
the control system will have the responsibility to 
describe how information from TPD component 
Monitor Equipment Status will be delivered to BD 
component Describe Incidents. Usually BD 
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components represent a user interface of information 
system. As an example, BD component Describe 
Incident will be implemented as data entry form on 
CMMS system. This data entry form will be accessible 
for system operators from the process control room. 
Interface S5 shows what information should be 
delivered to or read from other processes. Fig. 8 shows 
that the technological process Equipment To 
Production, which can be implemented as a data entry 
form on DCS system, will provide information for 
control systems about status of equipment. In Fig. 7 
interface S5 shows that the technological process 
Monitor Equipment Status should have to read or 
write Equipment Status information. Interface S6 
shows information links between technological 
processes and computing processes. As shown in Fig. 7, 
the TPD component Control process is exchanging the 
information with the IPD component Distribute 
Workload, which can be implemented as a separate 
optimization application that is distributing workload 
for different units of power plant. 
After the development of a CBSM model, a list of 
business activities which has to exchange information 
with technological process is derived. Different 
methods, such as RUP[4], CSMP[5] can be used for the 
detailed specification of interfaces between 
technological and business layers. Fig. 9 shows 
conceptual class diagram, which is developed from 
CBSM specification (see Fig. 7).  
 

 
 

Fig. 10.  Conceptual class diagram of CBSM of Power Plant 
Operation business process 
 
For ensuring conceptual class diagram well-formedness 
(completeness of notation, robustness, type checking, 
orderliness, normalization) can be performed model 
checking using OPCM[8] or similar methods. This 
allows identification of errors in early modeling stages 
and ensures precise and ordered class diagram for 
control systems design.  

 
5. Conclusions 

 
To achieve the alignment of the process control system 
functionality with business activities, the focus should 
be kept on business processes during the design of 
control systems. A business process model can serve as 
an important tool to identify the interaction between 
business activities and technological process. 
Process control systems should exchange information 
with business activities within enterprise. CBSM 

provides conceptual framework for description of 
information exchange interfaces between business 
activities from different business domains - BD, IPD, 
ID, TPD. 
Development of CBSM facilitates description of 
interfaces between business and technological layers 
and provides structured specification of interfaces for 
the control system design process. By using CBSM 
approach, the designer can get more detailed 
specification of business requirements and, as a result of 
that, can develop a more efficient design of the control 
system. 
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Abstract: Baltic amber is still mined in present time and 
used for jewelry and arts. Usually small pieces of amber 
are sorted by human being using criteria’s like color, 
texture and transparency. Manual sorting takes a lot of 
time and some data are misclassified, and therefore a 
process automation system is required. In this paper 
such system is presented based on color histograms 
intersection and Euclidian distance measure. For 
classification task the k Nearest Neighbors (kNN) 
classifier was used. Presented algorithm has shown only 
50 % of correct amber peaces classification into 20 
categories by using only color histograms. 
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1. Introduction 

 
Various defect detection, quality inspection, automatic 
sorting or even image retrieval from databases requires 
a visual analysis of objects surface properties. Baltic 
amber varies by different physical and chemical 
properties. It can have different level of transparency 
and may have unique combinations of colors and 
shades. Its texture has different patterns because of little 
cracks, impurities or bubbles inside. The size and shape 
of small amber pieces varies too due preparation 
procedures. The fully automatic system for amber 
sorting should be size, shape and orientation invariant. 
Other researchers acquired good results by extracting 
visual features and used them for classification and 
sorting task into small number of categories. For the 
surface visual evaluation the first and second order 
statistical features were used [1]. For amber sorting 
second order statistical properties can’t be used directly, 
because amber have no continues or repeating texture 
and color depends on the thickness. Image matching can 
be based on sphere similarity of color histogram 
intersection [2] and results are much better than color 
intersection alone [3], but color of Baltic amber is in the 
end of yellow or red spectrum and spherical 
segmentation is too rough. Quite interesting results are 
acquired using cumulative histograms [4, 5] and makes 

systems to be more robust to lighting changes. Some 
researchers have done illuminant independent [6] 
system, but we encountered what lighting for amber is 
important feature itself. Solutions what uses shape 
features [7] can’t work for amber, because shape of 
amber varies a lot and it is not a subject in this paper. 
Color clustering [8] could work for amber surface 
analysis, but blind sorting does not correlates with 
categories sorted by the human. 
Presented solution is based on colors histograms 
intersection [3] or Euclidian distance. Experiments were 
done in different color spaces using kNN classifier. Best 
results were acquired in HSV color space. For sorting 
amber surfaces it’s not enough to use color properties, 
some texture analysis should be added too. 
The presented paper contains five main sections. In the 
second section theoretical background is given. Third 
section presents information about experimental setup 
used to acquire data. Experimental results are shown in 
section 4. And conclusions including future work are in 
section 5. 

 
2. Theoretical background 

 
Amber surfaces vary a lot in size and histograms can be 
compared only if they are normalized because even 
object of same color but different in size can have 
drastically different histogram. Before processing the 
histograms were normalized using Eq. 1 [1]. 

   
 


i iH

iH
iI .   (1) 

I is normalized histogram and H is original histogram of 
image (any desired component). After normalization 
sum of all bins of normalized histogram is equal to 1. 
Let say IR, IG, IB are normalized histograms of red, green 
and blue components of image I in RGB color space. Q 
is another image in same color space with QR, QG, and 
QB normalized histograms. Then intersection can be 
calculated using Eq. 2. If histograms of both images are 
identical then intersection is equal to 1. And if 
histograms are completely different then intersection is 
0. Intersection is invariant to translation and rotation. 
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Another way to computer difference between two 
images is Euclidian distance and it shown in Eq. 3. 
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This method is similar to intersection but in practice 
gives different results and we aiming to compare them. 
Also we were interested to test cumulative histograms 
[4, 5], because they make a system robust to lighting 
changes. Cumulative histogram is defined as: 
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Light of our setup had more intensity in the middle of 
visible area than on the sides and this made gradual 
lighting over all area. One corner of amber was much 
lighter than another. To fix this issue we convert an 
image to LAB and then normalization is applied: 

.256 LGLILI    (5) 
IL is L component of image in LAB color space. 256 is 
maximal value for L component and GL is L component 
of background without amber. After normalization 
image is converted back to RGB or HSV as needed. 
The presented formulas (1-5) are shown in RGB color 
space. Other color spaces like HSV or LAB have 3 
dimensions too and can be used in the same way as 
presented for RGB color space. 

 
3. Experimental setup 

 
Our experimental setup is shown in Fig 1. This paper 
concentrates only on classification problem. Amber 
objects are about 0.5 cm in diameter. Then they pass 
video camera, picture is acquired. Ambient lighting 
ensures what all ambers have same lighting conditions. 
After picture is taken, some preprocessing is done and 
then the system tries to classify the sample. In future 
automatic sorting system should be installed. 

 

 
 

Fig. 1. Experimental setup 

Amber is classified in five categories and each category 
has 4 subcategories. So, it’s 20 classes in total. Those 
five categories have representative names (see Fig. 2): 
a) Crystal – transparent with a yellowish or reddish 

shade; 
b) Semi-crystal – contains clear and cloudy tones; 
c) Mat – cloudy (opaque) with small transparent areas; 
d) Sugary – with dark color spots; 
e) White – white with "colorful intrusions" (black, 

brawn, yellow color). 
 

 
 

Fig. 2. One subcategory per each category: a) crystal; b) semi-
crystal; c) mat; d) sugary; e) white 

 
Each category contains about 100 samples of amber and 
it’s about 2000 images. 
Data preprocessing is shown in Fig. 3 and contains 3 
steps in total. Firstly brightness is normalized using Eq. 
5. Then amber is detected and cropped. Finally surface 
is dilated, because we don’t want pixels of shades. In 
this stage all background and shades becomes white and 
white color is removed from histograms. All color 
histograms are extracted and saved as files for further 
classification. 

 

 
 

Fig. 3. Preprocessing steps and grayscale histogram changes 
 

In figure 3 grayscale histograms are shown. We do not 
use grayscale for experiments but for normalization 
effect demonstration they are representative. It is clearly 
visible that first histogram has huge background noise 
and it is removed along the normalization. The last 
picture still has some reflections noise, represented by 
the sharp spike on the right of graph, but they should be 
removed by changing lighting environment in the setup. 
The collected data are not 100 percent accurate. We 
assume, what there are at least 10 percent of human 
error. And surfaces are not roughly discrete; they are 
very close to several categories at the same time.
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4. Experimental results 
 

For experiments k Nearest Neighbors (kNN) classifier 
was used. Intersection or Euclidian distance allows 
measuring how close color histograms of two images 
are. So, it’s possible to search for closest neighbors and 
then decide to witch class sample most likely belongs. 
Tests are done with 10-fold cross validation. In each 
experiment data were randomly shuffled before splitting 
to training and testing sets. This ensures that all classes 
in training data set have about the same amount of 
examples. Working with random data doesn’t allow 
algorithm to over fit for training data. 
The parameters of algorithm are k (neighbors’ amount), 
bin (size of histogram), color space (RGB, LAB, and 
HSV) and distance measure method (intersection or 
Euclidian distance). As baseline we used RGB color 
space and intersection as distance measure. In Fig 4 
overall accuracy is shown. 

 

 
 

Fig. 4. Accuracy dependency by histograms bin’s and k 
parameters 

 
As we can see, optimal k is between 7 and 19. So, k=11 
is good enough for start. The histograms bin value 
doesn’t influence results much and we chosen bin=64. 

This allows reducing amount of data 4 times, but 
histograms still have good representation of category. 
Those parameters will be used as baseline and they 
should be adjusted for each distance calculation method 
and color space individually. 
We tried RGB, HSV, LAB color histograms and 
cumulative versions of them (see Fig. 5). 
We tried only A and B components of LAB as well but 
it decreased accuracy significantly. This shows what 
lightness is important feature for sorting amber because 
colors are at the end of red-yellow spectrum and all 
colors are very close by distance. 
Intersection method is more accurate in all cases except 
cumulative histograms. Cumulative histograms work 
only with Euclidian distance and it suggests that 
lightness is important for intersection measurement too. 
All methods and color spaces gives about same results, 
but HSV with intersection method is the best. Overall 
accuracies for color spaces are 42.02 % for RGB, 
49.06 % percent for HSV, and 46.71 % for LAB. 
In Fig. 6 confusion matrix for HSV color space with 
intersection method is shown. 
Crystal and white ambers were separated with best 
accuracy. Other categories have huge overlaps. Looking 
at classification results we have noticed, what a lot of 
confusion is because we do not measure texture 
properties. For example, sugary and some other 
categories have very similar color histograms, but they 
still are different by bigger coarseness texture. 
Merging classes does not help a lot, for example having 
5 classes with merged subclasses we acquired up to 70 
percent accuracy. 
Joining classes what have biggest misclassification 
overlaps can increase overall accuracy. For example 15 
categories (5 joined) gives up to 60 % and 10 categories 
(10 joined) gives up to 70 % accuracy. 
Another huge problem was lighting, because surface of 
amber is not flat and intense light creates various 
reflection not only on the surface but in the inside of 
amber as well changing its natural color. 
 

 

 
 

Fig. 5. Intersection, distance and cumulative histograms distance comparison (bin=64 and k=11) 
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Fig. 6. Confusion matrix for 20 categories, each row 
represents confusion of one category and the sum of each row 
is 100 percent 

 
Thresholding minimal distance of neighbor can increase 
results a bit, but no huge improvement was acquired. In 
most cases we have big quantities of very close 
examples in each category. 
Algorithm performance is mostly influenced by training 
data amount and preprocessing. It takes about 1.7 s to 
preprocess and about 0.3 s to classify one sample. 
Preprocessing is costly because of slow normalization 
and it have to be noted, what performance of algorithm 
wasn’t optimized. All experiment were done on Intel 
Pentium 4 3 GHz processor with 2 GB RAM.  

 
5. Conclusions 

 
Experiments have shown what it’s not enough to 
measure color histograms, because surfaces in our case 
are very close by color histograms distance but different 
categories have distinct texture as well. So, some texture 
analysis should be applied to increase recognitions 
accuracy results. 
Amber differs in height and if focus of camera is very 
sensitive it blurs surfaces what are even in tiny distant 
from focus. This influences texture properties, because 
some surfaces have good quality of contrast and others 
are at least slightly blurred. To improve results focus 
should be calibrated for average height of amber. 
Lighting conditions for surfaces like amber is very 
important. In our setup some of data was corrupted by 
lighting issues when surface changes its natural color 
because of direct light from LED. In the future, we are 
planning to use scattered lighting and this should 
prevent from reflections and refractions. 
Despite huge confusion the algorithm is still way better 
than guessing, because it is only about 5 % probability 
to guess correctly from 20 categories and our algorithm 
has about 50 % accuracy. 
Performance of algorithm is good enough to run it in 
real time. Most resources are used for preprocessing but 
those are necessary for any classification algorithm. 
Best results were acquired in HSV color space using 
intersection comparison of images. Some categories are 

much easier to discern and this implies what some other 
features should be used targeting those differences. 
It’s probably impossible to acquire absolute accuracy 
because some amber is misclassified by expert and a lot 
of ambers are very similar to several categories at the 
same time. We see some potential for clustering data 
instead of classification. 
In the future we will use much more categories for 
experiments because 20 categories do not represent all 
desired varieties. 
Experiments shown what bin parameter can be reduced 
a lot because shape of histograms still is representative 
even if bin number is small. And intersection is in most 
cases better than Euclidian distance because distance 
distribution is in the interval [0, 1] even with small 
values but Euclidian distance is very often close to 1. 
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Abstract: Control of a hexapod robot is challenging and 

complex task. Due to its high number of degrees of 

freedom (DoF) kinematic and trajectory calculations, 

sensor data analysis, decision making, etc. requires a lot 

of computing power. As most robots are becoming 

autonomous all calculations must be done on board and 

in real time. 

In this paper a method for hexapod robot body pose 

estimation is introduced. Using homogenous 

transformation matrices and one leg inverse kinematics 

an expressions are derived for robot's body rotation or 

shift around its body coordinate frame. Using these 

expressions each leg’s base coordinate frame is 

transformed into body’s coordinate frame. This method 

gives offset for each leg’s base coordinate frame when 

shifting or rotating robot around its body centre. Needed 

leg’s motor angles are calculated using one leg inverse 

kinematics. 

Also a hexapod robot control program structuring and 

optimization is presented. One of the key optimization 

aspects is body kinematic calculation optimization. All 

body kinematic calculations are based on 4x4 matrix 

multiplication which greatly loads robot’s control 

system. These calculations can be optimized (simplified) 

by only using needed coordinate expressions from 

matrix multiplication end results. 

 

Keywords: hexapod robot, calculation optimization, 

robot control system, inverse kinematics, homogenous 

transformation matrices, hexapod body kinematics. 

 

1. Introduction 

 

Robotic mobility over highly broken and unstable 

terrain requires legged machines [1]. For walking 

machines, mostly two legged (biped), four legged 

(quadruped), and six legged (hexapod) constructions are 

used. The hexapod is the most stable of the named 

machines [2]. Its static stability ensures that it is stable 

at any movement state and does not require additional 

equipment and control of stability. On the other hand, 

six legs require a lot of synchronization to achieve 

smooth movement over irregular terrain. 

While walking in irregular and unfamiliar terrain 

hexapod robot must adjust its body pose to avoid 

collisions with various terrain objects. Changing body 

pose also could be helpful when robot must observe its 

surroundings. 

Aim of this paper is to present a method for estimating 

robot’s body and feet position using homogenous 

transformation matrices and one leg inverse kinematics. 

Obtained information is very important for the 

surrounding exploration and control decision making. 

Due to many degrees of freedom controlling a hexapod 

robot is a very complex task. Most of the robots are 

becoming autonomous and their control systems must be 

powerful enough to carry out all calculations on board 

and in real time. This requires high calculating power 

and/or good control program optimization. This paper 

presents control program structuring and optimization. 

 

2. Assigning robot coordinate frames 

 

Robot body pose is described by its body displacement 

along x0, y0, z0 axes and rotation by angles α, β, γ 

correspondingly around x0, y0, z0 axes. For robot to take 

a specific pose it actually has to change its each leg’s 

motor angles into a needed position. So robots body 

displacement and rotation must be transformed into leg’s 

motor angles. 

To do this coordinate frames must be assigned to robots 

body centre and each legs base (Fig. 1). 

The x0y0z0 is robot body centre coordinate frame. Robot 

pose is described by this frames displacement and 

rotation. Other coordinate frames are as follows: 

 

DP DP DPx y z  – right first leg’s coordinate frame; 

DV DV DVx y z  – right middle leg’s coordinate frame; 

DG DG DGx y z  – right last leg’s coordinate frame; 

KP KP KPx y z  – left first leg’s coordinate frame; 

KV KV KVx y z  – left middle leg’s coordinate frame; 

KG KG KGx y z  – left last leg’s coordinate frame. 
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Fig. 1. Hexapod robots coordinate frame assignment 

 

3. Transforming leg base coordinate frames into 

body coordinate frame 

 

Each leg coordinate frame must be transformed into 

robot’s body coordinate frame. This will give 

coordinates for each leg base in robot’s body coordinate 

frame. 

Such transformation can be done using homogenous 

transformation matrices for rotation and translation. 

Homogenous transformation matrices for rotation 

around 
ix ,

iy  and 
iz  axes are: 

 

0

1 0 0 0

0 cos sin 0

0 sin cos 0

0 0 0 1

x

 

 

 
 


 
 
 
 

R ,  

0

cos 0 sin 0

0 1 0 0

sin 0 cos 0

0 0 0 1

y

 

 

 
 
 
 
 
 

R ,  

0

cos sin 0 0

sin cos 0 0

0 0 1 0

0 0 0 1

z

 

 

 
 
 
 
 
 

R .             (1) 

 

Homogenous transformation matrices for translating 

each legs’ base coordinate system to robot’s base 

coordinate system are expressed in (2) given form. 

 

1 0 0

0 1 0

0 0 1

0 0 0 1

i

i

i

i

a

b

c

 
 
 
 
 
 

T ,  (2) 

 

here: iT  - homogenous transformation matrix for 

translation, , ,i i ia b c   - displacements of each legs’ 

coordinate frame. 

 

For example, homogenous transformation matrix for 

translating first leg’s on the right coordinate frame into 

body’s coordinate frame is given (3). 

 

0 2

0 1

0

1 0 0 / 2

0 1 0 / 2

0 0 1

0 0 0 1

DP

x L

y L

z

 
 


 
 
 
 

T .          (3) 

 

Multiplying all rotation matrices 
0 0 0
, ,x y z R R R  with 

each leg’s translation matrix 
iT  gives the homogenous 

transformation matrices for transforming each leg base 

coordinate frames to robot’s body coordinate frame (4). 

 

0 0 0i x y z iB R R R T .  (4) 

 

Transformation matrices give coordinates for each leg 

base coordinate frame in robot’s body coordinate frame. 

 

C C C S S ;i i i ix a b c           

   
(C S C S S )

(C C S S S ) C S ;

i i

i i

y a

b c

    

      

   

    
 

0

(S S C C S )

(C S C S S ) C C ,

i i

i i

z a

b z c

    

      

   

    
 (5) 

 

here: ix , iy , iz  – coordinates of legs’ base coordinate 

frames; S – sin, C – cos. 

 

4. Calculating leg motor angles according to body 

pose 

 

Knowing the coordinates of each leg base coordinate 

frame it is necessary to rotate motors at needed angles 

for that frame to take the position. This means that every 

robot’s body pose could be described with every leg’s 

motor angles. Angles can be calculated using inverse 

kinematics for one leg [3, 4]. 

In order to move leg’s base coordinate frame in one 

direction, corresponding foot must be moved in exact 

opposite direction. For example, if leg’s base 

coordinates frame must be moved up, that leg’s foot 

must be moved down. 

When robot is standing in neutral pose (Fig. 2) actual 

coordinates of the feet in there base coordinate frames 

are given by (6). 

 

2f bx x l  , f by y , 1 3( )f bz z l l   .     (6) 

 

As mentioned before to move leg’s base coordinate 

frame, corresponding leg’s foot must be moved in 

opposite direction. So actual foot coordinates in its base 

coordinate frame should look like this: 

 

2 f bx l x x   ; 
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f by y y  ; 

1 3( ) f bz l l z z     .         (7) 

 

here: x, y, z – actual feet coordinates need for inverse 

kinematics calculations; 

xf, yf, zf  – needed foot coordinates; 

xb, yb, zb – needed leg’s base coordinates or leg’s base 

coordinate frame offsets. 

 

 

xb

yb

zb

xf

yf

zf

l2

l3

l1 q1

q2 q3

 
 

Fig. 2. Leg’s kinematic layout 

 

The foot position in general can be calculated using 

formula (8), achieved using Denavit-Hartenberg method 

for a single foot [5]: 

 

1 2 3 3 1 2 3 3 1 2 2C C C C S S S Cf bx x l l lq q q q q q q q    ; 

1 2 3 3 1 2 3 3 1 2 2S C C S S S S Cf by y l l lq q q q q q q q    ; 

2 3 3 2 3 3 2 2 1S C C S S .f bz z l l l lq q q q q        (8) 

 

For the absolute feet coordinates calculation relative 

coordinates (8) can be added into the homogenous 

transformation matrices. For example, a first leg on the 

right side foot has an expression (9) (xb = yb = zb = 0): 

 

0 2

0 1

0

1 0 0 / 2

0 1 0 / 2

0 0 1

0 0 0 1

f

f

DPf

f

x L x

y L y

z z

  
 

 
 
 
 
 

T .     (9) 

 

Final coordinate expressions are calculated same way 

like the base coordinates using transformation matrix 

DPB , and applying these methods for other feet. 

To position foot into a needed place motor angles θ1, θ2, 

θ3 must be calculated. Analytic solution of equation (8) 

to calculate these angles is very complicated, so simplex 

search method could be used [6]. 

 

5. Optimizing body kinematic calculations 

 

As previously shown body kinematic calculations are 

based on 4x4 homogenous transformation matrices and 

their multiplication. The result is one 4x4 homogenous 

transformation matrix for each leg, giving total six 

matrices. Multiplying 4x4 matrices demands high 

calculating power and data memory usage. These 

calculations can be simplified by deriving calculated 

each leg’s base coordinate frame coordinates 

expressions from homogenous transformation matrices. 

These calculations are the first three elements of the last 

homogenous transformation matrix column. Analytical 

expressions are derived via MATLAB by defining 

symbolic variables and solving the matrix 

multiplication. End result gives 18 expressions for 

calculating each leg’s base coordinates. These 

expressions are entered into robot’s control system and 

coordinates are calculated in real time. Each expression 

is made of 25 operations per expression on average 

(from around 15 to 30 operations). Most of these 

operations are trigonometric that are repeated 

throughout the expressions. Program with not optimized 

expressions takes over 16 kB of microprocessor 

program memory. Leg base coordinate frames 

coordinate calculations can be optimized by calculating 

all needed trigonometric functions beforehand, assigning 

them to variables and using these variables in all 18 

expressions. This way operations number is reduced to 

15 operations per expression (from around 10 to 18). 

Program after this trivial optimization took around 11 

kB, program size decreased around 34 %. 

 

6. Control program structuring 

 

Most complex part of any robot is its control program. 

So good control program organization and structuring 

could greatly decrease program complexity and ease 

robot control. 

Hexapod robot can be defined as a structure that is 

described with number of legs and body pose 

(translation along and rotation around body coordinate 

frame). Each robots leg can be defines by its foot’s 

coordinates, servo angles, servo speeds, leg’s base 

coordinate frame coordinates and leg’s base coordinate 

frame offsets (Fig. 3, 4, 5). 

 

7. Conclusions 

 

In order to calculate hexapod robot’s body pose 

homogenous transformation matrices can be used. This 

way each legs base coordinate frames can be 

transformed into robot’s body coordinate frame. This 

transformation’s result is each leg’s base coordinate 

frame’s offset of its neutral position. Then leg motor 

angles can be calculated using inverse kinematics for 

one leg so body would be positioned as needed. 

This method also allows determining the irregularity of 

terrain because described method allows calculating 
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each foot’s coordinates in body coordinate frame what 

will give the scatter of all feet on terrain. 

However calculations must be done separately for each 

leg. This result in a lot of calculations that must be done 

before robot’s pose could be set. This means that 

autonomous robot’s controller must have a lot of 

calculation power to perform these calculations in real-

time. 

Body inverse kinematics can be simplified by deriving 

all 18 analytical expressions for calculating each leg’s 

base coordinates. This can be simply done via 

MATLAB by defining symbolic variables and 

multiplying relative matrices. By further optimizing 

these expressions robot control program’s size 

decreased around 34 %. 

Robot control program can be simplified by defining 

robot as a structure of variables that describe the robot. 

 

 
 

Fig. 3. Hexapod robot structure 

 

 

 
 

Fig. 5. Structure defining robots leg 
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Fig. 4. Structure defining hexapod robot 

 

typedef struct 

{ 

legs leg[LEG_NUMBER]; 

 

 double x_rotation; 

 double y_rotation; 

 double z_rotation; 

 

 double x_translation; 

 double y_translation; 

 double z_translation; 

} robot; 

typedef struct 

{ 

 double foot_coords[3]; 

 double servo_angles[3]; 

 double servo_speeds[3]; 

 double leg_B_coords[3]; 

 double leg_B_offsets[3]; 

 byte phase; 

} legs; 
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Abstract: This paper presents closed loop scalar speed 
control of 4 kW induction motor (IM) drive. IM are 
characterized by highly non-linear and time-varying 
dynamics. To solve this problem hardware in the loop 
(HIL) control technique is used. HIL environment is 
integrated into a Simulink real time simulation. Used 
control method provides a reasonable degree of 
accuracy which can be observed from obtained results. 
Simulink model with proportional-integral-derivative 
(PID) and PI controller is proposed. During the 
investigation motor was loaded. The investigation 
results, presented in this paper, show the effectiveness 
of the used technique. 
 
Keywords: electric drive, frequency control, closed 
loop, hardware in the loop. 
 

1. Introduction 
 

In many cases, the new components that are being 
developed are modeled and simulated first. The 
designer runs simulations of the new component in 
conjunction with models of the rest of the system to 
study the overall behavior and to optimize the 
algorithms and routines used in a new component 
before building any prototypes. 
HIL simulation allows for system and component test 
scenarios that would be impossible to implement. The 
test of a hardware component, i.e., speed regulator, with 
an extended system (simulated) becomes feasible. 
Synchronous rotation speed of the induction motor is 
determined by three phase supply voltage frequency and 
the number of motor poles, i.e., if motor is connected to 
the standard electric grid, it rotates at the speed which is 
different from synchronous speed only about few 
percent because of load. Usually the rotation speed of 
motor must be controlled. The induction motor which 
rotation speed is controlled is referred as to variable 
speed drives. They allow controlling technological 
process and saving electrical energy. For control of 
induction motor speed at present usually frequency 
converters are used. Usually systems use scalar control 
with PI or PID regulators [1, 2, 3]. The hardware in the 
loop technology is used to control the rotation speed of 

IM. This method allows controlling of induction motor 
directly from personal computer.  
HIL simulation offers the advantages of reduced cost, 
fast repeatability of the tests, and the ability to subject 
the controller to risky contingency situations. 
HIL simulation is not without its drawbacks. This 
simulation technique leads to expensive simulations 
with 
specialized equipment. Often HIL simulation is 
configured for a single application, and requires a large 
investment in setup time, software, and interface 
equipment [4]. 
The paper considers speed control of mechatronics 
system with 4 kW induction motor drive. 
Experimental results are presented and discussed. 
In this work, the induction motor speed control model 
was developed using Simulink. The performance time 
domain characteristics of  proposed closed loop control 
system with HIL is presented. 
 

2. Dynamic model of induction motor 
 

Dynamic performance of an AC machine is complex 
problem taking into account three phase rotor windings 
moving with respect to three-phase stator windings. The 
coupling coefficient changes continuously with the 
change of rotor position rθ  and machine model is 
described by differential equations with time varying 
mutual inductances. To simplify the problem solution, 
any three phase induction machine can be represented 
by an equivalent two phase machine, where s sd - q  is 
direct and quadrature axes of stator as well as r rd - q  
are direct and quadrature axes of rotor. The problem 
becomes simple, but problem of time varying 
parameters still remains. Park transformation refers the 
stator variables to a synchronous reference frame, fixed 
on the rotor. It results to all time varying inductances 
being eliminated. The other kind of transformation 
widely used is G. Kron transformation, relating both 
stator and rotor variables to a synchronously rotating 
reference frame that moves with the rotating magnetic 
field. Time-varying inductances in the voltage equations 
of an induction machine also can be eliminated by 
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transforming rotor variables to variables associated with 
fictitious stationary windings. In this case, the rotor 
variables are transformed to a stationary reference 
frame fixed on the stator. This method was proposed by 
H. S. Stanley [5]. 
 The paper presents a mathematical model of 
the induction motor in a stationary reference frame. A 
mathematical model of the induction motor in stationary 
reference frame s sd , q can be written as [6]: 
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where: s r s

ds ds dsψ ,ψ , i  and r
dsi is stator flux linkages and 

currents aligned with the direct axis; s r s r
qs qs qs qsψ ,ψ , i , i  is 

stator flux linkages and currents aligned with quadrature 
axis; sR  is stator phase resistance, rR is rotor phase 
resistance, referred to stator; s s r r

ds qs ds qsu ,u ,u ,u  is stator and 
rotor voltages. 
In the stationary reference frame s

ds 1maxcos 0u = U ω t , 
s
qs 1maxsin 0u = U ω t , where 1maxU  is amplitude of voltage 

and 2π0ω = f  is angular frequency. mL  is magnetizing 
inductance, s 1s mL = L + L is stator inductance, 1sL  is 
stator leakage inductance; r 1r mL = L + L , 1rL is rotor 
leakage inductance referred to stator and 1 m sk = /L L .  
Torque delivered by motor, is calculated as: 

 s s s s
ds qs qs ds

3= - ,
2

T p ψ i ψ i                                               (2)                       

where: p is number of pole pairs. 
 

3. Hardware in the loop control 
 
The HIL simulation is a recognized simulation method 
in different engineering areas, e.g. control of induction 
motor drive. 
HIL applications are used by design and test engineers 
to evaluate and validate components during 
development of new systems. Rather than testing these 
components in complete system simulations, HIL 
allows the testing of new components and prototypes 
while communicating with software models that 
simulate the remainder of the system. Replacing the 
remainder of the system with computer models running 
software simulations greatly reduces the size and 
complexity of applications and increases the flexibility 
and rate of running many different tests and test 
scenarios. The physical components being tested 
respond to the simulated signals as though they were 
operating in the real hardware application [7]. 

As the name implies, in HIL simulation, a part of the 
system is modeled and simulated in real time, while the 
remainder is the actual hardware, connected in closed 
loop by various I/O interfaces such as analog-to-digital 
(A/D) and digital-to analog converters, and signal 
conditioning equipment. The simulation can be 
controlled by user-defined external inputs, e.g., closing 
and opening of switches to connect the components in 
the modeled system. HIL simulation can be of two 
kinds: controller HIL (C-HIL) simulation or signal HIL 
and power HIL (P-HIL) simulation. In C-HIL 
simulation, the power system, including the power 
electronic converters, is represented by a real-time 
model, while the digital controller is the device under 
test connected in closed loop with that model. This 
method is also known as rapid controller prototyping. 
There is no real power transfer in this method. The 
controller takes the sampled voltages and currents from 
the simulator and provides control inputs in the form of 
switching signals. In contrast, in P-HIL simulation, a 
part of the power system is external to the simulator, 
thus requiring a transfer of real power to the external 
hardware [8]. 
An embedded system (ES) is any electronic device that 
incorporates a computer in its implementation. The user 
of an embedded device is often not even aware that a 
computer is present in the device. The computer is used 
primarily to provide flexibility and to simplify the 
system design. Unlike a PC, program code is usually 
stored in ROM and not a hard disk drive. Typically, the 
end user does not develop new software for the 
embedded device. With advances in very-large-scale 
integration (VLSI) technology, ES have become so 
inexpensive that they are found in most of today’s 
electronic devices [9].  
Simple block diagram of ES connected to a hardware-
in-the-loop simulator (HILS)  is shown in Fig. 1. 

 
Fig. 1. HIL structure, O – output signal, I – input signal 

 
A powerful tool often used in this situation is HILS. 
HILS is a device that fools embedded system into 
thinking that it is operating with real-world inputs and 
outputs, in real-time. Fig. 1 shows a simple block 
diagram of an embedded system being tested using a 
HILS. Fig. 2 shows the components of a simple HILS. 
 

 
 

Fig. 2. Structure of HIL simulator  
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It could be assumed that the simulator simply measures 
the signals, e.g. analog, that the computer sends to the 
actuator.  
 

4. Simulink model of hardware in the loop  
controlling 4 kW electric drive system 

 
The hardware in the loop control model of 4 kW 
electric drive system with speed feedback signal is 
elaborated. Required speed value is maintained by PI 
and PID controllers. 
Controlled system includes speed and torque reference 
signals, both those can be changed. The model of 
proposed system system is shown in Fig. 3. 
 

.ref





T

 
 

Fig. 3. Block diagram of experimental stand of frequency 
controlled drive  

 
The reference signal is set down in the Matlab/ 
Simulink model which structure is shown in Fig. 4.  
 

 
 

Fig. 4. Simulink model of used HIL simulator  
 
Analog reference signal can be changed from 0 to 10 V. 
10 V corresponds to nominal drive speed which is 2890 
rpm. Analog reference signal is sent to frequency 
converter where 10 V corresponds to 50 Hz. In order 
the Simulink and frequency converter could 
communicate the digital signal processing (DSP) NI 
(National instruments) 6024E card is used. Also this 
analog to digital conversion card needs to read the 
feedback signal. DSP NI 6024E card has 15 analog 
inputs and 2 analog outputs. The power of used 
frequency converter is 7.5 kW. Torque is measured 
using Lorens Messsetecknik GMBH DR-2212-R type 
contactless rotary torque sensor. To load the AC motor 
is used 6x1 kW lamps. All measurements are recorded 
using Tektronix TDS 2024B oscilloscope. 
 

5. Experimental results and tables 
 

Experimental results of 4 kW induction motor in HIL 
controlled system are presented and discussed. 
Fig. 5 shows speed and torque transients when speed 
reference 4 V or 1156 rpm and load is 0.4 mV or 13.2 
N·m. The PID regulator was used.  
 

 
 

Fig. 5. Speed and torque transients (CH1 – torque, CH2 – 
speed reference signal, CH3 – speed feedback signal) 

 
Fig. 6 shows motor  speed and torque transients in HIL 
controlled system when motor works at steady-state and 
is loaded/unloaded. Here speed reference is 5 V and 
torque is 10.5 N·m.  The PID regulator was used. It is 
clear, that torque oscillates less after the motor is 
loaded. 
 

 
 

Fig. 6. Speed and torque transients (CH1 – torque, CH2 – 
speed reference signal, CH3 – speed feedback signal) 

 
Fig. 7 shows speed and torque transients when PI 
regulator is used. Reference voltage is 5 V. It is seen, 
that after the motor is loaded the speed drops down, but 
it took less than 5 s for the converter to return it to 
reference speed.  

 

 
 

Fig. 7. Speed and torque transients (CH1 – torque, CH2 – 
speed reference signal, CH3 – speed feedback signal) 
 
From figures  Fig. 6 and Fig. 7 it is seen, that speed and 
torque oscillations are greater when PID regulator is 
used. 
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Fig. 8 shows speed and torque transients when speed 
reference is 8.6 V or it corresponds to 2500 rpm and 
load is 0.73 mV or 6.1  N·m. The PID regulator was 
used. The torque transient has greater oscillations 
comparing with those in Fig. 5 which occur because of 
the analog feedback signal. Speed transient time is 20 s.  

 

 
 

Fig. 8. Speed and torque transients (CH1 – torque, CH2 – 
speed reference signal, CH3 – speed feedback signal) 

 
Fig. 9 shows speed and torque transients when speed 
reference is 8.6 V or it corresponds to 2500 rpm and 
load is 0.73 mV or 6.1 N·m. The PID regulator was 
used. Comparing with Fig. 8 speed transient is about 10 
s faster because of PID tuning. 

 

 
 

Fig. 9. Speed and torque transients (CH1 – torque, CH2 – 
speed reference signal, CH3 – speed feedback signal) 

 
Fig. 10 shows speed and torque transients when PI 
regulator is used. Reference voltage is 2500 rpm. It is 
seen that there is no speed overshoot comparing with 
Fig. 9, torque oscillates more too. 
 

 
 

Fig. 10. Speed and torque transients (CH1 – torque, CH2 – 
speed reference signal, CH3 – speed feedback signal) 

6. Conclusions 
 
Experimental investigation into the closed loop scalar 
speed control of 4 kW induction motor drive, with 
hardware in the loop control technology is presented. 
The speed of motor reaches steady-state value equal to 
reference. 
Speed transient with PI and PID controller takes longer 
to reach steady-state value when integral coefficient is 
small, but at greater values the speed has overshoot. 
After the motor is loaded the speed drops down, but it 
took less than 5 s to adjust it to reference. 
Torque oscillations are greater about 3% while motor is 
unloaded, after loading they become smaller because of 
coupling clearance and analog signal.  
The speed of motor in HIL controlled system after 
loading returns to reference signal or returns with small 
1-3% error.  
At motor speed 2500 rpm the torque transient after 
loading has smaller oscillations with PID regulator. 
With greater load value the smaller oscillations are 
obtained. 
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Abstract: Companies which provide service to 
mechanical devices always has to store defined amount 
of spare parts in warehouse. To determine the necessary 
amount of spare parts is subject to various strategies. 
Most of them are based on the fait accompli and usually 
decision is to order as many parts as was consumed last 
month. The other strategy is based on statistical or 
historical data and the main idea is to try to predict what 
a demand will be in the coming months and based on 
prediction decide how many parts to purchase. Spare 
parts storage costs depends on certain factors such as 
money interest rates, discounts on purchase volume, 
transportation costs, and others. If the need of spare 
parts is known, it is possible to minimize the cost of 
choosing the optimal quantity and to buy parts for a 
certain future time period. The warehouse management 
algorithm is presented in this article and effectiveness of 
the algorithm is evaluated. 

 
Keywords: spare parts warehouse costs, cost 
optimization. 

 
1. Introduction 

 
Spare parts warehouse cost reduction in recent years 
becomes increasingly topical subject in various service 
performing companies. Studies have shown that 70% of 
the product value obtained by the end user is the 
logistics costs, i.e. reservations, transportation, storage, 
packaging, delivery, etc [1]. Warehouse importance in 
the company`s work and the quality of service has two 
sides. First of all a certain level of stock is required 
because there is a commitment to make the service work 
under the contract with customers. Contracts are usually 
written with the conditions within time equipment 
malfunctions need to be disposed. Because the 
malfunctions are a stochastic process, warehouse stocks 
need to allow fulfill unexpected spikes in demands for 
spare parts and supply imbalance. This is a good side, 
because it increases the supply of service quality. The 
second side is that for accumulation of spare parts the 
significant financial investment is frozen. Usually, 
people who are responsible for the quality of service, 
keeps spare parts levels slightly higher, as it allows to 

respond to any demand spikes and increases customer 
satisfaction level. In contrast, for the financial 
management responsible people try to spend less money 
on spare parts and to keep them in lower level. Studies 
have found that last year in spare parts supply and 
logistics difficulty is increasing, so logistics decision- 
making is more and more subjected to the latest 
information technology. The professionals of supply 
consider that realization of purchasing and supply chain 
is the most important for increase the company`s 
profitability, competitiveness and sometimes for 
survival [2, 3]. 
Storage cost is not only a storage space rental or service 
staff wages, but most of spare parts cost, which may 
vary depending on transportation costs, annual interest 
rate of money, quantity of ordered parts, insurance of 
transported volume, discounts for quantity, and so on. If 
quantity of spare parts is too low at higher parts demand 
jumps there should be assessed potential losses incurred 
by the failure to provide timely maintenance services. It 
is also necessary to consider the fact that Western 
Europe countries pays taxes depending on amount of 
spare parts in accounting day. So companies are not 
interested to have them too much. If kept spare parts 
level is too high it is a signal about the inability to 
predict future demand for parts or equipment 
breakdowns, inability to determine their optimal 
quantity and delivery time. 
The market offers many software systems that are 
designed to realize the business processes. Such systems 
are called BMS business management systems. The 
largest Lithuanian BMS manufactures are joint stock 
companies: “Rivilė“, “Prototechnika“, “Intertrust“, 
“Labbis“, “Proringas“, “Edrana“ and others. Some of 
them have integrated software modules for warehouse 
management. Warehouse Management modules are for 
the total spare parts movement control, tracking and 
identification. Modules allow making a hierarchical 
storage structures and defining which goods are stored 
in a particular place and doing all of the major storage 
management operations. Thus, declared aim of reducing 
storage management costs, but most of all the attention 
focused on ease and speed of ordering. BMS 
manufactures claim that orders collection and gathering 
is the most resource consumption process therefore the 
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most solutions are exclusively to optimize the assembly 
area and the whole assembly process.  
Other warehouse management systems seek to optimize 
missing parts ordering process. It is argued that if the 
company has hundreds of thousands of products it 
wastes a lot of time observing certain types of parts 
content, and most of the time when filling orders for 
suppliers. Such systems have prescribed for each item 
the minimum volume and if it is reached then ordering 
of parts is activated. It highlights the main advantage of 
automated order formation. It should be noted that it 
only takes into account the fact what is actually amount 
of the remaining parts, without any reference to forecast 
of demand on parts in the near future. For demand 
forecasting the most commonly are used moving 
average methods, which are not effective in the market 
with large and seasonal variations. 
This article analyzes the problem of reducing the cost of 
goods before entering the warehouse. The main 
difference between the products offered in the market is 
such that the system is taking in account the forecast of 
spare parts demand, factors affecting the costs and 
selects the optimum quantity of parts ordered for a 
particular month. 
The first section provides an introduction. The second 
presents the main factors that influence cost of parts 
ordered and constrains of real market. The third 
describes the systems tested prototypes, the solution 
search algorithms and the objective function. In fourth 
the simulation results, conclusions and 
recommendations for practical application are 
presented. 

 
2. Warehouse management algorithms and factors 

influencing the cost of spare parts ordered 
 

When buying or ordering goods, takes into account the 
main factors affecting the cost of goods. The most 
important factor is the strategy or algorithm of the 
warehouse management. This article will explore two 
ways of managing storage: 

 Classic – a onetime purchase of spare parts in 
order to maintain a certain amount of spare 
parts and allow satisfying their demand for a 
certain period of time.  

 Optimal – when purchased a certain amount of 
spare parts for the period can be bought at one 
time or distributed for some purchases, if it 
leads to lower costs. 

Demand is constantly changing during time period and 
on both ways of management shall be based on demand 
forecast. Period for which spare parts are purchased 
every time is individual. The study will be carried out to 
investigate the impact of the period to storage costs. 
The classical method ensure that every demand spike 
predicted and unexpected will surely be satisfied. If you 
run out of spare parts, then there will came a large 
penalty. In order to avoid this is usually supported high 
amount of spare parts, but this is not always rational 
solution. Often, this will maintain very large quantity, 
far bigger than needed, and this is freezing the financial 
resources. 

When one or more of the employee are working with 
spare parts which amount can be 10 thousands or 20 
thousands, various prices and details dimensions they 
simply are not able to take into account other factors 
such as change of interest rate, discount for purchasing 
some quantity, transportation prices, discounts for 
transportation price depending of quantity transporting 
and others.  
Optimal management aims to optimize warehouse 
management taking into account the factors affecting 
cost of parts ordered. The main factors influencing the 
cost are:  

 What is the minimum amount of parts must be 
in warehouse? (must be a safe amount of stock, 
in any case would be satisfied the need of spare 
parts) 

 How often to purchase? 
 What time parts can be delayed? 
 What penalty is for service works delay? 
 What is the price of transporting/delivery 

goods? 
 What discount of price for spare parts 

transportation/delivery depending on quantity 
transporting? 

 What discount of the price of spare parts 
depending on quantity ordered? 

 What is the money interest rate? 
Optimal management considers not only the influencing 
factors of goods ordered, but also natural market 
limitations, such as does warehouse has more details 
than the maximum order quantity. Warehouse has its 
limits and cost is increasing if it needs to look for 
additional space to store goods. Or stock remains below 
the acceptable minimum levels. Predictions always have 
some inaccuracy, so it must provide a minimum amount 
of parts in warehouse. Delaying service works causes 
getting penalties from customers as well as quick 
delivery greatly affects the cost of goods ordered. 

 
3. Search algorithm and objective function 

 
As mentioned earlier the evaluation of storage costs 
optimization effectiveness will be done by comparing 
two management systems. The limitations and 
conditions for both systems will be the same. 
Parameters assessing the cost of goods ordered are used:  

 The price of goods, 
 The initial quantity of goods, 
 Component failure prediction,  
 The minimum amount of parts ordered,  
 Transportation cost,  
 The interest rate,  
 Discount for transportation, 
 The maximum number of parts ordered. 

The parameters values affect the performance of tested 
algorithms and it is very important to establish them as 
in real market. In our case the parameters were defined 
after the consultation with experts working in 
warehouse management. 
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3.1. The classical management algorithm analysis 
 

Objective function for evaluating the storage cost has 
the following expression: 

 
 . (1) 

 
Below is the classical management algorithm detailed 
assessment of the cost analysis. The classical model is 
based on buying the goods as much as will need for the 
time period. Simplifying the calculations we assume 
that parts of the unit price and the initial cost of 
transporting is the same for all spare parts. 
Discount for purchases of spare parts is calculated from 
the expression: 

 

 · · · . (2) 

 
Quantity- amount of spare parts, depending on the time 
period for which the goods are purchased. Price- the 
unit price. XDiscount- purchase discount. It is affected 
by the quantities of purchasing units, discount rate and 
the maximum quantity of parts covered by the discount. 
XN- discount for maximum amount of spare parts. 
When purchase is less accordingly discount is less. UB- 
maximum possible quantity of items purchased.  
Calculation warehouse price of “frozen” money: 

 

· · . (3) 

 
Pprice- money price of spare parts in warehouse. P- 
interest rate. Dquantity- amount of parts in warehouse 
on particular month. 
Calculation of transport costs: 

 
 · , (4) 

 

 · · . (5) 

 
Tprice- delivery/transportation costs. TXprice- 
delivery/transportation costs and insurance cost for one 
unit. TDiscount- discount delivery/transportation 
depending on the quantity. TN- discount for 
delivery/transportation. When delivered/transported less 
accordingly discount is less. UT- maximum quantities 
of items delivered/transported. 
If the maximum quantity of goods is exceeded or 
amount was less than the limit, the cost of parts 
significantly increase, because too large amount of spare 
parts requires additional storage service. For the sake of 
simplifying the calculation it was assumed that the parts 
cost double price when number exceed the maximum 
possible amount of parts in warehouse. Similarly 
assumption was made for a parts when amount is less 
than the minimum limit. 

 
 

3.2. Warehouse optimal management algorithm 
analysis 

 
Warehouse storage costs optimal management 
algorithm uses the same objective function as a classical 
management algorithm. Practical realization of the 
algorithm is formed as shown in the structural scheme 
fig. below 
 

 
Fig. 1. Optimization algorithm structural scheme 

 
Warehouse optimization algorithm has a detailed 
forecast of spare parts demand and selects the optimal 
amount purchase for the particular month. Suppose that 
the time period is one month. The classical model also 
buys parts for one month. These two algorithms behave 
almost the same. Optimization algorithm will only be 
able to vary the quantity of spare parts. But if chosen 2, 
3 or more months time period, algorithm can buy parts 
every month. Adopted by the condition that the classical 
model will purchase and transport parts for all three 
months time period and will store them in warehouse. 
The warehouse optimization model having a detailed 
forecast of demand selects the number of parts to buy 
for particular month and money would not be “frozen“. 
It makes it depending on interest rate, transportation 
cost and avoiding a penalty. Also, optimal management 
algorithm exchange information with transportation and 
parts pricing functions which evaluates price and 
shipping discounts on volume purchasing. 
Optimization algorithm outputs are: 

 Storage costs, which are obtained with the 
selected parts purchase quantities (KritADopt); 

 Amount of spare parts to purchase in a 
particular month. 

For optimal solution search stochastic simulated 
annealing algorithm will be used. Studies have shown 
that simulated annealing algorithm is one of the best in 
finding the solution of multidimensional space [4, 5]. It 
allowed a relatively quick realization of search 
procedure for defining optimal amount of purchase of 
several different spare parts for several months. 
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4. Simulation results 
 

To evaluate optimal control efficiency compared to 
classical control algorithm the simulation under varying 
transportation price and interest rate were made. 
Simulation was made for different time interval, i.e. 
purchase for 2, 3 and 4 month interval. For testing we 
set potential components (parts) demand forecast graph 
below. It shoes three components demand per 120 
months.  

 
Fig. 2. Possible component deterioration graph 

 
Simulation conditions, restrictions and the process: 

1. At first we set a 3 month time period. The 
optimal amount of detail can be ordered for the 
first or second or third month, or a small 
amount for each months. The classical model 
will order parts once per 3 months for a 3 
month period. 

2. Shipping cost depends on the quantity ordered. 
If order is for the maximum amount possible 
the maximum 10% discount will be received. It 
decreases in proportion to the decreasing order 
quantity. The larger quantity order, the greater 
the discount available. One component 
transportation price selected for testing is 0.1 
Lt. from 1st to 39th month and from 88th to 120th 
month, 1 Lt. price is selected from 39th to 88th 
moth. This option allows us to see clearly 
situation change in the market and to see the 
act of both models. 

3. Price of the component depends on the 
quantity ordered. Let assume that supplier offer 
a 20% discount if ordered the maximum 
quantity. Selected single part cost is 10 Lt. The 
larger quantity ordered greater discount is 
available. When spare parts ordered quantity 
and price is known the total price of money 
could be counted. Interest rate during this test 
shall be 10% from the 1st to 39th month and 
from 88th to 120th month, 1% interest rate will 
be from 39th to 88th month. Transportation and 
the interest rate changes are shown in Fig. 3. 

4. Algorithms gets a penalty if they order more 
than maximum storage quantity of parts in 
warehouse and if at the end of time period 
there is less parts than the allowable minimum 
quantity. The maximum level for order is 400 

for all 3 components (may be given an 
individual number). Minimum is chose 10, 8 
and 5 units for different components. 

5. For comparison of warehouse management 
algorithms savings percentage rate were 
calculated by equation presented below: 
 

 ∑ · 100. (6) 

 
m- number of months. 
 

It shows how much savings are using optimal 
warehouse management algorithm for entire period. 

 
Fig. 3. Variation of transportation cost and interest rate 
during 40 ordering intervals (120 months period if 
ordering interval is 3 months) 

 
For the testing is taken 120 months period.  Generated 
demand data of three components which varies in time 
shown in “Fig. 2“. The figure below is the warehouse 
optimization procedure fragment stopped in random 
iteration. 
 

 
 

Fig. 4. Simulated annealing algorithm search procedure 
fragment 

 
“Fig. 4” The upper left and right parts are the best 
parameter combination and the best objective function 
value graph. There is an optimal purchase amount 
search for three components and three month period. If 
the selected period is 4 month there will be 12 search 
parameters. The lower part is the current combination of 
search variables, values and the current objective 
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function value graph. It can be seen that the objective 
function value is decreasing consistently when finding 
more optimal monthly purchase quantities of spare 
parts. 
The figure below present’s storage costs criterions of 
the classical and optimal algorithms. 
 

 
Fig. 5. Storage cost criteria comparison test (time of 
period 3 months).  13.3 % 

 
Cost variations clearly notice how transport price and 
interest rate changes. Cost jump indicate moment where 
an interest rate decreased and transport price increased. 
Thant indicates that transportation of spare parts ordered 
is very expensive and the money interest rate is in low 
level, so it is better to bring a large amount of goods in 
one time and store it. In this case, optimal management 
algorithm begin to behave similar to the classic 
management algorithm which is ordering all amount of 
spare parts at once for a defined period. Otherwise, the 
beginning of the graph (from 1st to 39th month) and after 
jump (from 88th to 120th month) interest rate is high and 
transportation cost is low. 
 

 
Fig. 6. Storage cost criteria comparison test (time of 
period 2 months).  8.7 % 
 
This suggests that spare parts which you need for a 
certain month, you might order at certain month. 
Warehouse optimization algorithm reveals the 
advantage when an opportunity to choose when and 
how much to order occurs. In the case when the 

transportation cost is low and the interest rate is high the 
benefit becomes obvious.  
As it seen from Figure 6, optimal management 
algorithm does not produce much better results in time 
period of 2 months. It is because possibility of variation 
with ordering quantities is not great. Achieved cost 
reductions is 8.7%. 
 

 
Fig. 7. Storage cost criteria comparison test (time of 
period 4 months). 21.2 % 
 
When time period is 4 months saving is 21.2%. This 
proves that a longer period increase possibility to vary 
ordering quantities depending on market constrains and 
the greater cost saving effect is obtained. 

 
5. Conclusions 

 
Simulation tests proved that warehouse optimal 
management algorithm gives better results than classical 
management algorithm. But it depends on many 
influencing factors. The advantage of optimal 
management increase with increasing of time period for 
which spare parts are supplied. As it was mentioned it is 
because then more possibilities are to vary the amount 
ant time when to bring spare parts and how long to store 
them. The most part of the ordered goods price 
constitutes transportation cost and money price (interest 
rate) to buy them. Thus, the optimization algorithm if 
the money price is high (interest rate is high) and 
transportation is cheap, order smaller amount of parts 
and do not let money to “froze up” in warehouse. The 
classic control algorithm does not take account into such 
factors as transportation costs and the cost of money, 
this management principle is to bring the amount of 
spare parts that would be enough for a certain period of 
time and it leads to freezing the money in warehouse. 
It is necessary to consider that we are planning to buy 
parts as much as it will be forecasted. It could be that 
the demand will be higher than expected. Therefore an 
additional “safe level” amount of parts are held in 
warehouse as a safe reserve. In the real market the 
reserve should be a dynamic variable. It could be one 
standard deviation of spare parts demand. Practical 
application of optimal control algorithm requires further 
detailed investigation, but initial results are promising. 

 
 

0 20 40 60 80 100 120
10

20

30

40

50

60

70

80

Months

C
os

ts

 

 

Classical Management

Optimal management

0 20 40 60 80 100 120
10

20

30

40

50

60

70

80

Months

C
os

ts

 

 

Classical Management

Optimal management

0 20 40 60 80 100 120
10

20

30

40

50

60

70

80

Months

C
os

ts

 

 

Classical Management

Optimal management

125



 

6. References 
 

1. Kavaliauskienė V., Survilaitė-Bagdonavičiūtė N., 
Trends in logistics: innovations in logistics industry. 
Engineering economics, ISSN 1392-2785. 2004, nr. 
5(40), Kaunas, 2004, p. 97-102. 

2. Garalis A., Holistinė – sisteminė ir kompromisinė 
logistika: ištakos ir perspektyvos. Organizacijų 
vadyba: sisteminiai tyrimai, 1998, Nr. 6, VDU, p. 
69-78. 

3. Magee J. Modern Logistics Management. New 
York, 2006. 430 p. 

4. Misevičius A., Putrius Š., Eksperimentai su 
atkaitinimo modeliavimo algoritmu sprendžiant 
komivojažieriaus uždavinį. International Conference 
on Information and Software Technologies, IT 2008, 
ISSN 2029-0039., Kaunas, 2008. p. 17-23. 

5. Palubeckis G., Rubliauskas D., Targamadzė A., 
Metaheuristic approaches for the quadratic minimum 
spanning tree problem, Information technology and 
control, nr.4,  ISSN 1392-124X., Kaunas, 2010. p. 
257-268. 

126



 

The 7th International Conference on 
Electrical and Control Technologies 
May 3-4, 2012, Kaunas, Lithuania 

 

 MOBILE ROBOT PREDICTION OF POTENTIAL CONFLICTS 
 
 

Stanislovas BARTKEVIČIUS, Kastytis ŠARKAUSKAS, Žydrūnas JAKAS 
Department of Electrical Engineering, Kaunas University of Technology, Lithuania 

 
 

 
Abstract: In a known environment, the robot moves to 
one potential conflict with the static obstacles and may 
prevent them once described on his movement path, but 
the dynamic obstacles constantly changing and requires 
constant synchronization with supervision system. For 
prediction of robots conflicts with dynamic obstacles 
(other robots), we use simulation with program 
Centaurus CPN. For conflict prediction accuracy of the 
simulated robot on they is placed protective sheath 
called the “cocoon”.  
 
Keywords: robots “cocoon”, robots conflicts, conflicts 
prediction.  
 

1. Introduction 
 
Mobile robots servicing the manufacturing process, all 
the time required to communicate with supervision 
system and exchange information with it [1]. 
Supervision system calculates motion trajectories of 
mobile robots to carry out the required work tasks and 
provide information to each robot separately [2, 3]. In a 
known environment, the robot moves to one potential 
conflict with the static obstacles (columns, walls, 
partitions), i.e. the objects do not change their 
coordinates. These conflicts most effectively addressed 
through a vector tags [4] and determining the shortest 
possible movement of the robot trajectories of the 
evaluation dimensions. 
In the same setting in motion a number of mobile 
robots, there is the potential of dynamic obstacles, and 
the mobile robot more and more frequent size of the 
collision risk. In order to avoid collisions must be made 
in pursuance of the rules in advance and choose 
appropriate solutions. You can steer around an obstacle 
appears, or skip, pause or stop by the adopted rules. Son 
for a possible collision of several robots at the same 
time requires more complex rules. Collision probability 
has to be predictable, what can be achieved most 
effectively by modeling the movement trajectories. This 
is especially effective for CentaurusCPN database 
developed robotic navigation tool performs all 
calculations of virtual time dealing with conflict 
situations and able to carry out possible collisions 
(conflicts) forecast. 

Each mobile robot moving path to decide their own self-
contained tasks: continuously scans the environment to 
avoid unexpected or potential conflicts arise, to move 
the trajectory of the best and all this information, via the 
return communications, to supervisor. 
If there is more than one robot, the problem – how to 
organize robot navigation, in order to avoid collisions, 
and their will to the extent of the manufacturing process 
will require the system to ensure trouble-free production 
process. Such systems are necessary for the successful 
functioning predict possible collisions and to organize 
the management to avoid them. Robots in conflict 
situations can be avoided by using the rules [4] or by 
other means [5], but there are others out of problems – 
how do you predict in advance the possible collision? 
These solutions can facilitate supervision system that 
can perform virtual-time simulation and make decisions 
in advance to prevent possible conflicts, the use of. 
 

2. Colliding robot case analysis 
 
Mobile robot navigation system based on the idea that 
the supervisor using vector tree and responding to 
conflict situations in the model provides the necessary 
movement runs the entire spectrum of mobile robots [1, 
4]. 
Assume that the robot is moving at this same speeds, 
and each of them “fit” circle with a radius R. Moving 
robots can be confrontational situation is shown in 
Fig.1. 
 

 
 
Fig. 1. Robot A and robot B moves along directed their tracks 
intersect at C 
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Is the robots have conflicts or not depends on how far 
each of them away from point C. We will try to 
determine the distances between a to b, differences in 
the threshold when the robot is facing. From Fig. 1. we 
can write the following two equations 
 

cos2222 RbbRz     (1) 
 

cos2222 RaaRz  .   (2) 
 
From equation (1) with (2) we get 
 

 cos2cos2 22 RbbRaa  .  (3) 
 
Fig. 1 shows that 
 

cos2*2)2( 222 RbbRa  .  (4) 
 
From the third equation is expressed a2 value and 
inserting into (4), we have 
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 and, in conversion, we obtain that 
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We have one more equation, which is an estimated 
robot motion direction. 
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By inserting a value from equation (5) into equation (6), 
and after a number of trigonometric transformations we 
get quadratic equation 
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Robot in contact case the equation (7) can only have a 
confirmatory root, i.e. equation of the discriminant D 
must be  
 

042  knmD .   (11) 
 
Of the triangle ABC (Fig. 1) interconnectivity between 
the angles we have 
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After inserting into (11) equation (8), (9), (10) and (11) 
expressions and making appropriate transformations, we 
obtain that 
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We obtain the solution of the equation has two equal 
roots when robots contact the 
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From here we can see that the distances a and b depend 
on the robot’s radius R, the difference between the 
angles of movement tracks (and robotic collision 
angle kampų and  Here we find, as these 
parameters depend on the distance to a hypothetical 
robot movement point of intersection of routes. 
Summative these distances is the differences distances a 
and b. 
 

baL  .    (15) 
 
Fig.2. and Fig.3. shows the evolution L  of robot 
trajectories depending on collision angle, when the rays 
of the two robots, R=1. 
In these dependence we can distinguish several 
characteristic points. When one of the robot intersection 
angle is 00 ar 1800, which means that encounters an 
obstacle to their levels under the direction of movement 
of the route, distances and the difference depends on the 
robot’s diameter and is equal to it i.e. equal to 2R. 




 

Fig. 2. Distance difference L dependence on the angle 
between the movement of the runs. The variations limits 100-
1100, evaluating all possible contact situations 
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Fig. 3. Distance difference L dependence on the angle 
between the movement of the runs. The variations limits 1900-
2900, evaluating all possible contact situations 
 
We are interested to any angle, what is the maximum 
distance difference. From Fig.2 and Fig.3 we can see 
that there are many situations where the difference is 
zero, this indicates that the two robots, the distance to 
the center are the same, that is, robots are the equivalent 
positions and a need to give priority to any other 
solution conditions, all other appropriate priority to the 
robot, the distance to the center is lower. What kinds of 
limits and how you can vary the distances shown in 
Fig.4 difference. 
 

 
 

Fig. 4. The maximum distance difference dependence of the 
slope angle of movement of the robot’s radius R = 1 
 
In this way, if prior to the robots, can detect the 
distances to the center of the intersecting routes, it could 
be argued that in the known angle between the tracks, 
where the distance to the intersection point of difference 
is greater than the curve Fig.4. robots pass each other, 
but otherwise it will face. It remains only to solve the 

issue, and how that can be carried out, this is a way to 
predict whether the robot tracks cross. 
We assume that a real robot have a shell, such that the 
two robots in contact coatings, there can be decided by 
the avoidance of conflicts. Sheath called the “cocoon”, 
which is biger than the same robot. 
Fig. 5. easily explained by the proposed method using 
the “cocoons” forecast possible collisions. Robot A and 
robot B (dark background circles of radius R) moving 
tracks that intersect at point C and the angle between 
them (Both robots have “cocoons” which is four 
times higher than the robot (the radius 4R). In the face 
of “cocoon” A robot’s “cocoon” contact angle  and the 
distance to the collision point a. B robot “cocoon” 
contact angle  and the distance to the collision point on 
b. 
 

 
 
Fig. 5. Robot which tracks intersect a situation where robots 
come in contact “cocoons”. Robot radius R, and “cocoon” size 
4R 
 
In the example shown in the face of “cocoon” real 
robots not interfere, it shows the robot moving at fixed 
positions 1-2-3-4. The collision will not be as  
 

maxLab kokonokokono    (16) 
 
where maxL - maximum b-a value of life-size robot. 
 

 
 
Fig. 6. Situation where the real robot with radius R=1 
Lmax1=2.828, when the angle between the movement tracks 
(=900, and L4 is a-b variation at robotic “cocoon” four 
times larger than the robot 
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Fig. 6. shows the situation where the lines are tracks = 
00 and  = 900. We see that there “cocoons” two zones, 
with the distance difference between the hypothetical 
route to the intersection of the center is less than or 
equal to the distance which the robot’s probable impact. 
 
Table 1.  
 

 Robot 1 Robot 2 
Angle X Y X Y 
30,5 -6,88 0.0 0.0 -4,07 
45,0 -5,65 0.0 0.0 -5,66 
59,5 -4,408 0.0 0.0 -6,9 

210,5 6,88 0.0 0.0 4,07 
225,0 5,65 0.0 0.0 5,66 
239,5 4,048 0.0 0.0 6,9 

 

 
 

Fig. 7. Zones of the image (=900 and Lmax1=2.828, and 
cocoon radius changes from R = 2 to R = 8. Larger diameter 
cocoons zone is narrower 
 

3. Terms of robots to avoid collision 
 
All conditions can be easily determined relying on 
Fig.6. and a data table 1. As the angle  is the first robot 
in our case, the first “cocoon” collision angle and the 
distance to the center of trails is a point of intersection, 
so a table 1 data and allows the passing of all 
conditions. Understand the principle of a robot tracks 
such that each robot moves along the axis of abscissa, 
and the other along the ordinate axis, so no longer need 
to carry out any calculations determining the distance to 
the intersection. Robots are equal rights if the distances 
are equal, this is a very good view of tabale 1, when the 

angle  = 450, and the angle  = 450, since the angle   
    900  If the angle  <450 is the first robot’s 
distance to intersection of the center is larger, and a 
second lower, suggesting that the second robot is closer 
to the center, so he needs to give priority to, paused or 
completely stopping the appropriate time in the first 
robot, and if > 450 is the first priority to acquire the 
robot must stop and the second.  
So the next solution procedure are: knowing the robot 
size and movement routes are determined as the 
maximum distance difference when the robot is facing. 
Selected size collision “cocoon”, detected the “cocoons” 
center distance by the intersection of routes found in the 
difference and if it is more nothing is done, because the 
robots at odds, and if less, according to angle size 
decided, as previously examined. 
 

4. Conclusions 
 
1. Proposed and tested mobile robot prediction of 
possible collisions coated robot "cocoons." 
2. Depending on the "cocoons" collision angles and 
distances to the hypothetical point of intersection of 
routes, compared to the corresponding real robot 
parameters decided by a single robot to stop somebody 
over the overtaking takes place successfully. 
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Abstract: Mobile robots, which maintain industrial 
processes, must communicate and exchange information 
with supervisory system. Supervisory system calculates 
traces of each mobile robot according to the tasks and 
sends it to each robot separately. Each robot must 
follow its path, because supervisory system has 
calculated its path according to clearance of the robot 
and its cargo and paths of other robots. Supervisory 
system solved possible conflict situations, such as path 
overlap and so on. Supervisory system, which solves all 
mentioned problems and maintains feedback in real 
time with mobile robots, is realized using color Petri 
nets, in software CentaurusCPN. But there is a problem 
how to determine the actual coordinates of the robot, 
the mobile robot with the task to be successfully 
executed. One way is to use the known coordinates of 
the center of gravity of the environment to determine 
the exact coordinates of mobile robot. 
 
Keywords: mobile robots, centre of gravity, navigation. 

 
1. Introduction 

 
One of most important parameter of mobile robot in 
manufacturing operations is its position in work area. 
Mobile robot moves along given path [1, 2] and 
prosecutes manufacturing task, solves its autonomous 
tasks: scans the environment in order to avoid suddenly 
emerged or possible conflicts; follows parameters of the 
path and, using feedback equipment, sends all 
information to supervisory system. Supervisor must 
periodically check robots position because of possible 
deviations. Origin of these deviations is from the 
environment (oil on the ground, extraneous things). 
These deviations call necessity of permanent control of 
position (localization) of a robot by supervisory or other 
control system. Various systems follow and correct 
robots coordinates [3], when it moves. Information 
about these coordinates is sent to the supervisory 
system, which performs control or correction functions.  
There are systems, which follows coordinates of mobile 
robot (autonomous GPS systems, radio or laser beacon, 

gyroscopes, compass and others). This paper describes 
method determination of coordinates of mobile robot 
without any additional equipment, just using profile of 
“seen” environment, got by scanning of the 
environment, and calculating its centre of gravity. 
Solution of the task may be assigned to the robot, or 
supervisory system. In order to solve localization 
problem robot and supervisor must interchange 
information about the profile. 
Let’s suppose, that robot is able to scan the 
environment, change the angle of the radar and 
determine the distance to the different objects in the 
shop-floor. When the environment is scanned 3600, the 
series of the points, corresponding prominent polygon 
vertex, are obtained. This polygon is named as the 
profile of the environment, if the space is two-
dimensional. This profile will be finite only then, if the 
environment is closed, i.e. there are no points, which 
seems to be infinitely far for radar, in the environment. 
There is no different from which of these points the 
scanning of the environment starts in order to determine 
the profile of environment and to calculate the centre of 
gravity. The position of the centre of gravity in respect 
of profile will always be the same. The purpose of the 
article – to determine possibility to find coordinates of 
the robot, using scanner information about the profile of 
the figure. 
 

2. Determination of the centre of gravity of known 
environment, defined with profile 

 
The profile of “visible” environment to the robot 
depends on the position of the robot. The only 
exception is the case, when the environment is restricted 
with only contour, which composes prominent polygon 
(Fig.1.). 
The coordinates (xC and yC) of centre of gravity of the 
plane figure, described with surface S, in common case 
can be found so [5]: 

 

 
S
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and 
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M  in these expressions is mass of polygon figure, 

),( yx  – density. Mass is calculating using expression: 
 


S

dydxyxM ;),(     (3) 

 
Fig. 1. The profile of “visible” environment changes, when 
the coordinates of mobile robot changes (points A and B), but 
the centre of gravity C of the figure ENKLM is in the same 
point, according to the profile 

 
Moving robot sees environment from the changeable 
position  RR yx , . If the coordinates (x‘, y‘) of the 
profile is deducting from the position of the robot 
(radar) (Fig. 1), then the coordinates of profile outline, 
in immobile system of axes (x, y): 

 
.',' RR yyyxxx       (4) 

 
In analyzed case 1 const  (density is imaginary). 
Then, the mass (area) and coordinates of centre of 
gravity of the polygon, which has n vertexes, can be 
determined using expressions: 
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Let’s suppose, that calculated point of the trace has its 
attribute, which is composed from the coordinates of the 
centre of gravity and their fluxions of x and y in respect 
of coordinates. It is possible to compare the coordinates 
of centre of gravity with the coordinates of centre of 
gravity, which was calculated before, when robot 
overpass to new calculated position scans environment 
and calculates coordinates of the centre of gravity from 

the scanning data. The differences between expected 
and actual coordinates of the centre of gravity 
characterize not only the accuracy of the new position, 
but also the direction (vector) of the path correction. It 
is obviously, when there are no obstacles – when robot 
moves and if the point of initial robot position will be 
treated as the start point of the system of axis, the 
contour of the environment border “moves” in respect 
of robot. The vector of the alteration of coordinates of 
centre of gravity has contrariwise, but is the same 
length, as real robots shift vector (Fig. 1, AB ). 
 

3. Determination of coordinates of mobile robot, 
according to the weight centre of environment, 

defined with profile 
 
System of mobile robot navigation uses idea, that 
supervisory system uses vector marks in order to 
determine paths for several mobile robots and solve 
emerged conflict situations [1, 4]. Robots perform given 
path tasks and solve local problems, using its scanning 
equipment. The feedback information must be sent back 
to the supervisory system, in order to avoid possible 
problems. Supervisory system can change parameters of 
the path, in order to avoid emerged dynamic obstacles 
or deviations from the given path and detect new path 
conditions. The reasons of deviations may be various. 
In order to avoid it, various expensive systems of robot 
tracking, having own problems of functionality, may be 
used. 
Mobile robots have various additional devices, which 
can be used for environment scanning. So, robot can 
gather information about environment, which is 
scanning and at the same time the environment profile 
can be compared to the profile, which is provided from 
the supervisory system. If the profiles match, the robot 
lays in the point where it should be according to the 
supervisory system. Problem emerges, when you need 
to compare information about profile. Experimental 
results showed that there are several restrictions in the 
determination of the coordinates of mobile robot 
according to the profile. One of the restrictions is 
requirement to have gyroscope, compass or other 
additional systems (eg. GPS). 
The idea, that determination of the coordinates of 
mobile robot can be related with centre of gravity of 
scanned known environment, requires theoretical 
substantiations and experimental verification. 
If mobile robot is in the same coordinates as 
supervisory system established and the scanning angles 
is same, the centres of gravity of the visible 
environment in both scanning cases is same. 
The different task is when the coordinates of robot and 
the supervisory system disagree (Fig. 1. points A and 
B). 
If robot, for casual phenomenon, deviated from the 
given path and its coordinates changed, the correction 
of the present robot trajectory must be done in order to 
prosecute task of manufacturing. But robot coordinates 
are unknown, because it will be determinate only after 
the comparison of both profiles and corresponding 
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calculations. As mentioned before, mobile robot does 
not use all its computer time, so it is possible to assign 
that task of present coordinates determination for it. 
During the process of determination of the centre of 
gravity, such results are known: supervisory system 
“knows” coordinates, in which mobile robot must be, so 
the coordinates of determined centre of gravity is 
known; robot determines centre of gravity in  its own 
system of coordinates. The coordinates of mobile robot 
must be determined from environment scanning 
information. The process of determination will be 
analyzed in further numerical experiments. 
The task of this paper is to assess the impact coordinates 
accuracy of profile configuration, and scanner settings 
describing problem solution accuracy and time. 
Consideration will be given three types of profiles, the 
method to confirm the functionality and accuracy you 
set parameters influencing the method of operation and 
transient characteristics. Supervisor and robot scanning, 
the center of gravity and robot's coordinate detection 
model of organized colored Petri nets software package 
CentaurusCPN looks as follows: 
Profile model of the graphical environment is organized 
in the SML language function, 
LdrView(Xrob: real, Yrob: real; StrtAngle: real; 
StepNmbr: int): DotList; 
The function returns the radar profile, i.e., series of 
points that characterize the lidar beam reflection from 
the obstacle locations. Lidar beam is rotated from 
StrtAngle angle of 360 degrees. The angle step is 
360/StepNmbr. Profile points coordinates - relative, 
concerned to point (Xrob, Yrob). The result of function 
is a profile of DotList color, i.e. list of two real 
numbers, which characterize coordinates of each point 
of the profile. The remaining part of model implements 
the supervisor, scanning system of the robot and 
detection of the robot place. 
Solution of the problem of finding of the coordinates of 
the robot in such manner, by calculation of position of 
the center of gravity of the profile obtained by scanning 
environment can be effective only the two following 
problems are solved. These problems are: sufficient 
accuracy of the representation of the environment by the 
profile and time necessary for the calculations. 
The first one can be solved by choosing an appropriate 
size of the angle step, during the process of 
environment scanning. The small step value causes to 
process a large amount of data and large one – 
represents environment very roughly. The angle step 
must be as small as possible, with respect to processing 
time as short as possible, so that distance on which 
robot moves, during profile processing, would be 
negligible. 
The second problem – estimation of influence of the 
form of profile on accuracy of determination of the 
gravity center of a profile. The supervisor and robot 
„see“ almost the same profile, when this one is a convex 
polygon (Fig. 3). The profiles can differ strongly on 
other case. Three environments (profiles) (Fig. 3) were 
selected as test objects. 
Another problem is necessary to determine the impact 
of the environment is scanned profile shape. What 

impact has the coordinate detection accuracy of the 
scanners, you do not deal with because the main goal is 
to demonstrate the method's functionality and reliability 
of the results obtained, with the possibility to use this 
method for real functioning systems. The survey is 
conducted under ideal conditions, pass through the 
robot's coordinate accuracy is determined by the 
absolute error equal to 1 mm, the sum of absolute errors 
on both coordinates of the survey conducted in the 
robot coordinate deviations of up to several tens of 
meters, in our case about 14 years. 
Research to select three shapes: square, round and 
square profile a room with facilities along the borders. 

 

       
 
Fig. 2. The profiles, scanned by robot (gray background) and 
supervisor, got in three different environments. In all cases the 
positions of the robot and supervisor do not changes 
 
It is estimated that the robot has an environment 
targeting equipment (gyroscope, compass, 
accelerometer and so on.), So the beginning of the scan 
angle coincides with the Supervisor's start scanning. 
The essence of the method in question, that the 
supervisor and the robot finds the center of gravity 
according to their location., The only difference is that 
the position of Supervisor's is known. Thus, 
Supervisor's set the relative coordinates of the center of 
gravity, they can easily be expressed in real coordinates. 
Since for a given profile is only one center of gravity, 
so the robot's center of gravity down the relative 
coordinates of the actual show, but as far away from the 
center of gravity is located in the robot. The method 
chosen to verify a high degree of accuracy that is total 
deviation not exceeding 1 mm, the deviation from the 
preset robot coordinates can be up to several tens of 
meters. 
The study aims to determine how much time may be 
necessary to determine the coordinates of the selected 
places and the robot. Thus, the coordinate process of 
determining the next: 

1. At the beginning, the coordinates of the robot 
are defined, by the scanning the environment 
and calculation of the centers of gravity both – 
by supervisor and robot.. 

2. The supervisor „moves“ into the point, defined 
by the coordinates calculated before,  scans the 
environment again and calculate new 
coordinates. 

3. This procedure is carried out until you reach 
the required accuracy of the coordinates. 

Investigations were carried out discreetly by changing 
the angle of the scanning step of 1 to 10 degrees. The 
center of gravity calculation is based on calculating the 
figures scanned area is only 7 degrees scanning angle, 
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gives a systematic error, because the 360 does not share 
in the residue from the this number. 
Investigations were carried out with a personal 
computer operating system, Windows 7 32-bit, CPU 
speed is 2.6 GHz, 4.0 GB of RAM, but there has been 
no action to restrict the work of other systemic 
processes, so the recording time can be considered as 
approximate. In the real robot is expected that time will 
be shorter, however, assessed that the robot will 
continuously scan the environment, as well as full-time 
wireless communications function to ensure the system 
supervisor, expect major results in faster processing 
does not make sense to expect. Since the main objective 
of the study is a method of verification of functionality, 
so no special regimes and measures restricting the 
functioning of other programs have not been taken. 
 

 

 
 
Fig. 3. The first graph shows the evolution of the robot 
coordinate accuracy, increasing the scanning step and the 
second will show how much wasted time trying to pass 
through to reach 1 mm accuracy 

 
The results of investigation clearly showed that the scan 
angle is very small steps, require a large amount of 
information processing, and evaluation of the robot's 
information will be required for the movement of the 
robot during the robot's coordinates will vary, so the 
time spent computing is directly proportional to the 
traveled path of the robot. And this information will be 
needed correction tracks the movement of the robot as 
well as possible to avoid conflicts, so there is no need to 
coordinate a very high accuracy, because the pending 
results of the robot coordinate their position will be 
changed. 
The following information (Table 1) for finding the 
coordinates obtained only through the determination of 
coordinates of the initial scan results. 
 

Table 1 
 

 Circle 
environment 

Square 
environment 

Complex 
environment 

Time 
[s] 

Error 
[m] 

Time 
[s] 

Error 
[m] 

Time 
[s] 

Error 
[m] 

1 21.8 0.0020 28.9 0.0010 22.6 0.0693 
2 6.7 0.0018 6.0 0.0048 8.2 0.1372 
3 3.1 0.0270 3.2 0.0158 3.2 0.2538 
4 1.9 0.0160 2.4 0.0170 2.5 0.9263 
5 1.6 0.0411 1.4 0.0268 1.4 0.5059 
6 1.2 0.0808 1.3 0.0393 1.3 0.8464 
7 1.0 0.1408 1.1 0.0628 1.0 1.1391 
8 0.8 0.0227 0.9 0.0522 0.8 0.5662 
9 0.6 0.2635 0.7 0.0722 0.7 0.0673 

10 0.5 0.1340 0.6 0.0932 0.7 0.8788 
 

4. Conclusions 
 
Method of evaluation of the mobile robot position 
according to centre of gravity of known environment is 
suggested and verified. Algorithm of coordinate’s 
evaluation according to the centre of gravity of known 
environment operates reliably if deviation from real 
coordinates is considerable and if there are several 
robots in the scanning environment.  
Verification of the coordinates should be performed in 
places, where the direction of the robot movement 
changes and it should be performed frequently. This 
procedure should be performed by control system of the 
robot; obtained result should be transmitted to 
supervisory system, which will make corrections of the 
mobile robot path. 
To detect the mobile robot coordinates is recommended 
of the maximum largest step the scanning, combining 
the accuracy of calculating  the coordinates of the 
mobile robot's with movement speed and look for more 
efficient methods of calculation, the purpose of 
shortening the calculation time. 
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Abstract: The aim of this paper is illustration of 
integration of Smart Grid technology into emergency 
automation and investigation of control process of such 
automation. The paper deals with analysis of one of the 
Smart Grid trends – application of smart interactive 
measuring units (Smart Meters).    
Applying simulation model, which was built using 
Matlab and Matlab Simulink software, authors compare 
existing emergency automation (Under Frequency Load 
Shedding) with proposed Smart Underfrequency Load 
Shedding emergency automation.  
The paper describes developed operational algorithms 
of smart underfrequency load shedding automation. 
 
Keywords: smart grid, optimization of emergency 
automation, underfrequency load shedding system, 
adaptive algorithms.  

 
1. Introduction 

 
Control theory means the control methods and 
principles of different systems, processes and objects 
using system analysis. In other words, for system 
control requires information about state of the system. 
The more information about the system is available, the 
more accurate and efficient operation will be 
committed. 
With the rapid development of information technology 
is possible to receive and process a big amount of 
information. 
Information's speed of receiving, transmission and 
processing is continuously growing. 
Thus, the various fields of science, which were forced 
to suspend due to the limited capabilities of information 
technology, began rapidly develop and improve. 
In power engineering, as in the other fields of 
engineering, important, if not a major place, took the 
information about state of the system. 
Accordingly with information technology development 
appears possibility to improve various areas of power 
engineering. 

Many types of emergency automation and control 
systems are used in the power systems. 
Paper deals with analysis of emergency automation 
known as underfrequency load shedding (UFLS). 
Existing automation has several drawbacks, such as the 
inaccuracy of load shedding. 
Furthermore, load shedding value is considered as the 
rated value. In practice this value is not a constant but 
variable one. 
Thus, implying rated value of the load shedding, which 
can be different from real one, improper frequency 
behavior takes place. The consequence of this 
imbalance overfrequency or frequency hovering 
situation can occur [1-5]. 
 

2. Description of smart meters’ application in 
emergency automation 

 
The simulation model of the power system has been 
constructed using Matlab Simulink software. 
Investigations presented in this paper are based on this 
model's application [6, 7]. 
Fig. 1 shows the simplified diagram of the power 
system. As can be seen from the Fig. 1, the power 
system consists of three power districts. 
Each power district generates and consumes a certain 
value of active power. 
Power districts are connected via transmission lines. 
Transmission lines have a concrete maximal admittance 
of transmitted active power. Each district is equipped 
with interactive measuring device (Smart Meter). 
Measuring device interactivity means information 
receiving about the active power consumption and full 
load control (load shedding and connection of load). 
In Fig. 1 measuring devices are connected to a central 
control unit "OPERATOR". In that way interactive 
information system between districts’ load and 
emergency automation is made [8-11]. 
Each power district is equipped with a power deficiency 
calculation block. Hence, emergency automation locally  
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Fig. 1. Simplified diagram of interconnected power districts 
 
determines the location and value of the deficiency. 
These blocks use the following equations [12, 13]: 
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where TJ – rotor's inertia constant;  ω -  rotor's angular 
speed; PG – electric power of generator; PLoad – electric 
power of the load; kstat – governor speed droop; kreg – 
load-damping constant; f – frequency. 
 
Information center "OPERATOR" receives the full 
information about the current condition of the active 
power consumption in each power district, about the 
location and value of arisen deficiency. 
 

3. Description of developed emergency automation 
 
Developed emergency automation combines actions of 
different blocks. Summing up, it can be described 
emergency automation’s algorithm:  
a) determination of deficiency value. These calculations 
are fulfilled in each power district;  
b) calculation of number of power districts necessary to 
compensate deficiency. Information block 
“OPERATOR” calculates this operation;  
c) calculation of the optimal variant for disconnection of 
load. The calculation is carried out in "OPERATOR"; 
d) calculated load shedding. 

Results of described emergency automation are shown 
in Fig. 2. The figure displays frequency behavior in 
power system at active power deficiency arising.  
Fig. 2 compares frequency behavior using existing 
emergency automation UFLS (Underfrequency Load 
Shedding) with frequency behavior when applied 
developed emergency automation SUFLS (Smart 
Underfrequency Load Shedding). 
Parameters of the power system are described in table 1.  
 
Table 1. Parameters of network 
 

Power 
district 

Generation 
[p. u.] 

Load 
[p. u.] 

Maximal 
admittance of 

transmission-line 
[p. u.] 

PD1 PD1 = 1.0 PLoad1 = 2.5 Pmax1-2 = 1.25 

PD2 PD2 = 1.5 PLoad2 = 1.0 Pmax2-3 = 0.60 

PD3 PD3 = 2.5 PLoad3 = 1.5 Pmax3-1 = 0.97 

 
As emergency situation power instant deficiency at the 
first power district was simulated. The assumed active 
power deficiency value is 0.8 (p. u.). 
Load of each power district is divided into two types. 
The first type - load that can not be disabled during 
emergency situation (actual not disconnected load). The 
second type - load that can be disabled during 
emergency situation (actual disconnected load).  
Parameters of the load types are described in table 2. 
 
Table 2. Parameters of power districts’ load 
 

Power 
district 

Constant load 
[p. u.] 

Operational load 
[p. u.] 

PD1 PNotDisconnected1 = 2.00 PDisconnected1 = 0.50 

PD2 PNotDisconnected2 = 0.85 PDisconnected2 = 0.15 

PD3 PNotDisconnected3 = 0.50 PDisconnected3 = 1.00 

 
Let us to describe automation’s algorithms in detail. 
Point b - calculation of number of power districts to 
compensate deficiency. 
When automation fixes existing deficiency, its value 
and location, the all data about deficiency are 
transmitted to the information center "OPERATOR". 
In addition, data of current consumption of two load 
types are transmitted to the "OPERATOR".  
Block “OPERATOR” calculates necessary number of 
power districts for deficiency compensation. 
A simplified algorithm is as follows: 
1 - deficiency arose at the first power district and is 
equal PDeficiency = 0.80 (p. u.); 
2 - the actual disconnected load of the first power 
district is equal PDisconnected1 = 0.50 (p. u.). Compare 
PDeficiency and PDisconnected1, in our case, the deficiency is 
greater than actual disconnected load. 
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Fig. 2.  Frequency behavior in network without load shedding automation, with existing UFLS automation and with suggested 
SUFLS automation 

 
As a result of the comparison, information center 
"OPERATOR" sends a signal to shed the whole actual 
disconnected load of the first power district and 
calculates balance value of deficiency - PBalance1 = 
PDeficiency - PDisconnected1 = 0.80 - 0.50 = 0.30 (p. u.). 
Further, the condition for the next power district is 
calculated: PBalance1 and PDisconnected2, PBalance1 value 
greater than the actual disconnected load PDisconnectedl2 
and "OPERATOR" sends a signal to shed the whole 
actual disconnected load PDisconnected2. 
Next step is the calculation of balance deficiency value 
PBalance2 = PBalance1 - PDisconnected2 = 0.30 - 0.15 = 0.15 (p. 
u.). The operational condition of the last power district 
PD3 is calculated. 
In this case, PBalance2 less than PDisconnected3 and block 
"OPERATOR" switches to the following algorithm – 
optimal combination of disconnected load founding 
algorithm (OCDLFA). 
Point c - creating operational algorithm of block 
"OCDLFA" it was assumed that maximal number of 
load feeders is ten at each power district connected to 
the Smart Metering technology. 
The main objective of block "OCDLFA" is matrix 
forming of possible combinations the load powers for 

determination the optimal value of disconnected load. 
Let us explain of aforesaid.  
Consumers at each power district can be explained: 

a, b, c, d, e, f, g, h, k, l. 
For determination the number of variants of 
disconnected load equation (4) can be used [14]: 
 

!

!( )!
k
n

n
C

k n k



;  (4) 

 

where n is number of elements (n = 10); k – number of 
combinations. k = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10. 
Thus general number of variants for disconnected 
consumers i: 
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Block "OCDLFA" calculates 1023 variants of 
combinations of consumers. Next step is calculation the 
minimal difference (error δ) between deficiency value 
and consumer power of corresponding variant:  
 

 zdef  ;              (6) 
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where def – value of deficiency; z – combinations' array 
of consumers' powers. 
Then for minimal value of δ block "OCDLFA" creates 
operational signal to disconnect corresponding 
consumers. In such a way selection of optimal 
combination of disconnected consumers takes place. 
Point d - the last emergency automation step is shedding 
of estimated load. 
 

4. Results and conclusions 
 
As mentioned above, at instant when t = 0.0 (sec) active 
power deficiency occurs at the first power district. 
In Fig. 2, the dotted line shows frequency behavior of 
the power system without any emergency automation. 
The dashed line illustrates frequency behavior when   
existing emergency automation UFLS applies. When 
frequency drops and reaches 49.5 Hz and 49.3 Hz 
settings part of the load will be shedded (in calculation 
were taken the Latvian energy company “Latvenergo” 
settings). As seen in Fig. 2, during operation of UFLS 
system frequency hovering takes place at level of 
49.33 Hz. 
The solid line shows the frequency behavior during 
operation of proposed SUFLS system. During operation 
of SUFLS system short decline of frequency to 49.85 
Hz level is observed. The accuracy of load shedding in 
this case is 100%.  
It should be noted that the precision of the SUFLS 
automation depends on the discreteness of the 
disconnected load at each power district. 
Speed of load shedding depends on the type of circuit 
breakers. In this paper, are taken gas-insulated circuit 
breakers, with operating time t ~ 0.05 (sec). 
In conclusion it can be said, that: 
1. Developed emergency automation is more effective 
and optimal than traditional UFLS system; 
2. New emergency automation prevents deep frequency 
drops and frequency hovering at low levels; 
3. For large united power system suggested frequency 
control algorithm can be implemented for different 
power system areas separately.   
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Abstract: The near-perfect performance of the 380 kV 
transmission network (TN) is one of the reasons for the 
highly reliable electrical energy supply in Germany. 
This high availability of this network is ensured by 
reliable components and a load flow which distributes 
approximately evenly across the entire grid. The 
reliability characteristics of the TN vary by changing the 
load flow caused by the feed-in of offshore wind parks. 
In this paper a comparison of the reliability calculations 
by NEPLAN of one Transmission System Operators 
(TSO) grid with and without injection by offshore wind 
farms is represented. It is shown that the availability of 
electric energy will increase in some areas, but will also 
deteriorate in other areas. 
 
Keywords: transmission system, reliability calculations, 
risk analysis. 
 

1. Introduction 
 
The liberalization of the electricity market and the 
increasing supply of renewable energies have a massive 
impact on the reliability of the extra-high voltage 
transmission network in Germany. Incentive regulation 
limits the billable fees for network access and hence 
caps revenues. Thus, opportunities to increase profit are 
to reduce or vary maintenance and replacement of the 
equipment. However, this approach also has 
unpredictable consequences. The reliability of supply of 
customers may decrease and the feed intake of the local 
power plants can also be disturbed. At least, this leads to 
a loss of revenue, but may also lead to penalties. 
A further influence on the 380 kV voltage level is the 
change of the load flow by fluctuating supply by 
renewable energies. The worst case scenario for such an 
influence is a strong wind period in the North or Baltic 
Sea during a heavy load period. Most of this energy 
from offshore wind farms must be transported over long 
distances in the extra-high voltage level. The higher 
utilization rate of the system, caused by the additional 
energy from wind farms, results in fewer margins for 
switching and their subsequent load flow changes in 
case of major failures. Consequently, reliability of 

supply will be varied. The modified overall reliability of 
the 380 kV extra-high voltage network which is caused 
by feeding of offshore wind farms during a heavy load 
period is in the center of this paper. 
 

2. Transmission system 
 
The model used in the framework of this study is based 
on parts of the structure of a TSO in Germany. The 
model has been created with the Network Simulation 
Software NEPLAN. It covers the 380 kV and 220 kV 
voltage levels while the subordinated 110 kV network 
groups are represented as aggregated loads.  
 
2.1. The 380 kV transmission network 
 
The main focus of the transmission system model is on 
the reliability of the 380 kV voltage level. Type and 
quantities of the elements used are to be found in 
Table 1. 
 
Table 1. Elements of the 380 kV transmission system 
 

Element Number of Elements 
busbar 145 
center break disconnector 302 
circuit breaker 337 
generator 30 
overhead lines 4453 km 
pantograph disconnector 952 
transformer 103 

 
The structure of this voltage level in the model is very 
detailed. It includes 60 substations, 23 power station 
connection points to the 380 kV transmission system 
and 10 connection points to other TSOs.  
The 380 kV network is fed directly by 30 power plant 
units with a net production of 18 GW [1]. The supply of 
subordinated voltage levels via the 103 transformers 
takes place on two different ways. 78 of them are 
connected directly to the 110 kV network groups and 25 
to the 220 kV transmission system. 
The 380 kV network has ten connection points to other 
TSOs. The total transmission capacity of these 
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couplings is around 29 GVA [2]. The handling with 
these 10 connecting points is explained in subsection 
Boundary Conditions. 
In modeling the network, the various designs of 
substations are considered. The structure of each 
substation is reproduced in detail, and is provided with 
the switch settings of the reality. The different types of 
substations used in the model are listed in Table 2. 
 
Table 2. Substations in the 380 kV transmission system 
 

Substation design Number of Substations 
double busbar 11 
double busbar with transfer 
busbar 22 

external transformer 9 
single busbar, H-connection 
with 3 circuit breakers 7 

single busbar, H-connection 
with 4 circuit breakers 5 

triple busbar with transfer 
busbar 6 

 
2.2. The 220 kV transmission network 
 
The 220 kV network is modeled only schematically as 
this voltage level is not considered in the reliability 
calculation. But it is still needed for the simulation to 
determine realistic power flows in the 380 kV level. 
Additionally, it is supplied by 31 power plant units with 
a total net output of 10 GW [1]. The 220 kV network 
has four connection points to other TSOs. The total 
transmission capacity of these couplings is around 
4 GVA [2]. A more detailed description of this voltage 
level can be omitted. 
 
2.3. The 110 kV network groups 
 
The 110 kV network groups are supplied by the 220 kV 
and 380 kV networks through transformers while power 
plants feeding directly into the 110 kV groups will not 
be considered. This model has a total of 34 network 
groups and eight industrial network groups. Each of 
them has at least three to a maximum of eleven feeding 
transformers with the transmission power Pn,TR. They 
are installed within one local area, but not within one 
substation. The load connected to each network group 
varies between 250 and 1200 MW. The power factor is 
assumed to be equal in all groups with cosφ = 0.9. 
For each network group or industry network group an 
individual outage duration and un-availability rate is 
determined. From this, the interruption energy WOutage 
and the interrupted power POutage can be determined. 
 

3. Boundary Conditions 
 
Each load Pk,NG of the 110 kV network group k is 
modeled individually. Therefore, it is assumed that all 
the m transformers with a transmission power Pn,TR 
feeding directly into the 110 kV network group k are 
utilized at 40 percent; see equation 1. After consultation 
with experts, this can be regarded as the absolute peak 
load scenario for the modeled network. 

Pk,NG = 0.4 



m

n 1
Pn,TR .   (1) 

 

The 10 connection points to other TSOs of the 380 kV 
network have a total transmission capacity of around 
29 GVA [2]. Three of these links receive an individual 
fixed transmission power PWind,x: 
 

 PWind,1= 1500 MW 
 PWind,2= 1000 MW 
 PWind,3= 700 MW 

 
The entire supply of these three coupling points is 
3.2 GW. The remaining connection points in the 380 kV 
voltage level and the 220 kV voltage level have no fixed 
transmission power and have no further restrictions for 
the reliability calculations. 
In addition, the connection of the power plant is 
considered ideal. This takes into account that the TSO is 
not responsible for the transmission line between power 
plant and the substation which is the point of common 
coupling.  
The reliability characteristics that have been used for the 
simulations are taken from the VDN disturbance 
statistics and are shown in Table III [3]. 
 
Table 3. Reliability characteristics of the model 
 

element outage rate H 
in [1/a] 

outage 
duration T in 

[h] 
busbar 0.00032 6.35 
center break 
disconnector 0.000513 67.63 

circuit breaker  0.001473 64.69 
overhead lines a 0.001562 5.34 
selector switch 
disconnector b 0 0 

transformer 0.006411 65.99 
a The failure rate for the overhead lines is related to 1 km. 

b The failure rate of the selector switch disconnector is comprised within the failure rate of 
the busbar. 

 
The behavior of the power plants during a fault is also 
considered. The different power gradients which the 
various types of power plants have, are considered in 
the simulation. The used power gradients can be found 
in Table 4. 
 
Table 4. Power gradients ΔP of the power plants [4] 
 

Type of power plant ΔP in percent per 
minute 

Hard coal power plant olda 2 
Hard coal power plant newb 4 
Lignite power plant olda 1.5 
Lignite power plant newb 2.5 
Oil-fired power plant 4 
Gas turbine power plant 25 
Combined cycle power plant 5 
Nuclear power plant 10 
Pumped storage power plant 100 

a Power plants built before 1979 

b Power plant built after 1979 
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4. Results 
 
In order to feed the 3.2 GW wind power into the grid, 
some conventional power plants must be re-dispatched. 
They must reduce their power generation by about 
3 GW. Without this action a valid load flow with this 
transmission network model is not possible. 
The summed energy not supplied Wtotal is the 
accumulated not delivered energy WOutage of all 110 kV 
network groups. Hall is the summed interruption 
frequency of all network groups. Tav is the averaged 
time of interruption of the customers. These three 
figures of the two scenarios are compared for the 
analysis. The key results of the reliability calculations of 
the two scenarios are presented in Table 5. 
 
Table 5. Key results of the reliability calculations 
 

 
Hall in 
[1/a] 

Tav in 
[h] 

Wtotal in 
[GWh/a] 

Without Wind 
Power Injection 0.49 29.83 20.3 

Wind Power 
Injection 2.85 18.14 139.5 

 
The comparison of the figures shows that the high feed-
in from the three coupling points has a massive 
influence on the reliability of the network. 
To explain these figures a distribution of undelivered 
energy to the equipment must be used. Figure 1 shows 
the division after the equipment groups circuit breaker 
(CB), overhead line (OHL), center break disconnector 
(DIS), busbar (BB) and power transformer (TR) for 
Wtotal = 20.3 GWh without wind power supply. 
 

 
 
Fig. 1. Division of the Wtotal =20.3 GWh by equipment group 
without wind feeding 
 
The pie chart in the figure above shows that the 
equipment group, power transformers, is responsible for 
more than half of Wtotal. The equipment groups’ busbar, 
overhead line and center break disconnector have only a 
minor influence on the power outage of the 110 kV 
network groups. It should be noted that not all 
equipment which fail cause a supply deterioration of 
network groups. Figure 2 shows the share of devices per 
equipment group that has an effect on the supply of the 
110 kV network groups. Only 117 of a total of 1009 

elements of the reliability calculations produce a 
contribution to the non-delivered energy. 
 

  
Fig. 2. Share of equipment which generates a WOutage at non-
wind power injection 
 
Even according to these values power transformers take 
the top position. Only a few busbars and overhead lines 
generate deterioration on supply. The failure of a 
relatively large number of disconnectors, about 10 
percent, has an impact on the reliability of power supply 
to the network groups. However, the effect, as shown in 
Figure 1, is very limited. 
In the scenario with consideration of wind power supply 
the results are totally different. An overview of the 
changing distribution by equipment is shown in 
Figure 3. 
 

 
 
Fig. 3. Division of the Wtotal = 139.5 GWh by equipment with 
wind feed in 
 
It can be seen that compared to the scenario without 
wind power supply, the failure of overhead lines has 
massive effects. Nearly 40 percent of the non-delivered 
energy is caused by power line failures. The 
disconnectors will also receive a greater importance. On 
the other hand, the influence of power transformers is 
only half of the former value. In the reliability 
calculation result 372 of the total 1009 elements of the 
investigated 380 kV transmission network influence the 
supply of the 110 kV network groups. Figure 4 shows 
the respective shares of devices per equipment group 
having an effect on supply. 
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Fig. 4. Share of equipment which generates a WOutage at wind 
power injection 
 
Only less than 10 percent of the busbar failures have a 
direct impact on the vertical power feeding into the 
110 kV voltage level. About 40 percent of the circuit 
breakers, disconnectors and overhead lines also affect 
the supply. The leading position is held, as before in the 
scenario without wind supply, by the power 
transformers. Nearly 70 percent of the power 
transformers cause an impairment of the power supply 
of the groups. These results show that not only one 
equipment group is responsible for the large amount of 
non-fed-in energy. 
 

5. Conclusions and further work 
 
The results of the reliability calculations in the peak 
load scenario without an offshore wind park feed-in 
show that the (n-1) criterion for the supply of the 
110 kV network groups is almost entirely valid. Only a 
few elements, about 10 percent, have a minor influence 
on the power supply of the 110 kV network groups. In 
this case supply out of the 380 kV and 220 kV voltage 
level does not have necessarily an impact on the supply 
of this network group. In the reliability calculations for 
the scenario without wind power supply the feed of the 
individual groups was not influenced by more than 10 
percent. This range can be absorbed from the power 
plants which feed directly into the 110 kV voltage level. 
Security of supply of the 110 kV network groups is thus 
provided. 

The situation is different for the scenario with strong 
wind feed-in. Nearly a third of the resources generate an 
influence on the supply of network groups. The feeding 
of the superposed transmission networks of the 220 kV 
and 380 kV into the 110 kV network groups decreases 
to less than 50 percent in some groups. The (n-1) 
criterion can no longer be maintained in many cases. 
Given this high wind power feed-in, this transmission 
system would be in a very vulnerable state. In Germany 
there are no such high wind supplies at the moment. The 
results of these studies show that an expansion of the 
extra-high voltage network is essential in order to 
accommodate this high amount of wind energy while 
maintaining security of supply for consumers. 
 
Further work will focus on the expansion of the network 
model regarding the age distribution of the equipment 
and the behavior of power plants in the network. In the 
calculations of this paper no age distribution of the 
components was considered, but the average reliability 
values of the VDN were used. In the following step, 
every single piece of equipment will be assigned an age, 
resulting in a respective failure rate for each age group. 
The behavior of power plants towards a change in 
power will be revised. While in this paper, the power 
gradients have been considered ideal, the start-up 
performance of specific types of power plants will be 
implemented. 
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Abstract: There are the zones near the powerful devices 
in the electric power plants where the values of the elec-
tric and magnetic fields can exceed established in the 
ES Directive 2004/40/EC values. These values can in-
crease especially in the emergency regimes. 
In the paper it is performed the analysis of methods of 
the industrial frequency electric and magnetic fields 
measurement. The means are proposed for simple and 
cheap but sure indication of the electric and magnetic 
field strengths warning about permissible values ex-
ceeding. Everybody which works in the workplaces 
where permissible field values can be exceeded must be 
provided by these means. 
 
Keywords: magnetic and electric fields, measurement. 
 

1. Introduction 
 
The electromagnetic fields act to human body. There are 
many different sources of electromagnetic field around 
us and its quantity arises. Many workers are acted by 
electromagnetic field. The services which supervise the 
parameters of electromagnetic field in the workplaces 
are established in many states. The national hygiene 
norms are set. They are obligatory for owners of the 
electromagnetic field sources and for the employers.  
In this paper we limit our scope by the industrial fre-
quency (50 Hz) electromagnetic field. In this case the 
electric and magnetic field must be investigated sepa-
rately and the maximal permissible values are set sepa-
rately for the electric and magnetic fields. 
In the Lithuania the industrial frequency electromag-
netic field parameters are regulated by the hygiene norm 
HN 110:2001 „The electromagnetic field of the indus-
trial frequency (50 Hz) in the workplaces; the limited 
values and measurement requirements“. The regional 
public health centres must supervise what the require-
ments of these hygiene norms are executed. The public 
health centres have the technical possibilities to measure 
of the electromagnetic field parameters. Therefore the 
monitoring of the electromagnetic field in the Lithuania 
is established. 
In 29 April 2004 the Europe Parliament and Europe 
Council accept Directive 2004/40/EB „The minimum 

health and safety requirements regarding the exposure 
of workers to the risks arising from physical agents 
(electromagnetic fields)“. At 2012 the requirements of 
this Directive are obligatory in the Lithuania, too. They 
are stronger than requirements of hygiene norm 
HN 110:2001. By Directive the magnetic field strength 
can not be more than 400 A/m or magnetic flux density 
can not be more than 0,5 mT in the workplaces. The 
electric field strength can not exceed the value 10 kV/m.  
In the electric power plants and equipment (for exam-
ple, open switch gears) there are the some area where 
maximal permissible values of magnetic or electric 
fields can be overstep [1,2]. 
To guarantee the safe work in the work places where 
permissible field values can be exceeded any employee 
could have some indicators of electric and magnetic 
fields. They could be mounted in the clothing and 
jointed with the alarm light or sound devices. Therefore 
any employee would be immediately warned that he get 
in the zone where the values of electric or magnetic 
field are dangerous.  
 

2. Measurement of magnetic field 
 
The intensity of the magnetic field can be expressed by 
vectors of the magnetic field strength H or magnetic 
flux density B. In nonmagnetic medium they are related 
by expression: 
 

 HB 0 ; (1) 
 

where 04·10-7 H/m is magnetic constant. The real 
direction of the magnetic field can be any. Therefore the 
all components (for example Hx, Hy ir Hz in Cartesian 
coordinates) must be measured and total value H must 
be calculated as follows: 
 

 222
zyx HHHH  . (2) 

 

There are four methods: the induction coil, the fluxgate 
the Hall sensors and the Gauss’ method. 
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2.1. Method of induction coil 
 
When the alternating magnetic flux bores the induction 
coil, the some voltage Um on the coil terminals arises. 
The voltage Um can be measured (see Fig. 1) [2-4].  
 
 

 
 
Fig 1. Coil sensor 

 
The voltage Um can be expressed this way: 
 

 ;
d

d
d
d

t

B
NA
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m 


   (3) 

 

where A – magnetic sensor coil area; N – coil turns 
number; Bn – the value of magnetic flux density parallel 
to coil axis. 
The induction coil method is enough simple but for 
measurement of total magnetic flux value must be used 
three induction coils with the perpendicular one to other 
axes as it is showed in Fig. 2 [4]. 
 

 
 

Fig 2. Three coils perpendicular one to other 
 

For measurement of low frequency magnetic field this 
method is well. It has high sensitivity and low noises. 
But for indication of magnetic field the design of sensor 
is quite complex. 
 
2.2. Fluxgate 
 
The fluxgate has the induction coil, too. But for the con-
centration of the magnetic flux via the coil it is used the 
magnetic core. This core is made of ferromagnetic with 
high relative permeability. There are used the cores of 
two types: the rod core and the circular or ring core as it 
is showed in Fig. 3 [5].  

In the classic variant of fluxgate (see Fig.3, a) there are 
two parallel rod cores with the primary coils winded in 
the opposite directions. The secondary coil is winded on 
the both rods and primary coils.  The primary coils are 
connected in series to sinusoidal current source. In the 
cores there are created close to saturation magnetic 
fluxes with opposite direction. They compensate one 
other and the voltage in the secondary coil is equal to 
zero in absence of outer magnetic field.   
The outer magnetic field is directed in the both rods 
equally. In the one of rods the total flux diminishes in 
other it increases and saturates the rod. In the secondary 
coil arises voltage, proportional to the outer field.   
Such design of the magnetometer allows to increase the 
sensitivity and to suppress the disturbances.  
 

 
a) 

 
b) 

 
 

c) 
 
 

Fig. 3. Rod Core Fluxgates and Ring core fluxgate [5] 
 
 

144



 

For measurement of three component fields the meters 
with ring core (Fig.3, b) are proposed. They are less 
sensitive to disturbances and require less power than 
meters with rod cores. The different variants of cores 
are showed in Fig. 3, c. 
Using Fluxgate it can be measured the permanent and 
low frequency magnetic fields in the diapason  
[0,1 nT- 1 mT] [6]. But for indication of magnetic fields 
with values closed to permissible by Directive 
2004/40/EU they are too complicate and too expansive. 
 
2.3. Holl’s sensors 
 
They action is sustained by Holl’s effect: the magnetic 
field acts to charge carriers when current flows in the 
semiconductors. As it can see in the Fig. 4 when we 
have the plane semiconductor piece in which along axis 
x the current Ix flows, the magnetic field with the mag-
netic flux density Bz is directed along axis z perpendicu-
lar to semiconductor plane on the sides perpendicular to 
the axis y the voltage UH arises. This voltage can be 
expressed this way: 
 

 ;zxHH BIKU   (4) 
 

where KH is Holl’s coefficient, which depends on the 
semiconductor properties. If the current is direct and the 
magnetic field is sinusoidal, the voltage UH will be sinu-
soidal too. 
  

 
 

Fig. 4. Principle of a Hall probe 
  
The current Ix can be to 100 mA but not less than 1 mA. 
Its sensitivity is between 10 mV/T and 1,4 V/The inter-
val of measured values is [10 nT, 10 T] [6].  
The advantages of Holl probes: small dimensions, well 
measurement accuracy, high sensitivity, linear static 
dependence, non-limited measurement interval, small 
price. The defaults: the necessity of power supply, ne-
cessity of three probes for measurement of vector with 
any direction. 
 
2.4. Gauss’ method 
 
This method is grounded on the dependence of electric 
resistivity on the intensity of magnetic flux which bores 
the semiconductor. This dependence can be expressed 
as follows [7]: 
 

 ;22
0G

0

BK
R

RB 


  (5) 

 

where R0 – the resistance of device in the magnetic field 
absence, ΔRB – the variation of the resistance because 

magnetic field action; B – value of the magnetic flux 
density, KG – the sensitivity of semiconductor material 
to magnetic field. 
For the measurement of resistance variation the resis-
tance bridge is used, usually.  
This method is attractive for portable magnetic field 
indicators because the resistance variation depends on 
the value of magnetic flux which acts device and is in-
variant to direction of magnetic flux. Therefore for 
measurement of total value of the magnetic flux density 
it is sufficient to have one device. The sensitivity of 
typical devices is enough for reliable indication of val-
ues magnetic flux density set by the Directive 
2004/40/EU. 
 

3. Measurement of electric field 
 
The simplest device for electric field measurement is the 
plane capacitor (see Fig 5).  
 

 
 

Fig.5. Plane capacitor as probe of electric field strength 
 
It is charged by electric field and some difference of 
potentials U between the capacitor plates arises. When 
the distance between the plates is equal to d normal to 
the capacitor plate electric field strength component En 
is: 
 

 .
d

U
En   (6) 

   

Other method of electric field strength measurement 
using capacitor is the measurement of current which 
flow between two plates of capacitor charged by alter-
nating electric field. In this case the optimal shape of the 
capacitor plates are two halves of the sphere as it 
showed in the Fig. 6. 
 

 
 

Fig. 6. The capacitor with two halves of sphere as plates 
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One of capacitor plates can be grounded (ground-
reference type meters) or both plates can be isolated 
(self-contained meters) [8]. For portable indicators the 
self-contained meters must be used.  
By the Gauss’ low the charge Q induced on one of the 
halves is equal: 
 
  

A
Q AD d ; (7) 

 

where A is the area of one capacitor plate, dA is an vec-
tor element of this area, D is the vector of electric dis-
placement. It can be expressed by electric field strength 
vector E as follows: 
 

 ED 0 ; (8) 
 

where 08,84·10-12 F/m is the permittivity of free 
space.  
Suppose, that electric field strength vector E is directed 
perpendicular to the mean plane between the sphere 
halves: EnEn 

 
 
 

Fig.7. The elementary area dA on the sphere surface 
 
We can see in Fig. 7 that the sides of sphere surface 
element area with the sphere radius a are composed of 
arcs adα and ad. The element area is equal to 
 

 ddd 2aA  . (9) 
 

The inner product E·dA can be expressed as follows: 
 

  ddcosd 2
nEa AE  . (10) 

 

The value of the charge on the one half of sphere we 
obtain after integration: 
 

.π2ddcos 0
22

0

2

0
0

2
nn EaEaQ 


  (11) 

 

If the electric field source is sinusoidal with angular 
velocity  the electric field strength will be sinusoidal, 
too: 
 

 .sinmn tEEn   (12) 
 

Between the two halves of capacitor the current I flows. 
It is proportional to amplitude or effective value of elec-
tric field component normal to mean plane between to 
halves of sphere: 
 

 .cos2
d
d

mn0
2 tEa

t

Q
I   (13) 

 

The main defect of both these methods is the necessity 
of three perpendicular one to other capacitors analogi-
cally to coils for magnetic field measurement in the Fig. 
2. In this case the total value of electric field strength E 
will be: 
 

222222
 EEEEEEE rzyx  ; (14) 

 

where Ex, Ey, Ez are the components of E in Cartesian 
coordinate system and Er, Eα, E - the components in the 
spherical coordinate system. 
 

4. Conclusions 
 
1. To guarantee the safe work in the work places where 
permissible field values can be exceeded any employee 
could have some indicators of electric and magnetic 
fields. 
2. For magnetic field strength or magnetic flux density 
indication the induction coil, fluxgate, Holl sensors or 
Gauss’ method can be used. 
3. The Gauss’ method when is measured the deviation 
of semiconductor resistance called of the magnetic field 
action is best because only one device is needed for total 
value of magnetic field strength measurement. 
4. The electric field charges the capacitor plates. The 
voltage between the capacitor plates or current which 
flows between capacitor plates can be measured. 
5. The three perpendicular one to other sensor are 
needed for measurement of total value electric field 
strength when the direction of vector is unknown. 
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Abstract: This paper presents analytical study of the 
conditions under which the roots of the characteristic 
polynomial appear in the right complex half-plane. 
Application of algebraic criterion in such cases requires 
cumbersome arithmetic or large size determinants 
calculation. For this purpose preliminary transformation 
of the polynomial is proposed, which leads to clear 
results and conclusion for any ratios of polynomial 
coefficients when static stability is being lost. Designed 
questions can serve to create new necessary conditions 
for large power systems stability. Also this paper 
presents the idea of the foundation of the generalized 
criterion of the static stability, which can be a new 
approach to analyze power system stability conditions. 

Keywords: static stability; conditions of stability; 
Hurvitz; characteristic polynomial; large electric power 
system; algebraic criterion; complex network; steady 
state.  
 

1. Introduction 
 
For researching static stability of large-scale electric 
power systems two major approaches are widespread: 
1) Construction and analyse a characteristic system 
equation given as a n-degree polynomial (ai, i = 0,1,…,n 
- actual coefficients, an>0): 

 anzn + an-1zn-1 + an-2zn-2 + … + a1z1 + a0 = 0 .  (1) 

The number of roots zi with its multiplicity is equal with 
the number n and since the coefficients of the 
characteristic polynomial (CP) are real numbers, the 
complex roots always are calculated in conjugate pairs. 
Sufficient condition for preserving the static stability 
output is locality of all CP roots in the left half-plane of 
complex area in respect of its concrete values. The last 
ones affect the already known fading aperiodic or 
oscillatory variations [1, 2]. Thus, required but 
insufficient condition for preserving the stability is 
positive values of all CP coefficients without any 
exception. For positive coefficients aperiodic violation of 
stability cannot occur because of impossibility to have 
the real roots in the right half-plane. At the same time 

availability of conjugate roots in right side of axis (it is 
possible if the real part is a positive number) will lead to 
oscillatory discontinuity of stability. Widespread 
valuation criteria of the static stability (Hurwitz., Raus, 
Nyquist-Mikhailov) are manual numeration system-
guided which is not possible for large-scale solutions of 
problems. Also, rather difficult is its formalization for 
software implementation.  

2) Construction of differential equation system and 
acquisition of the coefficient matrix eigenvalues which is 
presented in normal form [2,3]. From computer 
engineering to the normal form of a record it is possible 
to pass over through reduction of order of derivatives up 
to the first one through auxiliary functions. To date 
different algorithms and software tools exist for 
evaluating the eigenvalues, among which the method of 
rotation is the basic one- transformation of original 
matrix for zeroing its non-diagonal elements. Since the 
matrix eigenvalues agree with the CP roots, it is possible 
to valuate preserving of stability in lack of eigenvalues in 
the right half-plane in this case. Moving from the given 
matrix towards characteristic equation and backwards a 
number of theoretical approaches are proposed, however, 
none of them has found wide practical application.  
 

2. Theoretical background 
 
To date, fast development of computer technologies 
more widely allows using software in different areas of 
power industry, including evaluation of power system`s 
static stability which is related with complex 
mathematical analysis. This includes more frequently 
used research of the static stability with the help of 
eigenvalues. However, thanks to the computer 
engineering it is possible to construct CP directly from 
the initial description of power system, without 
transformation to the normal form what, in our opinion, 
lead to review and additional development the 
previously used methods which are related to the CP root 
research. In this paper we propose to analyse the roots of 
the characteristic equation with complex variable of 
polar form z = Rejφ after its decomposition into the real 
y1 and imaginary y2 parts:  
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 y1 = Rnancos(nφ) +  ... +  Ra1cosφ + a0 = 0; (2)  

 y2 = Rnansin(nφ) +  ... +  Ra1sinφ  = 0. (3) 

As unknown there are presented n modules Ri and its 
phases φi, satisfying (2) and (3). The equation (2) out of 
even functions is symmetric in respect of Y-axis, but the 
equation (3) out of odd functions is symmetric regarding 
origins of coordinates (Fig. 1). The real functions y1 and 
y2 out of phase φ - periodical (Т = 2π = 360°). Sufficient 
condition of stability is expressed in lack of roots φi in 
the first quadrant [0°, 90°] what automatically means 
lack of conjugate roots in the forth quadrant and cover 
the whole right half-plane. If at least one of the phase 
angles φi in the set of solutions (2, 3) is located in the 
first quadrant then the system will be statically unstable. 
 

-40

0

40

-360 -270 -180 -90 0 90 180 270 360

y1, y2

y2

y1

φ°
1     2     3

ХП:    z4 + z3 + 4z2 + 13z + 0
                    R=1.7,  a0 = 0

1     2     3

 
Fig. 1. The function graphs y1 and y2 on a fixed module 
(R=1.7) and zero constant term of the CP in the fourth degree. 
The intersection points of the function y2 with abscissa (1,2,3) 
can be the roots of CP within appropriate value a0>0 which 
cause the graph shift y1 up until match them 
 

3. Impact of the constant term of CP on the 
availability of roots in the right half-plane 

 
The positive values of the characteristic polynomial 
coefficients (CPC) are not sufficient conditions for 
stability preserving because its roots are not located in 
the left half-plane for all possible combinations of them. 
There are positive combinations of CPC when the 
conjugate roots can locate also in the right half-plane. In 
order to identify some general regularities as an example 
consider the relationship between three variables: R, φ 
and the constant term a0, (Fig. 1): 
 
 Y(z) = z4 + z3 + 4z2 + 13z + a0 .   (4) 
 
Assuming that a0 = 0, we will find out in what positive 
values which polynomial roots exist (coincidence of the 
zeros of y1 and y2 functions) and how they are located. 
As it turns out, the fixed R=1.7, 3 cases are possible: 
А) φ1=139°, a0=20; В) φ2=180°, a0=7.1; С) φ3=221°, 
a0=20. The cases A and C are agreed with the conjugate 
roots in the left half-plane, but the case B (φ2=180°) 
corresponds to the root located on the negative part of 
the real line. Respectively, when the module is R=1.7, 
violation of stability cannot occur for any value of the 
constant term a0. Further examining of angles in diapason 
0°÷90°, performance of the functions y1 and y2 could be 
similarly shown when R = 1,2; R = 2.47 and R = 2.8 
(Fig. 2). Obviously, that for any module R, the function 

y2 which consists only from sinuses, intersects abscissa in 
the point φ = 180°.  
Let’s analyse these 3 cases: 

 А) R=1.2. With a small module only 1 negative 
real root is possible when φ2=180° and a0 = 9.5. It could 
be explained by fact, that in this case and especially 
when R<1, more significant is coefficient a1 than cosφ 
and sinφ with period 2π, (Fig.2,A) 

 B) R=2.47. Increase of R leads to other 
intersection points, presenting a pair of the conjugate 
roots with the negative real parts (Fig.1). 
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Fig. 2. Performance of the real (y1) and imaginary (y2) parts of 
the polynomial in the fourth degree (2) as the fixed module R 
of the complex argument (z)  and zero constant term in three 
cases: A)R=1.2;  B)R=2.47;  C)R=2.8  
 
In future, the ordinary root in the point φ=180° 
disappears, at any a0>0 it is not longer available- the 
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curve y1 is situated above abscissa (Fig. 2,B). Instead of 
it, the point 1 is formed where the curve y2 touches the 
abscissa. The roots in vicinity φ1= ±75° as a0 = 4.8 
(point 1) and in the vicinity φ3= ±140° as a0 = 47.8 (point 
3) no longer possible.  As there are roots in the right 
half-plane (point 1), it means when а0=4.8 the oscillatory 
violation of stability occurs. 

 C) R=2.8. When R is superior, the curve y2 in the 
point 1 is situated under the abscissa and the point of 
tangency is divided into point 1 and point 4 (Fig. 2,C). 
Two pairs of the conjugate roots are possible: in the 
point 1 in the vicinity φ1= ±65°, a0 = 36.6 and in the 
point 3 in the vicinity φ3= ±140° and a0 = 69.2. The roots 
in the points 2 and 4 do not exist because the curve y1 is 
situated over them. Respectively, when a0=36.6 violation 
of stability may occur as the root appears in the first 
quadrant.  

Further the increase of R leads to domination of the 
highest terms (2, 3), comprising cos(4φ) and sin(4φ) 
with the period π/2 which predetermines availability of 
the intersection points (the roots of the function y2) in 
diapason 0÷90° which increasing R are shifted to the 
left. This remains true for any n-degree of CP with 
positive coefficients. The larger n, the more roots 
(intersection points) of the function y2 will be in the first 
quadrant. The number η can be determined by dividing 
π/2 to half-cycle of the highest term π/n. If considering 
the fact, that because of alternation of intersections of 
two functions only half of them are of interest, we obtain 
η=mod[(n+1)/4]. Note that in any series of points of 
intersection, the very left of them always is potential for 
stability violation, but the next ones are presented by 
every second. In particular, the polynomial of the second 
degree is always stable: η=mod[(2+1)/4]=0. 
We point out the relation of the approach presented here 
with Hurwitz`s criteria for n=3 (CP of the 3rd degree). 
Consider the components of the elementary function in 
the expression for y2 (Fig. 3). It is obvious, that in ai>0 
the resulting curve y2 will intersect abscissa somewhere 
in the diapason (60°÷90°). Decreasing of a3 or  increasing 
of a2 or a1 the intersection point will be shifted to the 
right step by step until it will reach the critical one φ=90° 
in which the system (2), (3) takes form: 

 -R2a2 + a0 ≥ 0;         - R3a3 + Ra1 ≤ 0.   
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Fig. 3. Determination of area of the possible roots of the CP in 
the third degree, located in the first quadrant 
 
Excluding R from (5) we will get а0а3- а2а1≥0. This 
condition guarantees the root appearance in the first 
quadrant. The opposite condition а2а1-а0а3>0 is 

responsible for the root absence in the sector (60°÷90°) 
which completely agrees with the criterion of Hurwitz.  
 
4. The methods of localization of the CP roots in the 

first quadrant of the complex half-plane 
 

We will point at a simple iterative method of calculating 
of already localized roots of the first quadrant, according 
to Newton`s method in the polar coordinates (8). The 
Jacobian is a 2x2 matrix which does not depend on 
degree of the polynomial in which the discrepancy - 
values of the functions y1 and y2 for the current φ and R. 
Finding derivatives in the expressions (2, 3) is not 
difficult at all. Initial approximation for the unknown 
module R is suggested to be Rc/2 (6, 7), but the initial 
approximation for its unknown phase depends on 
number of roots in the first quadrant. 
If there is only one root, the angle should be set of 45°; 
in case of two roots 2 cases should be considered- 30° 
and 60°  angles accordingly etc., dividing the whole 
angle of 90° into equal parts that depends on the number 
of roots in the first quadrant. As our experience showed, 
5-6 iterations are enough for calculating the roots. It 
should be noted that the question regarding the choice 
influence over the initial approximations requires much 
deeper research. 
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5. The idea of the foundation of the generalized 

criterion of the static stability 
 

Visualize the idea of the generalized algorithm for 
evaluating the static stability of complex power systems. 
The algorithm is sequential and consists of the following 
basic steps: 
1. Input the topology and data about power system - 
parameters of generators, transformers, load, lines etc;  
2. Reduction of power systems` parameters to a 
particular voltage class or transition to the system of 
relative units; 
3. Calculation of network steady-state (using any of the 
calculation methods proposed for those purposes); 
4. Regime calculation for the stator circuits of generators 
for determining complex values of electromotive force 
on the basis of power station`s nodes found in the step 3;  
5. Elimination of load nodes from the system using 
Jordan`s method in order to get the generalized complex 
conductivity between the generator branches; 
6. Composition of expressions for calculating the active 
power in generator nodes according (9): 
 

 




m
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k
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1

2 )sin(sin  . (9) 
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7. Input data for regulators; 
8. Calculation the partial derivatives on the basis of 
electromotive force angles δ and values E and E’; 
9. Composition of matrix D(p) consisting of 4 
submatrices (10); 
 

 

(10) 

 

10. Composition of the characteristic polynomial and 
detection of the matrix determinant D(p); 
11. Record of the characteristic polynomial as the system 
of equations (2, 3); 
12.  Choice of the initial conditions φ0 and R0 (6,7); 
13. Detection of the φi and Ri roots using Newton`s 
Iteration method (8) for each set of the initial conditions. 
14. Conclusion on preservation/violation of static 
stability: if not all of the roots φi are outside of the 
diapason [-90 ÷90] deg., Newton’s iterative process 
becomes different. 
 
Basically, the proposed algorithm is a general plan for 
evaluation the static stability of large-scale power 
systems. Difficulties in its implementation appear while 
searching the polynomial (section 10) because they 
involve a large number of computations which are barely 
realized even with the help of modern computer 
technologies. As a result the speed of analysis is 
decrease. Besides, an additional problem appears - 
necessity in determination the sensitivity of the roots of 
the polynomial, i.e., in evaluation of its changeability for 
some small perturbation of the coefficients. 
Essential positive moment of the proposed algorithm is 
availability of the step11: the matrix in this block always 
has dimensions 2х2 in respect to the size of the power 
system! It should be noted that in its original form, the 
idea could be applied for stability analysis of not too 
large (partly equivalent) power systems; for large-scale 
power system calculating, it is necessary to use the 
matrix D(p), (step 11), not the polynomial (step 10). 

6. Conclusion 
 

The given paper clearly states possibility and reasons of 
appearance of the conjugated roots of the CP with 
positive coefficients in the complex right half-plane. For 
this purpose, the division of the polynomial into the real 
(y1) and imaginary (y2) parts was applied with a 
subsequent transition to the polar form record of 
complex argument and identifying the conditions under 
which both parts (y1 and y2) are zeroing simultaneously. 
It easy to determine the upper border of the roots’ 
module which depend on the value of the constant term. 
The sufficient condition for preserving the static stability 
of power system is symmetric alternation of zeros of the 
functions y1 and y2. 
It was proposed a very simple method of the roots’ 
computation located in the first quadrant of the complex 
half-plane, using Newton`s method, on the basis of 
finding derivatives of the functions y1 and y2 on the 
phase and the module. 

 
This work has been supported by the European Social 
Fund within the project „Support for the implementation 
of doctoral studies at Riga Technical University”. 
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Abstract: The mathematical model for 110/10 kV and 

10/0.4 kV transformer substations` optimum power 

choice is proposed in the paper. In solving development 

problems of urban power supply system (UPSS) in the 

beginning stages of development designs, very 

importantly correctly to determine optimum powers of 

future transformer substations (TS) at the high and 

medium voltage levels, their quantity and placement in 

city area. This is complex and laborious task in 

conditions of the incomplete and uncertain information. 

In paper the determination of transformer substations’ 

optimum power is made on basis of comparison for 

development variants of UPSS. The calculations are 

realized with developed programm in Excel 

environment with program Microsoft Excel.  

 

Keywords: optimum power, transformer substation, 

capital investments, load density. 

 

1.  Introduction 

 

The basic electric load of the city is formed by various 

groups of consumers on the low voltage level. The load 

of the city will be different at the higher levels of 

voltage due to additional loads (usually industrial or 

urban transport’s loads) and different factors of 

simultaneity of load maximums for network 

transformers and power system. At the same time the 

load densities also will vary at the different voltage 

levels. The load density on the low voltage levels is 

defined by the specifics of territorial building, its 

storeys, the level of electrification, the place of 

connection of consumers to urban power supply system 

(UPSS).  It is obvious that load at any stage of voltage 

of networks should be provided by sufficient total power 

of urban transformer substations.  

Historically the major part of the existing Latvian 

electrical networks has been built in 60
th

 and 70
th

 of XX 

century using old Soviet Union technology.  The main 

part of the electrical equipment, cables and overhead 

lines in the Latvian electrical network is reaching the 

end of its lifetime in the coming years. Old equipment 

and grown network structures make the maintenance and 

operation of the network difficult and expensive, 

because major part of the current medium voltage 

electrical network was built using old technology, oil-

filled cables and old equipment with long-life not more 

than 40 years. Due to the historical developments in the 

network structure, reliability is low compared to 

European standards [5]. Over 50% of 110-330 kV 

voltage transformers have developed their own 

regulatory resources and require the question of their 

replacement or extension of maintenance after the 

diagnosis and modernization. The reconstruction of 

electrical networks can also happen due to consumers` 

loads growing [3].  

The replacement of each power transformer is regarded 

individually with technical and economic substantiation. 

To replace the existing transformer for the new one (the 

same rated power) it is necessary to take into account 

not only the technical side of the problem, but also the 

perspective loads` growing. For this we need to properly 

estimate the customers` future marketable power in the 

service area of the concrete transformer substations [4].  

Similar trends of aging are observed for transformer 

equipment. The tendency of growth of replaced high 

power transformers at Latvian power system is shown in 

Fig. 1 [1].   
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Fig. 1. Replaced HV transformers quantity in Latvian power 

system  

Such slow replacement of old equipment is insufficient 

for the upgrade of transformers` equipment and 

associated with lack of funds. 
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In solving development problems of urban power supply 

system (UPSS) in the beginning stages of development 

designs very importantly correctly determine optimum 

powers of 110/10 kV future transformer substations 

(TS) at the high and medium voltage levels. This is a 

complex and laborious task in conditions of the 

incomplete and uncertain information. Currently 

additional constraints are imposed on UPSS 

development due to unstable economical and financial 

situation in Latvia and specifically in power branch. 

In solving the problem of optimum TS power choice 

urban power supply system is regarded as hierarchical 

structure. There are the stages of hierarchical structure 

or subsystems: the external supply system of the city 

with voltage 330 kV and higher, the internal supply 

system with voltages 110-20-10-0.4 kV and the 

aggregate of urban consumers (Fig. 2) [2]. 

 

State or region 

power supply system 

External urban 

power supply system 

Internal urban 

power supply system 

Urban and rural 

consumers

330kV

110kV

20-10kV

0.4kV

 

Fig. 2. The structure of voltage levels at urban power supply 

system   

 

2. The mathematical model for determination of UPSS 

transformer substations’ optimum powers 

 

In the conditions of incomplete and uncertain 

information in the early stages of the network 

development design it is difficult to correctly estimate 

costs of the project implementation and future network`s 

maintenance. Therefore mathematical model take into 

account only capital investments in alternative variants 

of network development. 

The determination of optimum power for 110/10 kV and  

10/0.4 kV substations is made on basis of variants’ 

comparison by function:   
    

, ,

, ,

;

( , , )

 

TS i TP j av

TS HV HVL TP MV

MVL LVL

K f S S

K K K

K K



  

 

 

   

 

  (1) 

 

where  K  are the total capital investments; 

i,TSS  is 110/10 kV TS power; 

j,TPS  is 10/0.4 kV TP power; 

av
  is the average load density in the city or its 

district; 

HV,TSK are capital investments for  110/10 kV 

TS  construction;  

HVLK  are capital investments of 110 kV cable 

line   for  110/10 kV TS connection; 

MV,TPK  are capital investments for  10/0.4 kV 

transformer point (TP) construction; 

MVLK  are 10 kV cable line capital investments 

for 10/0.4kV TP connection; 

LVLK  are 0.4 kV cable line capital investments 

for 0.4 kV consumer power supplying. 

 

Let’s to attention following correlation for load of city 

or its district [6]:  
 

cityavi,TS

1i

city S
v,o

kS
TS

n

  


; (2) 

where  Scity is load of city or its district; 

 ko ,v   is  factor of simultaneity of load maximums            

for network transformers and power system at 

concrete voltage level; 

Пcity is area of city or its district. 

The methods of optimum UPSS parameters 

determination from two modules is given in Fig. 3: 

 module 1 is designed for 110/10 kV TS 

optimum power determination at different load 

densities of ditrict networks` development; 

 module 2 is designed for 10/0.4 kV TP 

optimum power determination in the 110/10 kV 

TS service area with known 110/10 kV TS 

optimum power. 

 

1 Formation of development 

options for 110/10 kV TS 

2

Determination of 110/10 kV 

TS optimum power 

Formation of development 

options for 10/0.4 kV TP in 

110/10 kV TS service area 
Creation of mathematical model 

for 10/0.4 kV TP optimum 

powers` determination

Creation of mathematical model 

for 110/10 kV TS optimum 

powers` determination

Determination of 10/0.4 kV 

TP optimum power 

 
 

Fig. 3. The structure of methods for determination of 

transformer substations’ optimum power in UPSS 

3. The determination of 110/10 kV transformer 

substations’  optimum powers 

 

The determination of optimum power for 110/10 kV 

substations (module 1) is made on basis of variants’ 
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comparison by function (1). The calculation block 

diagram for determination of 110/10 kV substations’ 

optimum power is shown in Fig. 4. It consists of 3 main 

parts: 

 determination of capital investments for 110/10 

kV TS un cable line construction; 

 determination of capital investments for 10/0.4 

kV TP un cable lines construction; 

 determination of capital investments for 0.4 kV 

cable lines construction. 
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2
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Additional input data:

1

σav

Common input data:
city,

adm

KTPj,
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3

S TPj.,
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, K∑MVL,n

KMVL, Sfid MV,

KLVL

K∑LVL,n

4 Additional input data:

K∑, n = min

TS optS

, K∑HVL,n

KHVL.,

K∑, n 

 
 

Fig. 4. The calculation block diagram for determination of 

110/10 kV substation’s optimum power 

 

The components of function (1) can be calculated 

consistently. 

The capital investments for 110/10 kV TS construction: 
 

1
TSTSavcity

TSTSHV,TS

SK1.1

KnK








                         (3) 

            

where  TSn  is the quantity of 110/10 kV TS; 

TSK  are capital investments for construction of 

one 110/10 kV TS; 

           TSS  is 110/10 kV TS load taking into account       

load factor 5.0adm   for 110/10 kV TS with 

two transformers. 

 

The capital investments for 110/10 kV lines to connect 

110/10 kV TS can find by expression: 
 

TSHVLTSHVLHVLHVLHVL AnKLKK   ;    (4) 
 

where HVLK  is construction costs for 1 km of 110 kV 

cable line; 

          L∑HVL is 110 kV cable line total length; 

          HVL  is 110 kV network configuration factor 

(loop-through scheme adopted 7.1HVL  ); 

           ATS is the theoretical distance between the 110/10 

kV adjacent substations. 

 

Considering mathematical relations between parameters 

get the next result expression: 
 

5.0
TS

5.0
midcityHVLHVL SK1.2K   ; (5) 

 

According to the accepted geometrical model the service 

areas of future TS are presented by idealized equivalent 

of areas in the form of a hexagon (Fig.5). 

 

 
 

Fig. 5. The ideal model of service areas for TS at different 

voltage levels   

 

Between the basic geometrical sizes of the hexagon, 

models - templates (Fig.2) and the main technical 

parameters of transformers, networks the following 

correlations exist [7]: 
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 ; 

 

where  iR  is the radius of TS service area (also the 

side of a hexagon and the radius of the circle 

described around the hexagon). 

The next component of the main function (1) is capital 

investments for 10/0.4 kV transformer point (TP) 

construction. 

 

1

TPTPavcity

TPTPMV,TP

SK3.1

KnK








   (7)      

 

where  TPn  is the number of 10/0.4 kV TP; 
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TPK are capital investments for one 10/0.4 kV 

TP construction; 

           TPS  is load of two transformers 10/0.4 kV TP 

taking into account the load factor 7.0adm  .   

     
The next component of the main function (1) is capital 

investments for 10 kV cable lines to connect 10/0.4 kV 

TP:           
 

TP
S

TS
S

AKn2.1

LKnK

TPMVLMVLTS

MVLMVLTSMVL









  (8) 

 

where MVLK  is construction costs for 1 km of 10 kV 

cable line to connect 10/0.4 kV TP; 

           L∑MVL  is 10 kV cable line total length at service 

area of 110 kV transformer substation; 

          MVL  is 10 kV network configuration factor 

(loop-through scheme adopted 5.2MVL  ); 

          ATP is the theoretical distance between the 10/0.4 

kV adjacent substation. 

Considering mathematical relations between parameters 

get the next result expression: 
 

1
TP

5.0
TS

5.0
avcityMVLMVL SSK6.3K   .    (9)  

 

The last component of the main function (1) is 0.4 kV 

cable line capital investments for 0.4 kV consumer 

power supplying: 
 

LVLTPLVLLVLTP

LVLLVLTPLVL

nRKn

LKnK








             (10) 

 

where LVLK  is 1 km of 10 kV cable line construction 

costs; 

           L∑LVL is 0.4 kV cable line total length at service 

area of 110 kV transformer substation; 

           MVL  is 0.4kV network configuration factor (for 

0.4 kV adopted 6.1MVL  ); 

 TPR is the service area`s radius of 10/0.4 kV TP;  

           LVLn is the maximum quantity of 0.4 kV lines 

from one 10/0.4 kV TP, taking into account the 

rated transformers` power of TP and maximum 

admissible current for 1 kV cable with cross- 

section 4x240 mm
2
. 

Considering  mathematical relations between parameters 

get the next result expression:  
 

5.1
TP

5.0
avcityLVLLVL SK87.6K   .       (11) 

 

Taking into account mathematical expression (3), (5), 

(7), (9), (11) for components, get the result expression 

for function (1) depending on optimized parameters STS 

and STP economic density of a current and given values 

of other parameters.  

The optimum solution of function (1) is equal with the 

minimum total investments for development variants of 

UPSS. The calculations are realized with developed 

programm in Excel environment. All calculations are 

made in the specific units (on 1 km
2
 of an area). The 

results of calculations are shown in Fig. 6. 
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Fig. 6. Specific total investments for UPSS depending on 

110/10 kV TS transformer power and load density, using 

10/0.4 kV TP STP=2x400 kVA 

 

From the results follow that TS transformers’ rated 

power 2x32 MVA is economically to use in cities or its 

districts with load density σav = 3-5 MVA/km
2
, 2x40 

MVA if load density σav = 6-12 MVA/km
2;

, 2x63 MVA 

if  load density σav = 12-24 MVA/km
2
, 2x80 MVA if 

load density σav > 24 MVA/km
2
. 

The same calculations are made for the network with 

same service area using 10/0.4 kV TP with two 

transformers STA=1000 kVA. Specific total investments 

for UPSS depending on 110/10 kV TS transformer 

power and load density, using 10/0.4kV TP 

STP=2x1000 kVA shown in Fig.7. 

 

0.00E+00

2.00E+06

4.00E+06

6.00E+06

8.00E+06

1.00E+07

1.20E+07

3 6 9 12 15 18

TS rated power, MVA

c
a

p
it

a
l 
in

v
e

s
tm

e
n

ts
 ,
 L

s
/k

m
2

3 MVA/km2
6 MVA/km2
9 MVA/km2
12 MVA/km2
15 MVA/km2
18 MVA/km2
21 MVA/km2
24 MVA/km2

2x802x632x402x322x252x16

 
 

Fig. 7. Specific total investments for UPSS depending on 

110/10 kV TS transformer power and load density, using 

10/0.4 kV TP STP=2x1000 kVA 

 

4. The determination of 10/0.4 kV transformer 

substations’  optimum powers 

 

The determination of optimum power of 110/10 kV TS 

is only the first and serious stage in the task of UPSS 

development. After the optimum power of 110/10 kV 

TS determination, it is rationally to find the 10/0.4 kV 

TP optimum power in the service area of 110/10 kV TS.  

In paper the determination of 10/0.4 kV TP optimum 

power is made on basis of function (1) when optimum 

power of 110/10 kV substation is known: 
 

LVLMVLMV,TPHVLHV,TS

avTPj

KKKKK 

),S(fK



 




(12) 
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where   K∑TS,HV  are capital investments for  one 110/10 

kV TS  construction;  

HVLK  are capital investments for  one 110/10 

TS kV  connection to network with cable lines; 

             MV,TPK  are capital investments for  10/0.4 kV 

transformer point (TP) construction in service 

area of examined 110/10 kV TS; 

             MVLK  are 10 kV cable line capital investments 

for 10/0.4 kV TP connection in service area of 

examined 110/10 kV TS; 

LVLK  are 0.4 kV cable line capital 

investments for 0.4kV consumer power 

supplying in service area of examined 110/10 

kV TS. 

 

The calculation block diagram for determination of 

optimum power for 10/0.4 kV substations is shown in 

Fig. 8. 
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Fig. 8. The calculation block diagram for determination of 

10/0.4 kV substations’ optimum power 

 

The optimum solution of function (12) is equal with the 

minimum total investments for distribution network in 

development variants of UPSS. 

The results of calculations for function (12), using 

110/10 kV TS with transformers rated power 2x32 

MVA for power supplying, are shown in Fig. 9. 
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Fig. 9. Total capital investments for UPSS depending on 

10/0.4 kV TP transformer power and load density, using      

110 kV TS STSi=2x32 MVA  

 

The results of same calculations for function (12), using 

110/10 kV TS with transformers rated power 2x80 

MVA, are shown in Fig. 10. Probably in Latvian UPSS 

so powerful 110/10 kV transformers using is limited, 

due to very big short-circuit braking currents in new 

possible TS and due to existing TS constructive 

performance. 
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Fig. 10. Total capital investments for UPSS depending on 

10/0.4 kV TP transformer power and load density, using      

110 kV TS STSi=2x80 MVA  

 

On the basis of the results follow that, if the load density 

in one 110/10kV TS service area is higher it is gainfully 

to use TP with more powerful 10/0.4 kV transformers. 

Due to relay protection difficult configuration for 1000 

kVA transformers and higher, in Latvian UPSS use very 

rarely, only for power supplying of point powerful 

customers. 

 

5. Conclusions 

 

1. The scientifically well-founded approach to the 

formation and choice of transformers’ optimum 

power for urban power supply system in solving of 

development problems is offered. 

2. The geometrical and mathematical modeling for 

solution of development tasks is used successfully.  

3. The determination of 110/10kV TS and 10/0.4 kV 

transformer substations’ optimum power is made on 

basis of comparison for development variants of 

UPSS.  
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4. The calculations are realized with developed 

programm in Excel environment. with program 

Microsoft Excel. 
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Abstract: A method of transmission tower models 
construction for atmospheric overvoltages performance 
studies is presented. The overvoltage waves produce 
electric fields along the tower, the shielding wire and 
along the conductor. EMTP program has been selected 
as the software used to generate the fault data. The 
results show that EMTP is capable for analyzing 
lightning parameters in the transmission line towers 
structures. The conclusions of the calculation results 
presented in this paper is, that the selected tower models 
can affect the overvoltages waves propagation on high 
voltage power network segments and its affect will 
change accordingly with the tower geometrical 
parameters. 

 
Keywords: lightning overvoltage, transmission tower, 
EMTP program. 

 
1. Introduction 

 
Most of the accidents that occur on electrical 
transmission systems, respectively on high voltage lines 
(110 and 330kV) are caused by lightning strikes on 
transmission lines towers. Lightning strokes hitting 
metal towers, phase conductors or shielding wires of 
transmission line can produce overvoltage waves 
propagation with dangerous parameters along high 
voltage line components, as well as along transmission 
towers. Lightning strokes to the tower of an overhead 
high voltage line produces a transient voltage across the 
insulator strings. 
According to the norms, the average peak current value 
of first stroke in Baltic region may vary from 30 kA to 
35 kA, while for secondary strokes this value may vary 
from 10 kA to 15 kA respectively. In the same moment, 
the main characteristics of transmission lines that 
influence on the overvoltage amplitude are the 
insulation level, the geometric configuration of line 
conductors and towers, including tower height and 
location [1]. Simulation process of lightning 
overvoltage propagations is responsible phase of 
transmission system operation. Modern simulation 
programs, such as EMTP tools, allow realizing 

advanced overvoltage simulation process and predicting 
atmospheric accidents in transmission power systems. 
This paper presents a EMTP simulation aspects of the 
overvoltage waves propagation mechanisms on 330kV 
line metal constructions. 

 
2. Simulation process 

 
In this section, the proposed tower modelling is applied 
to the 330kV of P 330-2 type metal transmission tower, 
which geometrical dimensions are given in table 1 [2]. 
Transmission lines may present several different 
configurations for towers, aerial cables and tower 
footings. These different configurations of line 
components may establish different responses of the 
system when it is stressed by lightning, what directly 
reflects on the resultant values of overvoltage across 
insulation [3], [4]. 
 
Table 1. P330-2 transmission tower dimensions 
 

 Line voltage 

Structure type Dimension 
 

330kV 
 

Tower model 

h1 [m] 43.5 

h2 [m] 36.5 

h3 [m] 29.0 

h4 [m] 22.5 

d1 [m] 0 

d2 [m] 9.8 

d3 [m] 17.6 

d4 [m] 11.2 

Line model 

Phase wire [mm2] 353.8 

Ground wire 
[mm2] 102.6 

Shield system 1 shield wire 

Conductors vertical 
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The double-circuit with one overhead shielding wire P 
330-2 transmission tower is considered in this study is 
shown in Fig. 1. 
The span length between towers is fixed to be 250 m for 
330 kV transmission line. A tower footing resistance Rf 
is 10 Ω. A direct lightning strike to the metal tower top 
is registered.  
 

 
 

Fig. 1. P 330-2 overhead transmission tower basic dimensions 
 
The lightning current splits into the tower and the shield 
wire, and those currents will produce surge responses 
on cross-arms and shield wires. Due to the 
electromagnetic field induction effect, the phase lines 
suspended on strings would induce voltage. The 
transient voltage across the insulators string will be the 
difference between the cross-arm surge response and 
the phase induced voltages [5]. 
The parameters of the EMTP simulation are as follows: 
1. P 330-2 transmission line is simulated as frequency-
dependent distributed parameters 
2. Transmission tower is modeled as traveling wave line 
with surge impadance 
3. Lightning strike is modeled by Heidler source. 
 

3. Lightning current simulation 
 
The overvoltage wave propagation along the line can 
initiate insulation failures. For the problem solving 
proposes, the Heidler model should be applied as (1): 

 

    
 

2t
n

1

10 e
t1

tI
ti 







    (1) 

where I is the lightning peak current, η is the correction 
factor for the peak current value and n is the current 
steepness factor. The coefficients τ1 and τ2 determine the 
front time and the decay time, respectively. The current 
rise can be adjusted by the coefficients n and τ1. 
For tower structure, as lightning strikes metal tower 
where Zt is tower surge impedance, lightning current 
flows through ground electrodes to the earth, and a 
surge voltage Ut will appear at the tower top is [6]: 

 

   tt ZtiU  .   (2) 
 

The surge voltage at the transmission tower gantry (on 
upper phase, middle phase and lower phase) can be 
calculated by following formula, where Rf: is tower 
footing resistance, but Lg is inductance of transmission 
tower part, from gantry to earth [7] 

 

      
dt

tdiLtiRtU gfg  .   (3) 

 

A lightning stroke is defined as a direct stroke to the 
tower top. Fig. 2. shows EMTP simulation scheme. 
 

 
 

Fig. 2. EMTP model for P 330-2 transmission tower 
simulation 
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The impedance of a lightning path is represented as a 
parallel resistance to a current source. 
In EMTP program, the tower is simulated by a 
propagation elements models, represented by tower 
impedance and its form, which is equivalent of tower 
constructive parameters [1]. 
Towers are connected to the soil by ground electrodes, 
which can consist in a simple electrical conductor or in 
complex metallic structures, in order to obtain low 
equivalent resistances. The ground rod impedance is 
represented by a lumped R-L-C circuit [8], [9]. 
The inductance of gantries is different for all phase 
levels (upper / middle / lower), it can be calculated by 
the formula (4), where hg – is a distance from the given 
gantry to earth, but tower inductance Lt is calculated 
within the following ranges: Lt = 0,5 ÷ 1,0μH/m (is a 
tower inductance per length unit) 
 

 

 Lg = hg · Lt .   (4) 
 

 

The inductances level of transmission tower phase 
levels is given in Table 2. 
 
Table 2. Values of phase levels inductances 
 

Line 
voltage 

Lightning 
current 

Phase levels 
inductances 

(upper /middle / lower) 

Footing 
resistance 

U [kV] I [kA] Lg [μH/m] Rf [Ω] 
 

330 
 

35 21,8 18,3 14,5 10 

 
The modeling process was continued for the tower type 
of U 330-3, which differs from the previous case with 
construction parameters. U 330-3 is one-circuit metal 
transmission tower with two overhead shielding wires. 
U 330-3 type metal transmission tower geometrical 
dimensions are given in table 3 and tower construction 
is shown in Fig. 3 [2]. 
 
Table 3. U330-3 transmission tower dimensions 
 

 Line voltage 

Structure type Dimension 
 

330kV 
 

Tower model 

h1 [m] 19.3 

h2 [m] 10.7 

d1 [m] 11.3 

d2 [m] 16.0 

Line model 
Shield system 2 shield wires 

Conductors vertical 
 
In this case, some transmission line parameters remain 
unchanged, transmission towers of U 330-3 type is used 
when turning the line profile. 

 
 

Fig. 3. P 330-3 transmission tower basic dimensions 
 

4. Simulation results 
 
The simulation results are presented for the peak current 
35 kA, the lightning stroke is injected into the tower 
top.  The Fig. 4 show the simulated waveforms of the 
overvoltage values across transmission tower phase 
levels (gantries) using the EMTP. These results show, 
that overvoltage values around the tower upper / middle 
/ lower levels is different. Voltage waveforms are 
calculated, when lightning current rise time is 3 μs. In 
case, when peak current is 35 kA , incident overvoltage 
would present 0,99 MV amplitude for upper phase 
level, 0,89 MV for middle phase level and 0,77 MV for 
lower phase level for P 330-2 double circuit 
transmission tower. In case of P 330-3 single circuit 
transmission tower the voltage amplitude of single 
phase levels is 0,54 MV. 
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Fig. 4. Voltage waves forms of P 330-2 tower upper, middle 
and lower levels, and voltage wave form of P 330-3 tower 
single phase level, the lightning current value is 35 kA 
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Table 4 shows voltage calculation results of various 
tower modules. 
 
Table 4. Voltage values of phase levels for P 330-2 and P 
330-3 transmission towers 
 

 
Tower 
type 

 

Lightning 
current 

Peak voltage values on upper / 
middle / lower modules 

330 kV [kA] [kV] 
 

P 330-2 
 

35 990 / 890 / 770 

 
P 330-3 

 
35 540 

 
5. Conclusions 

 
The paper presents an atmospheric overvoltage 
propagation analysis on high voltage transmission lines, 
using the EMTP. 
Structural characteristics of transmission line profile, 
and constructive characteristics of transmission tower, 
directly affect overvoltage amplitude values on tower 
phase levels, each creates a dangerous impulse 
increasing on tower gantries. 
High voltage Insulation failures probability is directly 
related with transmission tower inductance for each 
phase level. 
The calculated voltage waveforms across tower phase 
levels by EMTP simulation results are different for 330 
kV transmission towers with different structural types – 
P 330-2 and P 330-3.  
For the exploited 330 kV transmission lines tower in 
Baltic region, the maximum voltage values difference 
on tower structure can be up 450 kV. 
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Abstract: mathematical model and structure of negative, 
positive and zero sequence of variable speed pump 
storage unit (VSPSU) and functional feasibilities have 
been analyzed in this article. Transformed algebraic and 
differential equations of VSPSU have been composed 
on a basis of synchronous and asynchronous machines. 
Solutions of differential equation systems have been 
expressed by the modified digital integration method of 
Runge Kutta. Electric parameters of VSPSU single-
phase short circuit have been assessed in pump and 
generator regimes according to the composed algebraic 
and differential equation systems. 

 
Keywords: variable speed pump storage unit, electric 
energy system, generator regime, pump regime, single-
phase short circuit. 

 
1. Introduction 

 
New theoretical ideas, technical solutions are being 
researched for efficient and economical utilization of 
energy sources. Huge development perspective has 
hydro-energy sources [1]. Experimental researches have 
been performed with VSPSU during the ninth decade of 
last century. 
Results showed higher efficiency of work cycle and 
possibility to rapidly control active and reactive powers 
in the hydro storage power stations [2]. 
Theoretical basement of VSPSU dynamic mathematical 
model is relevant to asynchronous machines. Excitation 
control system structures are relevant to wind power 
station control structures. However, the excitation 
control principles are slightly different, because VSPSU 
operates in pump and generator regimes. Consequently, 
the VSPSU excitation control system objective is to 
guarantee work regimes and stability criteria. 
It is suggested to identify positive, negative and zero 
sequence power circuit mathematical model while 
modeling VSPSU functional possibilities in electrical 
energy system (EES). Runge Kutta fourth level 
integration method has been made for analysis. 
Designed VSPSU mathematic functional structure 

enables estimation of transient process dynamics while 
coordinating transformed control parameters in 
generator and pump regimes during nonsymmetrical 
short circuit in 330kV busbar. 

 
2. VSPSU dynamic mathematical model 

 
Dynamic mathematical model of positive, negative and 
zero-sequence power circuit has been composed for 
identification of dynamic mathematical model structure 
of VSPSU. 
Mathematical analysis of model structure has been 
performed. The dynamic mathematical model of 
VSPSU has been described by the systems of algebraic 
and differential equations. The solutions of differential 
equations are found by the application of the fourth 
order Runge-Kutta method. Algebraic analysis has been 
performed based on the obtained solutions and 
dynamics of the variable parameters has been expressed 
after unbalanced single-phase short circuit. 
VSPSU equivalent scheme has been composed in 
Park’s coordinates (fig.1) according to the theory of 
electrical engineering. 
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Fig. 1. The equivalent scheme of variable speed pump storage 
unit in the d-q coordinates 
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Stator and rotor active resistance (rs and rr), stator and 
rotor inductance (Ls and Lr), inter inductance (Lm), 
magnetic flux of stator and rotor in d and q axes (

(dq)s
  

and 
(dq)r

 ) and the angular frequency of stator and 

rotor (ωs and ωr) have been transformed to the d - q 
coordinate system single-phase relation (fig. 1). 
Currents, voltages and magnetic flux vector components 
directions have been selected. Nonlinear system of 
equations is created for stator and rotor positive, 
negative and zero-sequence of electrical circuits and 
motion moment according to the theory of electrical 
engineering and electromechanical. 
Vector equations of voltage: 
For stator: 
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For rotor: 
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The VSPSU mechanical torque depends on the water 
pressure, guide state and rotor rotation: 
 

 
r

3

m ω

HkG
T  ; (3) 

 

where k – proportional coefficient; H – water pressure; 
G – guide state position. 
The equation of motion momentum: 
 

 rmed
d 

DTT
t

J r  ; (4) 

 

where Tm ir Te – mechanical and electromagnetic torque; 
D – damping coefficient. 
Stator and rotor circuit flow vectors and the rotor 
angular frequency equations have been expressed by 
equations (1,2 and 4): 
Vector equations of voltage: 
For stator: 
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For rotor: 
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The rotor angular frequency equation: 
 

  .1
d

d
rme 

DTT
Jt

r    (7) 

 

Modified digital integration method of Runge Kutta has 
been used for solutions of VSPSU stator and rotor flow 
and angular frequency equation (5-7) expressed 
systems. 
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The rotor angular frequency ( r ), stator and rotor 

flows (  sdq0
 and  rdq0

 ) and change of time 

( 't ) have been expressed as: 
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The rotor angular frequency ( r ), stator and rotor 

electromagnetic flows (  
'

sdq0
 and  

'
rdq0

 ) and 

change of time ( t ) have been expressed as: 
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The current vector components have been expressed as: 
For stator 

 

 
















.

,

,

0rm0ss0s

qrmqssqs

drmdssds

iLiL

iLiL

iLiL







 (11) 

 

For rotor 
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The stator and rotor current vector ( (dq0)si and (dq0)ri ) 

are expressed by equations 11 and 12. The 
electromagnetic torque motion Te has been calculated 
by: 
 

  ;5.1 qrdrdrqse iipT    (13) 
 

where p – number of poles. 
The stator and rotor slip angular frequency is expressed: 
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It is necessary to establish the management structure of 
the transfer function system, which combines the power 
circuit researched parameters during single-phase short 
circuit fault with created dynamic mathematical model 
of positive, negative and zero sequence of VSPSU 
electrical power circuit. 

 
3. VSPSU control system transfer functions 

 
VSPSU control system structure has relevant structure 
of wind power plant control system structure and 
mathematically relevant control system elements of 
synchronous machines. Mathematical structure of 
modified VSPSU control system has been composed on 
a basis of wind power plant asynchronous machine 
control system structure with phase rotor. 
VSPSU simplified mathematical control structure (fig. 
2) have been described by the proportional integral 
filter elements transformed by Laplase transformation. 
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Fig. 2. Control mathematical structure of converter and inverter 
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Control system elements perform stabilization and 
control of power circuit controlled parameters. Stator 
and rotor currents (   stsdq0 Ii  ,   rtrdq0 Ii  ) and 

voltages (   rtsdq0 Ee  ,   rtrdq0 Ee  ) have been 

transformed to polar coordinates. 
Main constants of control system structure are time 
constants (T(x)), integration coefficient (Ki), 
proportional coefficient (Kp), compensation coefficients 
(Kc). Main transformed variables of stator and rotor are 
current (Its(r)), current expression of 11 and 12 equations 
( '

s(r)tI ), voltage (Et s(r)), maximum currents ( '
s(r)maxi , 

s(r)maxi ), minimum currents ( '
s(r)mini , s(r)mini ), maximum 

voltages ( '
s(r)maxu , s(r)maxu ) and minimum voltages 

( '
s(r)minu ir s(r)minu ). 

Transfer functions have been composed from described 
mathematical structure (fig. 2): 
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Stabilization and control of researched parameters with 
sufficient system stability have been sought to maintain 
with described VSPSU mathematical control elements 
and transfer functions during nonsymmetrical short 
circuit in pump and generator regimes. Modeling and 
analysis of mathematical model and nonsymmetrical 
short circuit has been performed with regard to VSPSU 
specific performance. 
 

4. Analysis and results 
 

18 kV nominal voltage and 300 MVA total nominal 
power VSPSU has been selected for theoretical analysis 
which power coefficients in generator regime is 0.8 and 
in pump regime is 0.9. Stator and rotor power circuits of  
 
VSPSU system and mathematical models of control 
system elements have been synchronized together with 
analyzed nominal and proportional parameters. Initial 
conditions of generator and pump stationary regimes 
have been set by selecting active resistance and 
inductance of VSPSU mathematical power circuit 
model (fig. 1). Initial conditions and differential 
equation solutions of mathematical model and 
convergence range have been estimated with Runge 
Kutta digital integration method. 
Time interval of 1 second (t = 2 s) has been chosen. 
Single phase short circuit of line-ground (K1,1) has been 
imitated in 330 kV busbar. Time intervals of single 
phase short circuit has been selected: 
 0,1 s – main circuit breakers disconnects fault; 
 0,21 s – reserve circuit breakers disconnects fault; 

 0,4 s – fault is being disconnected for unset time 
period. 

Dependencies of slip angular frequency (fig. 3.) m , 
current Ie (fig. 4.), voltage (fig. 5.) have been estimated 
by Digital integration method in generator and pump 
regimes of VSPSU. 
Transient processes of VSPSU slip angular frequency 
(fig. 3.) m , current Ie (fig 4.), voltage (fig. 5.) 
parameters have been obtained in theoretical analysis by 
imitation of short circuit in 330 kV busbar. Slip angular 
frequency (fig. 3.) m , current Ie (fig. 4.), voltage (fig. 
5.) of VSPSU changes relevantly in generator and pump 
modes according to obtained characteristics. These 
changes have been determined by VSPSU 
asynchronous machine specifics. 
Slip angular frequency and voltage change 
approximately is ms/%55,0m  and ΔEe = 6 kV 
respectively in generator and pump regimes. Current of 
VSPSU depends on work regime. Current change 
maximum Ie max =12,5 kA in generator regime and Ie max 
=13,5 kA in pump regime forms due to fault period 
extent and electrodynamic forces in VSPSU in post 
fault period. Post fault regime reaches steady state 
quicker in generator regime according to fault period 
extent. 
Sufficient stability of VSPSU and control system has 
been reached while performing VSPSU control system 
transfer function analysis by changing single phase 
short circuit period. 
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Fig. 3. VSPSU slip angular frequency characteristics in 
generator and pump regimes 
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Fig. 4. VSPSU voltage characteristics in generator and pump 
regimes 
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Fig. 5. VSPSU current characteristics in generator and pump 
regimes 
 
 
 

5. Conclusions 
 

1. VSPSU rotor is unsensitive to single phase short 
circuit and it‘s slip angular frequency change 
reaches  . 

2. Current change in VSPSU terminals depends on 
VSPSU loads and work regime during single 
phase short circuit. 

3. VSPSU and control system has maintained 
stability during single-phase short circuit at 330 
kV busbar. 
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Abstract: Energy potential output character is very 
stochastic of most of the renewable energy sources. 
Today such character and low intensity energy potential 
utilization is problematic because of complicated 
conversion system structures, control systems, quality of 
converted electric power [1, 2]. One of effective means 
to utilize stochastic character and low energy potential 
is using created inverter – three phase dual system 
converter system more effectively. It uses voltage 
source (U=const., I=var.) conversion to current source 
(I=const., U=var.) system. Main research results of 
steady state and transient processes at electrical circuit 
elements of created inverter – three phase dual system 
converter system are presented at paper. 
 
Keywords: inversion, conversion, steady state, transient, 
processes, redox flow battery, dual, three phases. 
 

1. Introduction 

There are known two dual electric power systems at 
electric power system theory of circuits. Basic 
parameter of circuit is voltage (U=const., I=var.) at one 
electric power system and current (I=const., U=var.) at 
another power system [3, 4]. Which is basic parameter 
depends on electric source features. Such systems are 
called voltage and current source systems. Now days 
voltage source system (U=const., I=var.) is used at 
electric power engineering widely. When voltage and 
current source systems are used at electric power system 
they called dual electric power systems [3, 4].  
Nowadays current sources systems are widely used and 
developing at such modern technologies as solid state 
lasers, electro thermal metal welding, illumination and 
irradiation of gas discharge lamps equipments [3]. 
Current sources are converters of system of electrical 
energy supply. They convert voltage source (U=const., 
I=var.) electric power system to current source 
(I=const., U=var.) electric power system and create 
duality of electric power system. It is significant that 
current source system utilization creates unique 
possibilities to use unutilized low potential but huge 

resource renewable electric power which character is 
stochastic so far more effectively [5]. Application of 
such inverters – dual system converters create unique 
possibilities to utilizes high capacity electrochemical 
electrical energy storage systems [5, 6].  
Main research results of steady state and transient 
processes at electrical circuits of created inverter – three 
phase dual system converter (ITSC) are presented at 
paper. 

 
2. Strategic research objective of research and 

methodology  

Strategic research objective of inverter three phase dual 
system converter is to confirm that it operates at 
autonomous, autonomous energy storage electrical 
network operating conditions, can utilize low intensity 
energy potential of varying power stochastically. It is 
necessary to perform following steps for mentioned 
objectives solution: 
1. To create simulation model of ITSC system with 
MATLAB, Simulink software; 
2. To research stationary and transient processes 
using simulation model; 
3. To process and analyze research data and form 
conclusions. 

 
3. Inverter – three phase dual system converter 

structure 

ITSC structure is created and presented at Figure 1. At 
this figure are showed: Uo – DC voltage of voltage 
sources system which varies stochastically, ITSC – 
inverter – three phase dual system converter which 
consists from semiconductor, active and reactive 
elements of circuit [10]. RFB – redox flow battery. R1, 
R2, R3 – autonomous symmetrical three phase load, 
standard three phase source (e.g. synchronous 
generator) whose emf EEN1, EEN2, EEN3 RMS values, 
REN1, REN2, REN3 – internal resistances of each emf, k1, 
k2, k3 – control switches.  
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Fig. 1. Inverter – three phase dual system converter 

 
 
Simulation model of ITSC system is created and 
performed with MATLAB, Simulink software; RFB is 
simulated as system. Here are evaluated internal and 
external losses and number of cells of stack [4, 7, 8]. 
RFB emf of cell of stack evaluated by following 
equation: 
 

 










SOC

SOC

F

RT
EE

1
ln20 ;   (1) 

 

here E0 – standard potential of RFB and equal to 1,26 V, 
R – gas constant, T – temperature of environment 
evaluated by K; F – Faraday constant, SOC –state of 
charge [4]. 

 
4. Research results of operating conditions 

processes of inverter – three phase dual system 
converter 

 
Simulation is performed with Matlab, Simulink 
software. The model is assembled according to Fig. 1. 
Main parameters and they variation limits of simulation 
model are presented at table 1.  
 
Table 1. ITSC system main parameters of simulation model. 
 

Uo, 
V 

R1, R2,  

R3 
Ω 

URFBr, 
V 

SOC,  
% 

EEN1, EEN2, 
EEN3, 

V 

REN1, 
REN2, 
REN3, 
Ω 

5 -
72 

10–
1000 12-55 70 230 0,01 

 
Here URFBr – rated voltage of RFB. Autonomous 
operating condition. Simulations of ITSC system is 
performed with connected autonomous symmetrical 
load resistance. Therefore are presented main research 
results of one phase. Simulation model research results 
(Fig.2) confirmed that ITSC system can operate at 
autonomous operating condition. Fig. 2 shows voltage 
U1 dependence on load resistance R1. Here RFB rated 
voltage is URFBr = 55 V. Here stochastic character, low 

intensity electric power can be converted to standard 
parameters electric power by ITSC system very steadily 
and efficiently. When R1 ≤ 90 Ω voltage U1 is not 
steady because R1 value approaches to internal 
resistance value of ITSC system. When R1 > 90 Ω and 
increases 4 times voltage stability γ is high, γ = ± 14 %. 
 

 
Fig. 2. Load voltage U1 dependence on load resistance R1. 

 
Fig. 2 shows that voltage U1 depend on DC voltage Uo 

insignificantly. When Uo varies 6 times, U1 varies less 
than 2,5 %. 
Fig. 3 shows voltage U1, dependence on RFB 
 

 
Fig. 3. Load voltage U1, dependence on redox flow battery 
output voltage URFB 

 
output voltage URFB. This dependence shows that load 
voltage U1 can be controlled by URFB linearly. When 
URFB varies 4,6 times U1 varies 1,96. When voltage Uo 
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varies 7,2 time it does not influence dependence U1= f 
(URFB) character. 
Research results shows that RFB controls load voltage 
by following equation: 
 

 69,358922,01  RFBUU        (2) 
 

Total harmonic distortion factor of voltage is calculated 
by following equations: 
 

 22
3

2
2 .... nH UUUU        (3) 

 
F

H
n U

U
THDU       (4) 

 

where Un – RMS value of harmonic n, UF – RMS value 
of fundamental voltage component. 
Fig. 4 shows load voltage U1 total harmonic distortion 
THDU1, dependence on load resistance R1. Here 
simulations are performed when Uo = 60V, URFBr = 55V. 
When R1 varies 5 times THDU1 varies 1,24 times and  
 

 

Fig. 4. Total harmonic distortion factor THDU1, dependence on 
load resistance R1. 

 
its value increases non – linearly. Research results 
showed that load voltage total harmonic distortion 
factor THDU1 is equal to current THDI1 total harmonic 
distortion factor. IEC standard regulates that THD has to 
be less then 0,08 [9]. Research results shows that  
THDU1 < 0,08. Therefore there are unnecessary 
complicated filter systems, for electric power quality 
improvement at autonomous operating condition. 
Autonomous energy storage operating condition. Fig. 
5 shows RFB current IRFB, dependence on  
 

 
 

Fig. 5. Redox flow battery current IRFB, dependence on load 
resistance UURB. 

 

voltage URFB when load is disconnected. When Uo varies  
12 times RFB is always charged and IRFB value is 
negative. IRFB value does not depend on RFB output 

voltage URFB and is constant value. Such feature remains 
for vary Uo values. Here research  
results confirm that ITSC operates at dual system 
operating mode and converts voltage system to current 
system. When Uo varies stochastically then only current 
value varies but not direction. Therefore such electric 
power could be stored at RFB successfully and 
efficiently even when input energy potential intensity is 
low. 
Electrical network operating condition. Here are 
presented research results of steady state processes 
when ITSC system is synchronized and connected to 
electrical network. Fig. 6. shows electrical network 
current IEN1, ITSC output current IIT1 and load current I1 

dependences on voltage Uo. When voltage Uo increases 
from 5 V to 20 V electrical network supply electric 
power to load. Here IEN1 value can decrease up to 0 A 
because of increasing ITSC output current IIT1 share to 
load current I1. When voltage Uo increases from 20 V to 
60 V then ITSC system transmits electric power to 
electrical network and load. Here IEN1 value increases up  
to 1,18 A. When voltage Uo varies from 5 V to 60 V 
then IIT1 increases 15,1 time linearly. ITSC output 
current flows to load or to load and electrical network 
depending on Uo value. When voltage Uo varies from 5 
V to 60 V load then current I1 increases only by 2 %. 
Research results shows that ITSC system transmit 
excessive electric power to electrical network steadily. 
 

 
 

Fig. 6 Electrical network current IEN1, ITSC output current IIT1, 
load current I1 dependence on voltage Uo 

 

 

Fig. 7. Total harmonic distortion factor THDI, dependence on 
voltage Uo. 
 
Total harmonic distortion factor of current is calculated 
by following equations: 
 

 22
3

2
2 .... nH IIII       (5) 

 
F

H
I I

I
THD        (6) 
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where In – RMS value of harmonic n, IF – RMS value of 
fundamental current component. 
Fig 7. shows total harmonic distortion factor THDI of 
electrical network current IEN1 dependence on voltage 
Uo. Here research results presented when load 
resistances R1= R2= R3 = 400 Ω. When Uo varies from 5 
to 20 V THDI increases from 0,038 to 0,12. Here current 
is transmitted from electrical network to ITSC system. 
When Uo varies from 20 V to 65 V THDI decreases. 
Here current is transmitted from ITSC system to 
electrical network. When Uo varies from 10 to 30 V that 
THDI factor value exceeds 0,08 but current IEN1 value is 
very low. 
Main research results showed that THDUEN does not 
depend on voltage Uo variation and value is less than 
0,005. 
Fig. 8 shows three phase load voltages u1, u2 u3 

dependence on time t. ITSC system connected to 
electrical network unsynchronized, phase angle 
difference between voltages is maximum which value is 
300 and electrical network voltage value is 15 % higher, 
R1, R2,  R3 = 150 Ω. 
 

 

Fig.8. Three phase load voltages u1, u2, u3 dependence on time 
t, when connection to electrical network is unsynchronized 
 
ITSC system is connected to electrical network at the 
time t = 0,5 s. During transient process amplitude value 
of only u1 increases 1,04 times, u2 increases 1,08 times, 
only u3 increases 1,04 in comparison with steady state 
voltages after connection. Voltage u1, u2, u3 amplitude 
values stabilizes after 0,1 s fully.  

 
5. Conclusions 

 
1. When load resistances of phase R1 > 90 Ω and 

increases 4 times load voltage U1 stability factor γ = 
± 14 % and when DC voltage of voltage sources 
system Uo varies 6 times, U1 varies less than 2,5%. 

2. Load voltage U1 is controlled by RFB output 
voltage URFB linearly and when URFB varies 4,6 
times U1 varies 1,96. 

3. ITSC converts stochastic character to standard 
parameters and sufficient quality electric power at 
autonomous and electrical network condition and 
voltage total harmonic distortion factors THDU , 
THDUEN value is less than 0,08, current IEN total 
harmonic distortion factor THDI value is less than 
0,12.  

4. When stochastic character input voltage Uo varies 
from 5 V to 65 V ITSC system converts and 

transmits electric power to electrical network and 
load steadily.  

5. When unsynchronized ITSC system is connected to 
electrical network, during transient process phase 
amplitude value of  load voltage increases 
insignificantly – up to 1,08 times in comparison 
with steady state voltage amplitude value. 

6. Research results confirmed that it is appropriate to 
create and manufacture 100 – 1000 W power 
prototype for technical feasibility study of 
operating conditions and system correction of 
micro wind, chemotronic power plant. 
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Abstract: In this paper the impact of the reactive power 
flows on the nodal prices determination for active power 
taking into account technological limitations is 
considered. Reactive power cause losses and decrease 
transfer capability for active power. In this case, active 
power distribution is also affected by reactive power, 
respectively, it influence on nodal prices. 
For illustration of the offered method, a specific EPS 
was used. 

 
Keywords: Optimization, price bids, nodal price, 
reactive power. 

 
1. Introduction 

 
Vertically integrated structure of the energy sector is an 
inefficient economy system, which does not support to 
future development of the industry. Therefore energy 
sector management must be based on the suitable 
reflection of the market subject price signals. 
Competition is possible in electricity generation (among 
the power stations) and electricity suppliers. 
Competition forces the players to reduce price of their 
product or service, by reducing production costs and 
introducing new technologies in the production process 
in order to be marketable. By contrast, it is impossible 
to build competitive transmission and distribution lines. 
Therefore, electricity transmission and distribution 
companies continue to function as a natural monopoly, 
creating the payment system for energy transporting, 
excluded from the relationship between consumers and 
producers. A separate fee for the transport of energy is 
provided. This fee compensates the costs of system 
maintenance and loses in grids. 
From the above it follows that the electrical power 
system (EPS) must be considered both from a technical 
point of view - as a technical subject with appropriate 
technological management, and from an economical 
point of view - as a business object that serves for 
derivation of profit. This aspect makes it necessary to 
use complex approach for the technological and 
financial management of the EPS. 
Nodal pricing problem derives from the system 
parameters, network losses and constraints have been 

widely studied [1-4]. The electricity prices are impacted 
by generators capacity constraints, the energy losses in 
network and network capacity constraints, as well as the 
voltage limits at nodes.  
The reactive power flow not only increases the active 
power losses in networks, but also reduces the potential 
of the active power flow in networks with capacity 
constraints. 
This work is intended to investigate the effect of the 
reactive power flow on the active power nodal prices in 
pool model of competitive energy market.  

 
2. The optimization model 

 
The aim of the EPS optimization task is to maximize the 
market participants’ welfare function. Taking into 
account, that energy production and consumption has 
same time interval for energy amount establishing, in 
objective function we can use active and reactive power 
instead of energy:  

 





























Gi
gigQi

Gi
gigPi

Dj
djdQj

Dj
djdPj

QcPc

QcPcF
, (1) 

where gPidPj cc ,  - sellers’ and consumers’ bids for 
active power in fixed time interval; 

gQidQj cc ,  - sellers’ and consumers’ bids for reactive 
power in fixed time interval; 

gidj PP ,  - announced active power for electricity 
production at a fixed time; 

gidj QQ ,  - announced reactive power for electricity 
production at a fixed time; 

GD,  - the number of load and generating nodes. 
The inelastic market is functioning based on the 
unilateral auction where consumers’ demand is fully 
satisfied under the condition that there is no shortage of 
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generated power. In this case the optimization task is 
minimization of objective function 

 



Gi

gigQi
Gi

gigPi QcPcF
.
 (2) 

The optimization of the objective function must be done 
with accounting of the technological limitations in EPS. 
These limitations are given in the form of equalities and 
inequalities. By their structure limitations can be 
classified into linear limitations and nodal limitations.  

Nodal limitations are: 
 limitations of generated active and reactive 

power:  

 maxmin
gigigi PPP  , (3) 

 maxmin
gigigi QQQ  ; (4) 

 limitations on voltage in generation and 
consumption nodes: 

 maxmin
iii UUU  ; maxmin

jjj UUU  . (5) 

Linear limitations are maximal power flows and current 
limitations:  
 max

ll SS  , (6) 

 
max
ll II  . (7) 

Power balance in the grid is given in the equality form: 
 

 0 
  Dj Ll

ldj
Gi

gi PPP , (8) 

 0 
  Dj Ll

ldj
Gi

gi QQQ , (9) 

 

where ll QP  ,  - the active and reactive losses in 
transmission lines; 
L  - number of transmission lines. 
Using the optimization model we will determine active 
limitations. Active limitations are limitations where 
parameters obtain limit value. Other limitations are 
passive. 
We will use method of uncertain Lagrange’s multipliers 
for the calculations of the nodal prices.  
The limitations of the generators and power flows in 
lines can be written in the form of equalities: 

 ,,1,0 pgi
piel

gi GiPP   (10) 

 ,,1,0 qgi
piel
gi GiQQ   (11) 

 ,,1,0 ll
piel

l LlSS   (12) 

where lqp LGG ,,  - number of generators and lines, 
where limits are obtained. 
For accounting of the active limitations we will use 
following uncertain Lagrange’s multipliers: 

P , Q  - variables, that correspond to the price bids of 
the last demanded active and reactive power generators 
in the level of the power balance (8) and (9); 

L  - variables, that correspond to the active limitations 
on the power flows in lines; 

Pi , Qi  - variables, that reflect active limitations of 
the active and reactive power generators in the nodes. 

The Lagrange function can be written as: 
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. (13) 

The nodal prices of electric power for active power in 
homogeneous networks can be calculated using 
indefinite Lagrange multipliers by the formula [5]: 
 

 ,L
T

n μνec  w  (14) 
 

where Lμν,,  - indefinite Lagrange multipliers; 
e  – is a vector of column, with coordinates equal to 1. 
Accordingly, the nodal prices of active and reactive 
power for inhomogeneous networks can be calculated 
by the formulas: 

 ,L
T

n μwνec  PPP   (15) 

 ,L
T

n μwνec  QQQ   (16) 

where w  - matrix of current distribution coefficients 
[6]. 

For illustration of the offered method, simplified EPS 
test scheme is used. 
 

3. An example 
 

Consider the optimization task of the EPS scheme 
shown in Fig. 1. Generators’ bids are given in Table 1. 
The consumers’ loads are: 1204005 jSd   MVA, 

801006 jSd   MVA. Losses are assumed to be 
included in the total power load 200500 jSD   MVA.  
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Fig.1. The EPS scheme 
 
The resistances of lines in Fig. 1 are: 
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 (17) 

 

Assume that the network limitation on the power flow 
along the line l5 is 100 MVA. 
 
Table 1. Generators characteristics 

 

Parameters G-1 G-2 G-3 G-4 
max

GiP , MW 2000 1500 1200 1800 
max
GiQ , MVAr 500 850 650 1000 

cP , m.u./MW 45 50 55 50 
cQ , m.u./MVAr 50 55 60 55 

 
In the first stage the mediator (in practice a TSA) 
collects the generators’ bids and determines the demand 
for electricity. Next, we will rank the available 
generators’ bids in the increasing order (from minimum 
to maximum) and build a stepped supply curve (Fig.2).  
Knowing a well-established value of demand PD=500 
MW and QD=200 MVAr, the equilibrium price *c  is 
determined by the last generator included in the sellers’ 
structure. The price bid claimed on sale by generator G-
1 will determine the equilibrium price of active and 
reactive power 451*  gPP cc  m.u./MW, 

501*  gQQ cc  m.u./MVAr. All market participants 

will sell or buy electricity at this minimum market price. 
In this case the value of the objective function (2) is: 
 

 500322005050045 F m.u. (18) 
 

The planned generating units selection (G-1) does not 
meet requirements of the maximal permissible power 
flows on line l5. The planned power flow (based on the 
inelastic market model) on line l5 is 100+j80 MVA 
( 1285 lS MVA), exceeding the level permissible for 

this line ( 100max
5 lS ).If there would be no reactive 

power flow in the EPS, the planned regime would be 
admissible. 

 

 
Fig.2. Determination of equilibrium price in the inelastic 
market: a) for active power; b) for reactive power 
 

Fig.3 The results of an auction without limitations 
 
The second stage of unilateral power realization on the 
market is taking account of technological limitations. 
This task is performed by the system operator (SO), 
which is structured hierarchically in accordance with the 
accepted system of supervisory control.  
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Thus, a single balanced price cannot be established by 
the way of corrections, so in different EPS nodes 
dissimilar nodal prices will form [2].  
In the considered EPS scheme the generating sources 
allow satisfying fully the demand for all customers 
without switching them off.  
With balance node 1 (generator with the lowest price 
bid) the matrix of power distribution coefficients is: 
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The initial objective function (2) can be presented as 
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The power balance in the EPS can be written as 
 200056004321 jSSSS gggg   . (21) 

Bilateral limitations are presented by pairs of 
inequalities ( maxmin ; gigigigi PPPP  ). For our data we 

obtain:  
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The power flow 5lS  can be expressed through the 
matrix elements of current distribution coefficients of 
the EPS scheme: 
 

 100... 6553522515  SwSwSwSl
 , (23) 

 

In our case 
 

 6435 SSSSl
   (24) 

At the given throughput limitation of line l5 
( 1005 lS MVA) we obtain:  
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Using the generalized reduced gradient method in 
solution of the nonlinear programming problem under 
consideration gives the following optimal operating 
parameters:  
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The matrix of the linear powers will be: 
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The objective function is: 32692,89F m.u. 
As a result of the task calculations among the 
inequalities are identified active limitations. For 
calculation of the nodal prices we will replace these 
limitations with equalities: 
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The last equality from (28) corresponds to the regime of 
electricity system at the maximum transmitted power on 
the line l5. 
We will define Lagrange’s multipliers involved in the 
definition of the main prices at load nodes. In this case, 
the Lagrange function can be written as  
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After differentiation we obtain the following two 
systems of linear equations: 
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From the equations (30) we can receive already known 
parameters of system regime. The Lagrange multipliers 
can be obtained from the set of equations (31): 
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The nodal prices for the balancing node are: 

 MVArumcMWumc QP /..50;/..45 11  nn ; 

According to (15) and (16), for independent nodes the 
nodal prices are: 
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Results of the received regime are shown on Fig. 4. 
 

 
Fig.4. The established regime 
 

 
 
 

4. Conclusions 
 

The nodal prices determination algorithm for active and 
reactive power in EPS was offered.  
The reactive power flow not only increases the active 
power losses in networks, but also reduces the potential 
of the active power flow in networks with capacity 
limitations. Therefore, the reactive power flows impact 
the nodal prices of the active power. 
The nodal prices for the active and reactive power are 
easy to define using the methods of nonlinear 
programming (a generalized reduced gradient method 
and a method of uncertain Lagrange’s multipliers).  
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Abstract: Because not well known exact parameters of 
induction motor and their nonlinearity the simulation 
and experimental results differs. Experimental 
measurements of induction drive are performed. Drive 
parameters measurements methods are observed. 
Adaptive simulation model including comparison of 
simulated and experimental results is created and 
presented. 

 
Keywords: induction drive, simulation, adaptive model, 
online diagnostic of induction drive. 

 
1. Introduction 

 
In the industry an electrical drive is one of the most 
important and responsible element. From all electrical 
drives mostly used induction drives. Those drives are 
mainly used in the some production lines; in the fire 
extinguishing systems (for ex. automated valves) and 
the other equipment where the controlled motion is 
required. In many cases inexpensive drives can be used, 
whose break down is not so important, but in some 
critical cases it can impact all processes or other people 
lives and health. Similar important places and 
mechanisms like a “bottle neck” in technology need 
very reliable drives to save money and reduce 
production costs. Therefore diagnostic online remains 
the main aim in exploiting of these drives. 
The paper discusses problem how to find changes in the 
drive as soon as possible it deals with identification of 
electric drive. If it is possible to identify an operating 
drive, for example, in its control of frequency converter, 
then it is possible to create its programmable model in it 
and afterwards, when drive is in use, measure and 
compare currents and voltages of real drive with those 
of model and get some information from a real drive 
about its torque and rotational speed. Those parameters 
can identify some problems with bearings, vibrations, 
bandages, short-circuited windings or cause of 
overheating. Secondly, this information is very 
important in diagnostics of electrical drives. From 
diagnostic history results engineers can get a lot of data 
to generate some solutions before something has 
happened with the drive and prepare to repair it when is 
possible or manipulate with an operating drive (for 

example, to change speed, to go away from resonance 
frequencies) and avoid the consequences. This can save 
a lot of money for companies in maintenance and 
availability in “bottle neck” machinery. 

 
2. Main questions and problems 

 
The first step for an identification of the electrical drives 
is their measurements. The main questions are: 

•What measurement, calculations and further 
analyses of equipment are needed for an exact drive and 
what fits for the main part of drives? 

•What sample rate is needed? 
•How many parameters need to measure? 
•Is it possible to use standard mathematical 

models of electrical drives to made identification 
models?  
Like are discussed in [1] an equipment depends on the 
frequency and the type of measurements. If speed 
impulses from an optical tacho are calculated per an 
amount of time, then it need less frequency processor. 
Calculation an of time interval between impulses, a time 
of calculations per impulse gives a more accurate 
measure of the speed. In many cases a type of processor 
is less depending on calculations and difficulty of 
analyses, but on calculation and analyses cycles per 
second. If the identifications are not used in a drive or a 
protection of mechanism (then it is directly act into 
power off of this or relative drive) possible to use a slow 
calculation, for example, few cycles per 5 s or either per 
minute and then it gives a chance to use a cheaper 
hardware for an identification system. 
The sample rate mainly depends on the main frequency 
of a measuring signal and some possible fast process in 
it. From the signals theory it is known that the sample 
rate should be more than 5 samples per a cycle. But for 
digital signals like speed impulses are needed as 
possible faster input and an accurate timer to get exact 
time stamp for calculating speed from time between 
impulses. 
The number of measuring parameters depends on a type 
of and identification model and how many inputs it 
needs. Best of all if it is enough signals from frequency 
converter (currents ant voltages), but for some cases it is 
need speed and/or torque measure. 
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The main problem is to choose or to create a fine 
identification model. The most models are created on a 
standard mathematical drive model like it was given in 
the MATLAB. But it is not so accurate. In that model, 
like in many others are neglected some important 
parameters witch have influence on transition processes, 
from which are calculated parameters of an output 
drive. The identification models done by this way are 
not so accurate and give an error in a respect to the real 
model. From that way it is so important to choose a 
correct model for an accurate simulation, but a model 
will be complex if it has the accurate simulation. For an 
identification and hardware monitoring (diagnosing of 
the drive) can be used simple mathematical models, the 
error of 3-5% in a model is allowed. 
Problems: 
The resistance and inductance of the stator can be got 
from simple measurements, currents and voltages feed 
into drive and with sensor possible to read torque and 
speed. As it is known, elaborating of the induction drive 
model requires values of rotor resistance, its leakage 
inductance and mutual inductance of stator and rotor 
windings. It is possible to get some data from a data 
plate on a drive – moment of inertia, number of pole 
pairs, rated current, power, rated speed and others.  
Some parameters are not linear and at the motor starting 
they change in real motor, but it is difficult to 
implement this phenomenon in the model. If measured 
parameters are entered to the model of the drive, the 
output signals of this model will differ from the real 
measurements. 
In real drive the rotor and stator resistance are not linear 
and change with temperature of the motor. Some non- 
linearities are seen at the drive speed or load (on 
transients) changing. 
Experimental results and simulation gives some 
difference in to transients. This comes from nonlinearity 
of elements, from measurement equipment error and 
due to given not exact parameters of current drive by 
manufacturer, because they are allowed to give that with 
10% or for some parameters either greater error. 

 
3. Drive identification tests 

 
Direct Current (DC) Test 
The DC test is performed to compute the stator winding 
resistance R1. A DC voltage is applied to the stator 
windings of an induction motor. The resulting current 
flowing across the stator windings is a dc current; thus, 
no voltage is induced in the rotor circuit, and the motor 
reactance is zero. The stator resistance is the only circuit 
parameter limiting current flow. A 230 V DC power 
source is applied to the two phases of a Y-connected 
induction motor. A group of light bulbs or other known 
load is installed in the circuit as a resistive load in order 
to adjust DC current to the rated value. The current in 
the stator windings Idc and voltage across the two phases 
of the motor Vdc are measured.  
A 230 V DC source is applied to the two phases (phases 
A and B) of the induction motor across a series 
resistance, while the phase C is grounded through a 
resistance branch in order to have a complete electrical 
connection. The purpose of the series resistance 

between the DC source and the induction motor is to 
limit the current flowing in the two windings of the 
motor to its rated value. Voltage and current 
measurement blocks/sensors measure the instantaneous 
voltage across two phases and the current flowing in the 
windings, respectively. The power analyzer displays the 
waveforms of the voltage and current and obtains the 
steady-state values of the dc voltage Vdc, and current Idc. 
With these two measurements, the stator resistance can 
easily be computed as 

 
0,5 .                        (1) 

 
The stator resistance obtained from the DC test is an 
approximate value of the actual one since the skin effect 
observed when an AC voltage is applied to the stator 
windings and temperature effects are not taken into 
consideration. However, this approximation is 
reasonable enough for teaching purposes. 
No-Load Test 
The no-load test on an induction motor is conducted to 
measure the rotational losses of the motor and to 
determine some of its equivalent circuit parameters. In 
this test, a rated, balanced AC voltage at a rated 
frequency is applied to the stator while it is running at 
no load, and input power, voltage, and phase currents 
are measured at the no-load condition. Fig. 3 illustrates 
the experimental setup of the conducted no-load test. 
Where a three-phase balanced Y-connected ac source 
whose per-phase voltage is 230 V/50 Hz is applied to 
the stator terminal of the induction motor.  
The power analyzer is connected to PC and analyses the 
waveforms. 
A machine measurement sensor is used to get the 
mechanical speed. The waveform and the steady-state 
value of the rotor speed can easily be measured in rad 
per second with the oscilloscope and the corresponding 
data can be transferred to MATLAB’s workspace for 
using of other graphical tools available in MATLAB. 
Fig. 5 shows the evolution of the mechanical speed 
during the no-load simulation and test. The rotor speed 
reaches its steady-state value (156 rad/s for the tested 
motor). 
There are some differences between the hardware setup 
and Simulink/PSB model. For example, the per-phase-
based active and reactive input power is measured in the 
simulation model, while in the experiment the total 
three-phase active input power is measured. However, 
this difference is not significant since under the three-
phase balanced operation; computations are usually 
completed using the per-phase quantities. Similarly, the 
per-phase voltage is measured in the simulation, as 
opposed to the line-to-line voltages measured in the 
hardware experiment. These measurements enable the 
approximate computation of the sum of the magnetizing 
reactance XM and the stator leakage reactance Xl as 
follows [3]: 
 

| . | ;                       (2) 

| . | .                         (3) 
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where Vf is the per-phase voltage Vf,= Va = Vb = Vc . Qa 
is reactive power measured in the phase A, and If is the 
measured average phase current If= (Ia + Ib + Ic )/3. 
Using measured input power and the stator resistance 
obtained from the DC test, rotational losses of the motor 
given by the sum of the friction, ventilation and core 
losses can be found, as follows: 
 

3 3 .                       (4) 
 

Locked-Rotor Test 
The locked-rotor test on an induction motor is 
performed in order to determine some of its equivalent 
circuit parameters. In this test, the rotor of the induction 
motor is locked, and a reduced voltage is applied to the 
stator terminals so that the rated current flows in the 
stator windings. The input power, voltage, and current 
are measured. For some design-class induction motors, 
this test is conducted under a test frequency, usually less 
than the normal operating frequency so as to evaluate 
the rotor resistance appropriately [3]. The experimental 
setup of the locked-rotor test is similar to that of the no-
load test the only difference is that a synchronous 
generator coupled with a dc motor and auto transformer 
were installed in the circuit in order to perform the 
locked-rotor test at various frequencies and to control 
input voltage to the stator. 
The measurement data from the locked rotor test 
enables one to determine approximately the locked-rotor 
resistance and reactance at the test frequency 
 

| . .| . . . . .                       (5) 

 
where Rl.r. is the locked-rotor resistance and X’l.r.  is the 
locked-rotor reactance at the test frequency [3]. 
 

. . ;                        (6) 
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. . .                       (8) 

 
If the test frequency is different from the rated 
frequency, one of those can compute the total equivalent 
reactance at the normal operating frequency as follows 
since the reactance is directly proportional to the 
frequency: 
 

. . . . .                       (9) 
 
When the three tests are completed, equivalent circuit 
parameters can easily be computed. 

1) The stator resistance R1 is directly computed 
from the DC test. 

2) The no-load test gives the sum of the 
magnetizing reactance XM and the stator leakage 
reactance X1. 

3) The locked-rotor test gives sum of the stator 
and rotor leakage reactances. 
 

One needs to refer to test codes to find out the empirical 
proportions for stator and leakage reactance given for 
three-phase induction motors by class [3], [5]. When the 
classification of the motor is not known, one assumes 
that X1=X2=0,5Xl.r.. 
The magnetization reactance XM can now be evaluated 
using (2, 3), as follows: 
 

. .                       (10) 
 
As for the rotor resistance R2 , a better approximation is 
required since it has a more significant effect on the 
motor performance when compared with the other 
circuit parameters. Using the equivalent circuit under 
locked-rotor condition, the following expression 
achieves the desired approximation [4]: 
 

. . .                       (11) 
 

4. Experimental investigation 
 

Two induction motors coupled with one shaft like 
shown into Fig. 1 were tested experimentally. 
Parameters of only one of those motors were measured. 
For current and speed measurements the power analyzer 
was used and for speed and torque measurements digital 
oscilloscope was used. All gathered data are transferred 
to Matlab. Matlab standard model of induction drive 
was used to simulate a mathematical model. A 
comparison of model simulation results with 
experimental ones is shown in Fig. 2.  
Simulation results indicate clearly seen speed error 
between real model and the simulated. Therefore similar 
model hardly can be used in the diagnostic and 
monitoring processes.  

 
Electronic sensorExperimental drive Load

Coupling
 

Fig. 1. System block diagram 
 
In order to find correct value of the drive parameters we 
need to adapt model characteristics to the real 
measurements. 
Some measured induction drive parameters from 
datasheet or data plate: 

 
5. Experimental 

 
First of all need to enter into model as many as possible 
known parameters. Matlab allows possibility choosing 
jus the motor power. By the entered power, number of 
phases and the number of pole pairs (it can be calculated 
from measured speed) it is possible to choose typical 
drive parameters (from table) for the first simulation. 
When the simulated speed response is obtained it is 
possible to compare it with measured one. For 
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comparison some points, shown in Fig. 3 were used. 
The first simulation shows some differences in the 
speed transients.  After that model parameters were 
changed using an elaborated algorithm of matching 
parameters. It was assumed algorithm variable 
parameters are those that are not manually entered into 
the model. In the most cases algorithm variables are 
mutual induction Lm, rotor inductance Lr and rotor 
resistance Rr. Since the right parameters are chosen to 
fit in asked frames (impossible to fit in 100% because 
always will by some disturbances in the measured 
signal) it is possible to improve the model by using 
integration of simulated models errors. For simulated 
model comparison used integration of error IE (or 
possible to sum all errors IEmp – useful for 
microprocessors) and on the end of transient just chose 
model with close to the zero. 

 
·

;                 (12) 
 

;                       (13) 
 

 ∑ .                  (14) 
 

 
 

Fig. 2. Adaptive simulation speed error and IE of two 
models with deferens Lr = 0,00001 H 

 
For this type of identification it is not so important to 
find real constructed motor parameters, but just to find 
parameters giving the model simulation results the same 
like a real drive results. 

 

 
 

Fig. 3. Speeds comparison points 
 
The experimental speed results their and comparison 
with adaptive simulation results are shown in Fig 4.  

 

 
 

Fig. 4. Experimental measurements of speed in comparison 
with adaptive simulation 
 

6. Conclusions 
 

Proposed adaptive identification system can be 
implemented in frequency controllers for protection of 
the drives and drive on-line monitoring. In this way one 
drive is identified, and monitoring of other drives can be 
done with the same adaptive system. 
Proposed type of identification best fits for simple 
models, because it finds not real parameters, but those 
which best match the current model. 
This method can be implemented in microprocessor 
system by using a co-processor for a model calculation, 
when the main processor is used to store only typical 
drive parameters tables and parameters of an 
identification process. The co-processor can easily bring 
back sum of errors, indicating more exactly. 
At the initial stage of starting the speed error in real 
measurements is seen from a stress on sensor. Because 
of that in comparison of second point (1) in Fig. 4 was 
used, but this greater peek is used to find a starting point 
parameters of the motor. 
Impossible to get 100 % measurements match and 
simulation results because of measurement noises. 

 
7. References 

 
1. Savickienė Z., Janickas R. and Svarabovič E. 

Experimental investigation into controlled induction 
drive. Proceedings of International Conference 
“Electrical and Control Technologies – 2011”, 
Kaunas, 2011. p. 101-104. 

2. Power System Blockset for Use With Simulink, 
User’s Guide, Math-Works Inc., Natick, MA, 2000. 

3. Chapman S. J. Electric Machinery Fundamentals, 
3rd ed. New York: WCB/McGraw-Hill, 1998. 747 p. 

4. Sarma M. S. Electric Machines: Steady-State Theory 
and Dynamic Performance, 2nd ed. St. Paul, MN: 
West, 1994. 672 p.  

5. Rinkevičienė R., Smilgevičius A., Savickienė Z. 
Model of nonsymmetrical linear induction motor. 
5th International Symposium „Topical problems of 
Education in the fields of Electrical and Power 
Engineering”. Kuresaare, 2008.   p 12-16. 

6. Petrovas A., Lisauskas S., Rinkeviciene R., System 
for Measuring Speed of induction Motor, “Electro-
nics and electrical engineering” 2010. p 27-30.  

7. Juraitis S., Rinkeviciene R., Kilikevicius A. 2010. 
Two-mass Mariable Speed Drive, “Electronics and 
electrical engineering” p 25-28. 

178



 

The 7th International Conference on 
Electrical and Control Technologies 
May 3-4, 2012, Kaunas, Lithuania 

 

 MODELING AND ANALYSIS OF VOLTAGE UNBALANCE AND ITS 
INFLUENCE ON TRANSMISSION NETWORK AND POWER QUALITY 

 
Tanel SARNET, Jako KILTER 

Department of Electrical Power Engineering, Tallinn University of Technology, Estonia 
 

 
 
Abstract: The electrified railway systems are known as 
source of large voltage unbalances in the transmission 
network. The electrified railway connection load flow 
analysis gives good overview of voltage unbalance 
spread over transmission network and may give direc-
tions for further studies. The level of unbalance is ex-
pressed by voltage unbalance factors, which value de-
pends on network load conditions, line strength and 
selected traction system solution. In this paper a frag-
ment of Estonian transmission network is modeled in 
PSCAD together with perspective electrified railway 
system with aim to analyze the impact of electrified 
railway to transmission network and to clarify the need 
and directions for further studies.   

 
Keywords: PSCAD, voltage unbalance, traction 
systems, power quality, electric locomotives. 

 
1. Introduction 

 
The framework of developing the European Union 
Trans-European Transport Networks considers the Rail 
Baltica as one of the priority projects [1]. Results of 
recent debates about project funding have given certain 
reassurance regarding project realization. Building of 
the Rail Baltica as a AC based electrified railway has 
been considered as one of the possible scenarios which 
in its nature offers a lot of interest regarding its influ-
ence to Estonian power system operation [1]. AC elec-
trified railway systems are fairly common around the 
world and there are substantial research results available 
[2-9]. These studies and existing practice show that 
electric railway systems may have negative impact on 
power system due to the amount of high unbalanced 
load. Power quality issues should also be closely ob-
served. The AC electric railway is typically connected 
to the highest voltage network available in order to 
rationalize investments to power system and spread 
connection points as far from each other as possible. 
The research conducted and published on this topic is 
usually case specific and as such it is not directly usable 
for practical situation but may give general 
understanding about the issue. Power grid 

characteristics in European Union states differ due to 
their incremental development over time and their 
distribution of loads differ also. Consequently every 
country may need their own solutions to address and 
mitigate problems caused by wider implementation of 
electrified railway systems in future. 
For this study AC electrified railway traction system 
was modeled and load-flow analysis was conducted in 
order to determine the resulting level of voltage 
unbalance and the size of affected area of related 
transmission system. PSCAD software was used in 
order to study also different aspects of this type of 
connection and elaborate its influence to the network 
and to other types of power generating facilities.  
 

2. Modeling of transmission network 
 

In Rail Baltica project two possible routes on the Esto-
nian territory without clear preference to either of them 
so far have been proposed. For this work one transmis-
sion network fragment was selected based on possible 
foreseeable connection points. Simplified scheme of 
selected and modeled transmission network is presented 
in Fig. 1. 
 

 
 

Fig. 1. Principal scheme of electrical transmission network 
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The selected transmission network fragment is supplied 
from two 110kV substations marked on Fig.1 as system 
substation 1 and as system substation 2 where’s the 
system substation 1 has strong connection to the Esto-
nian transmission system and substation 2 represents an 
example of weak connection. System equivalents used 
in the model correspond to real system.  
Transmission network lines are modeled according to 
real life data considering both tower construction and 
physical line parameters.. Lines L1 and L2 are designed 
as two separate lines for about 3,3 km length section 
and as double circuit line when entering to distribution 
substation 2. Lines L4 and L2 are built as double circuit 
line with section length 2,1 km near distribution 
substation 1. Line L3 and L4 are built as double circuit 
line in 3,3 km section near system substation 1. The line 
L4 has the most inconsistent tower geometry design 
where the tower geometry changes four times during the 
length of line. In order to provide as accurate model of 
transmission network as possible from the data 
available, the overhead lines are modeled as separate 
segments, were every segment reflects changes in line 
geometry. The composed complete network model can 
be seen inFig.2. In the overhead line models several 
assumptions were made in order to simplify the models. 
It was assumed that the sag of the overhead lines and 
the line tower type and line geometry remained constant 
over the modeled section of the overhead line. 
These simplifications do not affect substantially the 
accuracy of the model and therefore this approach was 
consider to be sufficient  
 

 
 

Fig. 2. PSCAD model of transmission network 
 
Transmission network transformers are from Soviet era 
and were built according to GOST standards. For mod-

eling purposed the transformers typical rated data ac-
cording to the rated voltage was used. In the model the 
on-load tap changers were in fixed position designed to 
hold constant 10,5 kV voltage on distribution substation 
10 kV buses under constant load condition.  
Transmission network substation typical loads are pre-
sented in Table 1. Due to the dramatic economic 
changes in Estonia and due to restructuring of the in-
dustry the substation loads have changed remarkably 
compared to the time when the network was built. 
Therefore, one can notice that the load value in the se-
lected part of the transmission network compared to the 
rated power of the installed devices is small. The loads 
have high power factor ranging from 0,92 on distribu-
tion substation 3 10 kV bus to 0,98 on distribution sub-
station 2 10 kV buses.  
 
Table 1. Transmission network substation loads 
 

Distribution substation 1
S 

(MVA) 
P 

(MW) 
Q 

(MVar) 

T1/T2 (35kV side) 7,91 7,50 2,50 
T1/T2 (10kV side) 8,98 8,75 2,00 

Distribution substation 2
S 

(MVA) 
P 

(MW) 
Q 

(MVar) 

T1/T2 (10kV side) 5,10 5,00 1,00 

Distribution substation 3
S 

(MVA) 
P 

(MW) 
Q 

(MVar) 

T1 (10kV side) 3,68 3,40 1,40 
 

3. Modeling of electric railway traction system 
 
One possible connection for railway traction system is 
provided with traction system scheme as shown in Fig. 
3. The traction system network is connected to distribu-
tion substation 1. Modeled solution consists of two new 
10 km long overhead lines modeled as double circuit 
line, traction system substation with two 110/25 kV 
transformers, two traction system contact feeder lines 
and three electric trains.  
The 110 kV double circuit overhead line was modeled 
using standard type overhead line towers having a geo-
metrical layout as same as in overhead line L1-L2.  
Traction system substation transformers were modeled 
as standard 110/25 kV one phase transformers with on 
load tap changers and rated power 20 MVA. This solu-
tion can be considered as common in case of traction 
system transformers. Transformers are connected be-
tween phases A and C in the traction system model 
presented in Fig.2. The on load tap changers are fixed in 
order to hold constant 27,5 kV voltage under full load 
condition. [2]  
Traction system is modeled with two contact feeder 
lines for double track railway with total length of 50 km 
which covers 25 km to either side of the neutral zone 
from the center of the contact feeder line. 50 km contact 
feeder line length is commonly used around the world 
in order to optimize investment cost of transmission net-
works. For modeling the simplest single phase overhead 
line type of contact feeder line was used [4, 6]. 
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Fig. 3. Traction system scheme 
 

 
 

Fig. 4. PSCAD traction system model 
 
Contact feeder lines were modeled as PI sections in 
PSCAD with longitudinal impedance (0,169+j0,432) 
Ω/km and with a shunt capacitance of 0,011 µF/km at 
50 Hz. This approach where the contact feeder line is 
modeled using PI segments and proposed parameters is 
widely available in the literature [4, 5, 9]. The first con-
tact feeder line (Fig. 4) model consists of four PI sec-
tions and 2 trains connected to that line. The lengths of 
PI sections from left to right are 23 km, 2 km, 15 km 
and 10 km on the second contact feeder line the train 
was modeled into center of the line and PI section 
lengths are equal 25 km.  
The electric trains connected with contact feeder lines 
are modeled as one phase loads because the load-flow 
and unbalance load study does not need more precise 
model of trains. Electric locomotives rated power vary 
typically between 2-10 MW depending on the type and 
speed class of the locomotive. The freight trains may 
have more than one locomotive which increases the 
overall power demand. Typically locomotives are com-
bined as set of two or three locomotives depending of 
the weight and planned coasting speed of the train. The 
power demand of these trains may wary from 10 MW to 
30 MW. In this model, the traction system was modeled 
consisting of three trains with rated power 5,5 MW and 
power factor of 0,8 [2, 3].  
 

4. Model simulation and analysis 
 
The simulations were carried out in two stages. In the 
first stage the traction systems without trains was simu-

lated and in the second stage the trains were added into 
the model.  
The level of unbalance was analyzed according to the 
recommendations provided by the transmission system 
operator [10]. It is suggested to use the following ex-
pression  
 

%100
U

U
k

1

2
a     (1) 

 

where ka is unbalance factor, U2 is voltage negative 
sequence component and U1 is voltage positive se-
quence component. 
In order to calculate accurate unbalance factor a simple 
measuring scheme was composed using the PSCAD 
standard library components (Fig. 5).  The component 
measures voltage negative and positive sequence com-
ponent and automatically calculates unbalance factor. 
 

 
 

Fig. 5. Unbalance measuring scheme  
 

In order to determine the influence of the traction 
system to observable transmission network two stage 
approach was used. First only the traction system 
network without trains was included into the general 
model and afterwards for comparison also trains were 
added. The simulation results for traction system 
without trains are presentend in Table 2.  
Simulation results clearly show that traction system 
causes voltage unbalance in transmission system mainly 
in distribution substation 1 and 3. However, according 
to transmission system operator requirements this level 
of voltage unbalance in its network is acceptable. Nev-
ertheless, one should consider that due to the continuous 
nature of the voltage unbalance it is prone to cause 
problems in nearby distribution networks. Therefore 
this type of power quality phenomenon should be 
observed and appropriate countermeasures used when 
necessary.  

 
Table 2. First stage simulation results 

  

Substation 

Unbalance factor (%) 

110kV 
bus 

35k
V 

bus 
10 kV 

bus 
System substation 1 0,00 - - 

System substation 2 0,00 - - 

Distribution substation 1 0,21 0,21 0,21 

Distribution substation 2 0,05 - 0,05 

Distribution substation 3 0,21 - 0,21 

181



 

Table 3. Second stage simulation results 
 

Substation 
Unbalance factor (%) 

110kV 
bus 

35kV 
bus 

10kV 
bus 

System substation 1 0,00 - - 
System substation 2 0,00 - - 

Distribution substation 1 1,35 1,35 1,35 

Distribution substation 2 0,65 - 0,65 

Distribution substation 3 1,15 - 1,15 
 

The second stage simulation results shows that the volt-
age unbalance raises in all distribution substations due 
to additional loads from electric trains. The unbalance 
factor in distribution substation 1 and 3 is unacceptable 
according to transmission system operator requirements 
for power quality which limits maximum allowable 
voltage unbalance for single connected load to 1% and 
overall voltage unbalance in transmission network to 
2% [10]. 
Both simulation results show that distribution substation 
2 has lower voltage unbalance than other network sub-
stations. This is due to strong connection with system 
substation 1 with line L1 and that other distribution 
substations are mainly supplied via lines L3 and L4 
which leaves line L2 under light load and limits the 
voltage unbalance spreading to the substation. The sys-
tem substations are not affected by traction system loads 
and the disturbance is contained in the transmission 
network fragment which shows that the power system 
equivalent points were correctly selected. The load flow 
study delineated the area were the disturbances occur so 
we can assume that other disturbances caused by 
electric locomotives may spread similarly. However, in 
order to draw more precise conclusions additional 
research has to be performed.  
 

5. Conclusions 
 
In this paper, case study results showing the influence 
of traction system connected into transmission network 
and distribution of voltage unbalance were presented.  
The results of this study showed that the traction system 
in its no load state caused noticeable voltage unbalance 
in the selected transmission network. When including 
also trains into model the level of voltage unbalance 
increased and resulted to unacceptable level of voltage 
unbalance in the transmission network substations.  
The results of the study should be considered when 
planning traction systems and selecting their possible 
connection points in the transmission system.  
The transmission network model should be extended to 
incorporate the medium and low voltage networks to 
more precisely assess the traction system impact to 
other customers. To mitigate the voltage unbalance 
other contact feeder line types should be modeled and 
tested in order to select optimal contact feeder type.  
Further analysis of the traction system impacts to the 
transmission network should consider more realistic 
power electronics based locomotive models. This will 

enable to analyze regenerative braking system caused 
impacts and as well harmonics injected to selected net-
work. 
Further studies in order to incorporate all the above-
mentioned topics are currently ongoing and the results 
will be published in near future. 
 

6. Acknowledgments 
 
Authors thank the Estonian Science Foundation (Grant 
no. 8550) for financial support of this study. 

 
7. References 

 
1. COWI A/S, Feasibility study on Rail Baltica rail-

ways. 2007. 
2. Goodman, C. J. Overview of Electric Railway Sys-

tems and the Calculation of Train Performance. IET 
Professional Development Course on Electric Trac-
tion Systems, University of Birmingham, 2010, 24 
p.  

3. Abrahamsson, L., Söder L. Fast Estimation of Rela-
tions Between Aggregated Train Power System Data 
and Traffic Performance. IEEE transactions on Ve-
hicular Technology. Vol. 60, No. 1, 2011, p. 16-29. 

4. Tan, P.-C., Morrison, E. R., Holmes, G. D. Voltage 
Form Factor Control and Reactive Power Compen-
sation in a 25-kV Electrified Railway System Using 
a Shunt Active Filter Based on Voltage Detection. 
IEEE transactions on Industry Applications, Vol. 39, 
No.2, 2003, p. 575-581. 

5. Celli, G., Pilo, F, Tennakoon, B. S. Voltage Regula-
tion on 25kV AC Railway Systems by Using Thy-
ristor Switched Capacitor. In Proc. 9th International 
Conference on Harmonics and Quality of Power,  
2000, p. 633-638. 

6. Lee, H. S., Bae, S. I., Jung, H. C., Kim, O. J. A 
Study on System Stability Improvement of Distribu-
tion System with High Speed Electric Railway 
Using STATCOM. IEEE PES Transmission and 
Distribution Conference and Exposition, 2003, Vol. 
1, p. 61-67.  

7. Golovanov, N., Lazaroiu, C. G., Roscia, M., 
Zaninelli, D. Voltage Unbalance Vulnerability Areas 
in Power Systems Supplying High Speed Railway. 
IEEE PES General Meeting, 2005, Vol. 3, p. 2509-
2514. 

8. Yuen, H.K., Pong, H.M., Lo, C.W., Ye, M.Z. 
Modeling of Electric Railway Vehicle for Harmonic 
Analysis of Traction Power-Supply System Using 
Spline Interpolation in Frequency Domain. 14th An-
nual Applied power Electronics Conference and Ex-
position, 1999, Vol. 1, p. 458-463. 

9. Tan, C.P, Loh, C.P., Holmes, G.D. Optimal Imped-
ance Termination of 25-kV Electrified Railway Sys-
tem for Improved Power Quality. IEEE Transactions 
on Power Delivery, Vol. 20, Issue 2, Part 2, 2005, p. 
1703-1710. 

10. Elering AS. Power quality requirements in 110 kV 
network. Tallinn. 2010 (in Estonian). 

182



 

The 7th International Conference on 
Electrical and Control Technologies 
May 3-4, 2012, Kaunas, Lithuania 

 

 WIND PARK AND TRANSMISSION NETWORK COOPERATION 
CONSIDERING GRID CODE REQUIREMENTS  

 
 

Jako KILTER, Edgar DUBBELMAN, Ivo PALU, Jaan NIITSOO 
Department of Electrical Power Engineering, Tallinn University of Technology, Estonia 

 
 

 
Abstract: Power system security depends on a coordi-
nated control between transmission network and wind 
parks. The basic objective of system operation is to 
guarantee reliable system operation by following differ-
ent requirements stated in national Grid Codes and con-
nection agreements. In order to assess the wind power 
plant influence to transmission system operation the 
responsible transmission system operator must conduct 
different studies based on the models received from the 
wind park developer. In this paper we discuss about 
different connection requirements and modelling issues 
bearing in mind system security and reliability. Results 
from one study that analyses the behaviour of one wind 
park during fault-ride-through test are presented. 
 
Keywords: wind power generation, wind park, Grid 
Code, power system control, security of supply, compli-
ance testing, wind park models, modelling, electrical 
network, fault-ride-through (FRT). 
 

1. Introduction 
 
Estonian power system has been built on the basis of oil 
shale power plants. In 2011, approximately 90% of the 
electricity was produced by oil shale or oil shale prod-
ucts fuelled power plants. These oil shale power plants 
were built during 1960 and 1970 and therefore in near 
future they must be refurbished or new generating units 
should be built. In Estonia, different kind of new type of 
generation, e.g., renewable energy sources, biogas, 
combined heat and power etc., have been built in recent 
years but their size is not comparable to large power 
plants. Looking into the future one must also consider 
European Union political decision to restructure the 
power industry to a less carbon-intensive one. This 
means that due to European strict environmental regula-
tions the oil shale technology is not the most favoured 
type of technology to be used. Nevertheless, the best 
approach in this context would be to develop different 
types of generating facilities and adequately assess their 
influence to power system operation.  

In recent years, the development of wind power has 
been remarkable. In February 2012, there were 180 
MW of wind power in operation compared to the 65 
MW in 2009. Similar or even steeper increase is also to 
be expected in coming years. Wind power from its 
nature is stochastic and therefore from system operation 
perspective it cannot be considered as conventional 
power plant. This causes additional challenges in 
coordinating the whole system operation.  
Connection requirements for different types of generat-
ing facilities are mostly published in national Grid 
Codes or these requirements are made available by local 
transmission system operator. The main requirements 
for wind parks connected to Germany or Danish trans-
mission network are presented in [1-2]. Good surveys of 
local standards and technical requirements in different 
countries are presented in [3-5]. In Estonia, the 
technical requirements for power plants are provided in 
national Grid Code [6]. In order to guarantee system 
security in situation where a large amount of wind 
power is connected to the network it is critical that all 
connecting power generating facilities fulfil the stated 
requirements. One of the means to achieve this target is 
comprehensive verification of compliance, starting from 
analysis of connection application by means of simula-
tions with wind turbine model until final acceptance 
tests after connecting to the grid and latter monitoring 
of compliance during its lifetime. In order to harmonize 
the grid connection requirements over whole Europe 
ENTSO-E has started composing a network code which 
in the future will be applicable to all European member 
countries [7].  
Wind power integration and its influence to the network 
operation is a complex problem. A lot of research has 
been conducted to understand wind park operation and 
its behaviour in different contingencies [8-11]. Besides 
the direct connection of wind parks to the network and 
related problems also different reserves and their re-
quirements in case of wind power must be considered. 
Good example of wind power influence to the grid 
operation is the event that occurred November 2006, 
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which almost caused the shutdown of UCTE network 
[12]. 
The paper is organized as follows. In the next section a 
general introduction to Estonian power system is pro-
vided. In section three and four an overview of Estonian 
Grid Code requirements and general approach to power 
generating facility models and simulations, respectively, 
is provided. This is followed by a section which covers 
the general study performed in order to model and as-
sess the behaviour of one wind park operation during 
fault-ride-through test. The paper ends with con-
clusions. 
 

2. Estonian power system characteristics 
 
Estonian power system is operating in parallel with 
power system of IPS/UPS of Russia. The transmission 
grid within Estonia comprises 1300 km of 220-330 kV 
lines and 3500 km of 110 kV lines. Estonia is intercon-
nected with Russia and Latvia via five 330 kV AC links 
and a DC link to Finland. Interconnections to the 
neighbouring areas have a net transfer capacity of 200-
1100 MW, depending on real-time operation of power 
system. Transit flows through Estonia are typically 
200 MW.  
During negotiations with the EU, Estonia set an indica-
tive target for production of electricity from renewable 
energy sources (RES). The electricity produced from 
RES must have covered at least 5.1% (ca 400 GW/h) of 
the gross inland electricity consumption by 2010. The 
wind energy projects were infeasible during a long pe-
riod due to low electricity price and Estonia’s very lim-
ited subsidies for wind-generated electricity. Nowadays, 
the purchasing obligation and feed-in tariffs for electric-
ity from RES have been written into legislation and 
construction of wind generators have improved substan-
tially. This has recently caused a peak of interest in 
wind energy investments. The overall amount of wind 
power capacity that is applied for connection is around 
3000 MW. It is a huge number compared to overall 
consumption. Maximum winter peak load has reached 
up to 1587 MW and summer minimum has been around 
450 MW.  
Based on the amount of connection applications and 
considering the characteristics of Estonian transmission 
network it can be clearly seen that integration of wind 
parks into system is challenging. The influence to short 
and long-term development, operational planning and 
system control and also for power market operation and 
development is remarkable. 
 
3. Requirements to generating units connected into 

Estonian transmission network 
 
Most important requirements for the connection of 
Wind Parks into Estonian power system are described 
in Estonian National Grid Code (in force since 1st of 
July 2003, latest update in 2011) [6]. Estonian Grid 
Code covers specifications concerning supply security 
and technical requirements for electrical installations. 

The issues concerning the connection of power plants 
are covered in chapter three – “Technical requirements 
for production units” (including special requirements 
for wind turbines). According to the Grid Code, a wind 
farm with installed capacity over 200 kW must be able 
to participate in the control tasks on an equal level with 
the conventional power plants, constrained only by the 
limitations imposed at any time by the existing wind 
conditions. All wind parks over 10 MW must only be 
connected to transmission network.  
Most of the wind farms are connected to 110 kV net-
work. During normal operation voltage varies between 
115…123 kV and in exceptional and post-disturbance 
operation in a range 97…123 kV. Frequency in normal 
operation is in a range 49,8…50,2 Hz. In exceptional 
operation, the generator may have to operate with the 
grid in a range of frequency 47,0…53,0 Hz.  
Wind farms must participate in control tasks of active 
power regulation, equally to conventional units. Capa-
bilities can be constrained only by wind conditions. The 
active power regulation includes primary (frequency 
dependent) control, secondary control and curtailments 
of its production. For system protection reasons, the 
wind park must be able, if necessary, to curtail its active 
power on the network operator’s order through the 
SCADA system (secondary control) or from external 
signal (frequency, system protection, etc.). Under nor-
mal power system condition, ramping speed must be at 
least 8% per minute and in both directions adjustable 
within given band of 0-8%. When using active power 
reduction for system protection, the maximum power 
down-ramping speed should correspond to a reduction 
in production from 100% of rated power to below 20% 
in 2 seconds. That is also allowed to be done by 
switching off single wind turbines or a part of wind 
park with circuit breakers. 
All generating units must withstand without switching 
off from the network sudden drop of the voltage to 0% 
of the rated voltage of network during 0,25 seconds and 
following linear increase of the voltage up to 90% of 
rated voltage during 0,5 second, without substantial loss 
of active power after clearing the fault in case if the 
connection point (CP) is at grid voltage level (HV side 
of coupling transformer). The requirements for the wind 
park to successfully survive the sudden voltage drop 
occurring in the network are somewhat different in 
different countries depending on their system character-
istics, configuration, control and system automation 
principles etc. (Fig. 1). 
In addition other requirements for the wind park stated 
in the Grid Code include requirements for voltage qual-
ity, testing of wind power units and specific instructions 
for control and automation of wind park. Before the 
power generating facility is allowed to connect to the 
network compliance simulations showing the compli-
ance with Grid Code requirements should be made.  
The main concerns in Estonian power system are FRT 
capability and stable operation during large frequency 
and voltage deviations. Moreover, active participation 
of frequency and voltage control tasks is essential. The 
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most critical in Estonian case is the FRT capability of 
wind parks, because Estonian power grid is in its nature 
radial type, generation at one end and consumption at 
another end. Therefore, short-circuit in higher level 
network will cause large voltage dip all over the power 
grid. In worst case single disturbance can cause voltage 
dip followed by disconnection of all wind turbines if 
fault with duration 0,25 seconds is not withstanded. 
This can cause large inflow from other synchronous 
systems, exceeding import capability and jeopardize 
system security.  
 

 
 

Fig. 1. Requirements for fault ride through capability (at 
transmission network) compared with requirements by other 
countries 
 
Another concern is islanding of Estonian power system 
during large frequency deviation. If primary reserve is 
not sufficient at each moment, the islanding is followed 
by blackout of the whole system. For that reason guar-
anteed operation of all power plants, incl. wind turbines, 
during temporary low and high voltages is mandatory. 
If wind power forms large part of generation, the active 
participation in frequency control is essential. 
 
4. Power generating facility models and simulations 

 
In order to understand and simulate power system be-
haviour, for activities related to development and opera-
tional planning, accurate models of system components 
should be available. The operation of a generating unit 
needs to be modelled and simulated as part of the power 
system studies performed before commissioning in 
order to check the generating unit ability to follow the 
guidelines for operation outlined in the technical rules, 
e.g., Grid Code and connection agreements. During the 
analysis process, particular attention is paid to the 
operation of the generating unit in a time where the 
power system is under stress (most likely due to a 
contingency event). The analysis results provide the 
basis for managing the generation output and local 
network over a full range of contingency events in a 
stable and reliable manner. The results will also indicate 
whether extra electrical equipment is required to 
achieve the desired power output over a full range of 
contingency events, while complying with the 
requirements of the technical rules. In order to fully 
study and understand the behaviour of generating 
facility steady state, electromechanical and electromag-

netical models should be available. Currently there is a 
situation where most of the connected wind farms have 
not provided all models. Although PSS/E steady state 
and dynamic models are available in most cases, lack of 
electromagnetic transient models may cause additional 
challenges, for example, in coordinating HVDC link 
and wind power plant operation. Here, one should also 
consider that only standard library wind turbine 
components are available in PSS/E and power 
generating facility models, including all parts of the 
plant, should be separately made. This raises additional 
challenges that should be solved before the power 
generating facility can be connected into the network. 
The models provided for system studies shall follow the 
performance of the real generating facility in repre-
sentative manner considering the purpose of use of the 
models and the requirements set for the power generat-
ing facilities. Models presented in different simulation 
software packages shall correspond to each other and 
their simulation results shall be comparable. Together 
with the documentation of the simulation models, the 
results of the commissioning tests, documentation of the 
plant level control and other technical documentation, 
the simulation models shall make it possible to evaluate 
the performance of the power generating facility and 
their impact on power system in comprehensive and 
relevant matter. 
The models shall include the elements of the plant 
(transformers, lines, generator, turbine, exciter, power 
system stabilizer, governor, relay protection) and model 
handling instructions. There are basically four main 
purposes of use for the simulation models, i.e., feasibil-
ity and system planning studies, commissioning studies, 
operational planning studies and post-disturbance and 
system interaction analysis. 
In order to use the provided power generating facility 
models for further analysis and system studies they shall 
be validated against real system measurements. The first 
fundamental criterion of model validation is that, the 
provided models are based on the true implementation 
of power generating facility and their controls and the 
provided models are documented accordingly. Power 
generating facility models shall be validated against real 
measurements and reports describing the model perfor-
mance as compared with the measurement results shall 
be provided as part of the power generating facility 
model documentation. If separately agreed, the valida-
tion can in some extent and parts be based on type test 
report, test certificates, comprehensive simulation stud-
ies as well as continuous measurements conducted dur-
ing the operational use of the power generating facility. 
All connecting power generating facilities shall prepare 
plant and network co-operation report. Based on the 
provided co-operation modelling report it is possible to 
assess the behaviour of the power generating facility in 
steady state and dynamic conditions. The main infor-
mation obtained from the cooperation report provides 
clear indication of the behaviour of the power 
generating facility, gives information about power 
generating facility P/Q characteristics, indicates power 
exchange on different power generating facility 
operating conditions (e.g. max and min operation), 
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shows possible voltage changes and deviations in differ-
ent conditions, gives information on power quality char-
acteristics and their correspondence on technical re-
quirements, indicates dynamic behaviour of the power 
generating facility, illustrates co-operation between 
different generating units and HVDC/FACTS devices 
and provides information regarding performance of 
different system services (e.g. primary control, voltage 
control, etc.). All studies shall include specification and 
verification of worst case as well as typical values for 
the phenomenon to be studied. The worst case specified 
in the studies shall be proved to be the worst case con-
dition. All studies shall be verified in all relevant 
control modes (voltage control, frequency control, etc.). 
The power generating facility shall optimise the 
operation of the plant following faults with the 
objective of obtaining the fastest possible power 
transfer recovery with minimum energy loss to the 
system while at the same time maintaining the stability 
of the AC system. 
 

5. Wind park modelling and analysis  
 
Transmission system operator responsibility is to coor-
dinate reliable system operation considering different 
types of generating facilities and different system con-
tingencies. This can be done with accurate system 
model which consist of network model and generation 
facilities models. Unfortunately, obtaining accurate 
wind park models is not straightforward because wind 
turbines manufactures do not want to provide them due 
to intellectual property reasons. Nowadays most of the 
system analysis performed by Estonian transmission 
system operators is made using PSS/E and PSCAD 
software. For most of the wind parks PSS/E models are 
available and modelling results compared to the actual 
system measurements show rather good results. The 
situation regarding PSCAD models is vice versa 
meaning that only few models are available and their 
modelling results show some differences and 
peculiarities in different conditions. The problem here is 
that the PSCAD models provided by the manufacturers 
are black-box models which means that only limited 
parameters can be changed and if something is not as it 
should then finding the error is somewhat impossible. 
This means that in order to use different models for 
system modelling and analysis a comprehensive 
validation together with transmission system operator 
and model provider should be performed. 
The purpose of this research is to develop different 
power generating facilities models using known system 
simulation software’s and publicly available model 
components and information and validate the models 
against actual field measurements. It is expected that the 
composed models are to be used for system studies in 
order to assess the behaviour of different power gener-
ating facilities during normal operation and system con-
tingencies.  
In this paper, the results of one case study based on 
actual measurements and modelled wind farm is shown. 
The situation under observation is the behaviour of the 
wind park as seen from the connection point during one 

of the performed compliance tests – fault-ride-through 
test. The model consists of wind turbine models, recti-
fier and inverter models together with their control sys-
tem and wind park and transmission system models. In 
Fig. 2 a general overview of the system is shown. There 
are n number of wind turbine all connected through 
interface transformer to medium voltage network which 
has a connection to transmission network through 
MV/HV transformer (transformers are not shown in the 
figure). All measurement values used in this study were 
measured from the connection point.  
 

 
 

Fig. 2. General overview of the wind park and power system 
model 
 
For the modelling and analysis software package 
PSCAD was used. Use of this software is very common 
when analysing the behaviour of the control system and 
wind power plant cooperation with the power system. 
During the study mostly user build components were 
used in order to understand the actual behaviour and 
assess the influence of different components to end 
results. As the purpose of this paper is to present the 
results of the behaviour of the wind turbine during 
fault-ride-through test then only the parts of the model 
relevant to this are discussed.  
In this study wind power plant with full-converter type 
turbines was modelled. The most important parts of the 
full-converter turbine are the DC intermediate circuit 
and the inverter.  
The purpose of the DC intermediate circuit is to 
stabilise the DC voltage and to raise the ability of the 
system to ride through a temporary voltage drop. The 
problem here is where to put the energy when it is not 
possible to deliver the energy produced by the wind 
turbine to transmission network. The result of this 
situation is the increase of the voltage in the DC circuit 
and therefore in order to enable the wind turbine to ride 
through this type of events appropriate countermeasures 
should be taken. In practice there are many possibilities, 
e.g. crowbar, chopper, etc. DC-link capacitors provide 
energy storage, which decouples the generator-side 
converter and the grid-side inverter. The capacitance of 
the DC-link capacitors is selected based on voltage 
ripples and lifetime of the capacitors. Computer 
simulations are often used in order to get the best result 
[13]. Relationship between input voltage US and DC-
link voltage is as follows [13]: 
 

DCaS UmKU 0     (1) 
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where ma is modulation index and K0 is factor, which 
value depends on the modulation method. In case of 
sinusoidal modulation the signal factor is expressed as 
 

22

3
0 K     (2) 

 

Therefore, DC-link voltage can be calculated as 
follows: 
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The calculation of DC-link capacitors’ capacity based 
on [14] can be expressed as follows: 
 

eDCDC
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DC UU

S
C

2
    (4) 

 

where SN is converter apparent power, UDC is average 
DC-link voltage, UDC is allowed voltage ripple and e 
is electrical frequency.  
The inverter was built as regular type IGBT-bridge with 
Pulse Width Modulation (PWM) control. The order of 
opening and closing gates of IGBTs is given with PWM 
signals. PWM control scheme concept is based on com-
paring two signals and the output determines whether 
IGBT’s gate is open or closed. Signals used in this 
study are sinusoidal signal (modulation signal) and saw-
tooth signal (carrier signal). One can imagine that the 
modulation signal is the desired output signal waveform 
and carrier signal is the waveform, out of which the 
output signal is derived. Modulation signal is usually 
low frequency waveform and carrier signal is high 
frequency waveform (up to hundreds kHz). The 
amplitude ratio Um/UC is called as modulation index, 
where Um is modulation signal waveform amplitude 
(sinusoidal waveform) and UC is carrier signal 
amplitude (saw tooth waveform). These signals are 
illustrated in Fig. 3.  
Modulation index determines the width of the pulses 
and hence the RMS value of the inverter output voltage. 
Amplitudes in this research were chosen so that the 
modulation index would stay within linear region. Mod-
ulation index is in linear region when its value is less 
than 1. When the modulation index is larger than 1 then 
condition is called over-modulation and as a conse-
quence current harmonics will be increased and undesir-
able large voltage peaks can occur [15].  
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Fig. 3. PWM modulation (50 Hz) and carrier signal (1350 Hz) 
 
In recent years Estonian transmission system operator 
has made multiple compliance tests for different types 
of power generating facilities. Here, the results of actual 
fault-ride-through test and modelling results are pre-

sented. The test was performed in order to verify the 
compliance of one wind park to Grid Code require-
ments. As all the requirements have to be fulfilled in the 
connection point then also the short-circuit was made at 
the connection point. This required special schemes and 
changes in the relay protection system. Duration of the 
two-phase-to-ground short-circuit was 0,24 seconds. In 
Fig. 4 and Fig. 5 actual current and voltage measure-
ment values, respectively, are presented. Wind park and 
transmission system modelling results in PSCAD are 
presented in Fig. 6 and Fig. 7. The transmission system 
was modelled consisting of network with two adjacent 
buses from the observed connection point. To determine 
the exact range which substation should be considered a 
comprehensive frequency scan study was performed. 
From the presented results it can be observed that the 
modelled values are rather similar to the measured val-
ues. However, there are some differences but these can 
be considered minor as the modelled behaviour of the 
wind park is sufficiently similar to the actual one. Based 
on this the authors conclude that the composed model 
can be used for system studies.  
 

 
 

Fig. 4. Actual measurement values during fault-ride-through 
test, phase current instantaneous values, tsc = 0.24 sec 
 

 
 

Fig. 5. Actual measurement values during fault-ride-through 
test, phase voltage instantaneous values, tsc = 0.24 sec 
 

 
 

Fig. 6. Modelled values during fault-ride-through test, phase 
current instantaneous values, tsc = 0.24 sec 
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Fig. 7. Modelled values during fault-ride-through test, phase 
voltage instantaneous values, tsc = 0.24 sec 
 

6. Conclusions 
 
In this paper a general overview of wind park and 
transmission network cooperation considering grid code 
requirements is presented. Overview of Estonian trans-
mission system, its connection requirements, and mod-
elling and system studies approach is provided.  
In order to perform system studies adequate and accu-
rate power generating facilities models are needed. This 
means that close cooperation between transmission 
system operator, power generation facility owner and 
manufacturer should exist. However, as this is not al-
ways the case comprehensive research in this field is 
required.  
The purpose of this research was to compose simplified 
wind park models that can be used for different type of 
system studies. During the research a PSCAD model 
representing the behaviour of one wind park consisting 
of n-full converter type wind turbines connected into 
Estonian power system was composed. General results 
of that study are presented in this paper.  
The results of this research showed good coincidence 
between measured and modelled values. The authors 
believe that the composed model can be used in system 
studies in order to assess the behaviour of the wind park 
during different type of contingencies. This research is 
still continuing and more profound and elaborating 
results will be published in near future. 
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Abstract: This paper is dedicated to the task of planning 

energy supply systems in the market environment. The 

possibilities of forming coalitions between companies 

are considered. In this case, for justifying the decisions 

and distributing the gains, cooperative game theory is 

used. The example with the proposed strategy is based 

on a real project of 330 kV and 110kV high voltage 

lines between two substations and shows the rationality 

and efficiency of using the considered approach. 
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1. Introduction 

 

The aspiration of the global community towards 

increased power supply efficiency and reducing the 

influence of power generation on the environment has 

motivated a process of restructurization of power 

systems, intended for ensuring market conditions and 

free competition within the generation and sales of 

energy [1]. 

As a result of restructuring, the monopolies that ensure 

power supply are replaced by a number of independent 

(to a certain extent) companies striving to increase their 

gain and competing, in the general case, with one 

another. As a result of the restructuring and creation of a 

regulated energy market with the participation of 

independent companies, the task of power system 

development planning changes substantially. 

Power supply planning problems are formulated in the 

form of revenue maximization or cost minimization 

tasks, more specifically, the strategic task of investment 

minimization. In this paper, supposing that the revenues 

or costs of the companies can be calculated, we will 

concentrate on the task of choosing the best of the 

possible decisions. Considering the market environment, 

all the companies that are operating within the system 

under consideration have to solve the task of energy 

supply system planning with the objective of 

maximizing their revenues and minimizing the costs at 

the same time. 

In this process, it has to be taken into account that the 

decisions regarding the choice of the structure and 

parameters of the elements of the power supply system 

that are taken by companies influence the effectiveness 

of the decisions taken by other companies. Since, in the 

general case, the decisions taken by each of the 

companies are of confidential nature, it becomes 

necessary to introduce into the problem optimization of 

the variables that have an uncertain nature. In order to 

avoid the difficulties that might arise in this process, the 

scenario approach is used, according to which the 

possible strategies (plans) of each company considering 

all the possible combinations of the strategies of the 

other companies are searched for. With this approach, 

the variables describing the strategies lose their 

uncertain nature. However, this simplification is 

achieved due to the fact that the final decision-making 

process becomes more complicated. As a result of the 

scenario approach, a set of decisions corresponding to 

all the combinations of possible scenarios is obtained. 

Usually, the scenario approach is used for variables that 

describe the players’ actions and the status of the power 

system in distant future (energy prices, level of 

consumption, etc.). 

The final decision is made based on the methods and 

criteria of the decision and game theory [4], [5]: (Min-

Max, Minimal Risk, Hurwitz, Laplace). The choice of 

criteria and methods depends on the nature of available 

information. When planning power systems, two basic 

cases are possible: 

 

 Absence of information about the decision-

making of the competing companies. In this case, 

depending on the subjective personal preferences of the 

decision-makers, one of the above criteria is chosen. 

 Presence of complete information about the 

results of the decision-making of each company and the 

possibility to make an assumption that these decisions 

will be rational and will be aimed at getting maximum 

gain. In this case, the nature of the uncertainty changes 
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considerably, which can be used for obtaining better 

decisions and, consequently, increasing the gains [2]. 

 

This paper is dedicated to second particular case, 

making the additional assumption that it is possible to 

form a coalition with the other company. In this case 

there is a mutual benefit expected. 

The proposed strategy is based on the part of real 

project with planned 330kV high voltage transmission 

line construction and 110kV high voltage transmission 

line reconstruction between substations Grobina and 

Ventspils, named “action 1”, which is intended to 

construct a “Kurzeme Ring” (see Fig.1). The total costs 

of the “action 1” constitute approximately 387000 

r.v./km*. 

In the given example, it is assumed that two independent 

companies are engaged in the creation of power 

transmission lines. One company is engaged in the 

creation of a 110 kV transmission line and the other in 

the creation of a 330 kV transmission line. Therefore, 

first and foremost, the alternatives that are advantageous 

for each company have to be chosen as the decision. It is 

also necessary to show the costs of the project and the 

potential benefit for each company in the case of an 

individual approach, implementing the whole project 

separately, and check if it is possible to form a coalition. 

Then there is the task of analyzing the outlook for 

forming coalitions with other companies. The example 

is based on a real Latvian project; however, today the 

system for dividing the power supply including 

transmission lines is somewhat different. All power 

transmission above 110kV belongs to one company. 

Therefore all the revenue of the project in the case of 

combining 110kV and 330kV transmission lines is the 

profit of one company. The cooperative game approach 

is topical for other countries of Europe and the Russian 

Federation where the issue of cooperation is more 

topical because of the potential profit for each company. 

 

2. The development plan of the transmission network 

of the Baltic region 

 

The Kurzeme Ring (KR) is an energy infrastructure 

project involving the construction of a 330kV overhead 

line and the reconstruction of an existing 110kV 

transmission line in the western part of Latvia. It is part 

of the larger NordBalt project, the implementation of 

which includes the installation of the interconnection 

Latvia – Estonia – Sweden with a view of improving 

power supply reliability in the Baltic countries [6]. This 

solution will result in the reduction of bottlenecks in the 

network of the Kurzeme region, increasing the limited 

possibilities of development of generating capacities in 

Latvia as well as ensure the potential of connecting new 

electrical installations of consumers. Thus, the Baltic 

electricity market will be developed. The 

implementation of this project will be a significant step 

forward for the Baltic States, which are planning 

complete opening of their electricity market by 2013. 

                                                           
* - To avoid disclosure of commercial information, the prices are 

given in relative units (r.v.) 

The KR will not only help to improve energy supply in 

Latvia, it also promotes full integration of the country in 

the transmission network of Europe. 

The restoration of the national independence of the 

Baltic region countries and the concurrent sweeping 

economic changes have led to considerable changes in 

the structure of the power system (the closure of 

Ignalina Nuclear Power Plant as well as a number of 

economically inefficient plants running on heavy fuel 

oil) and significant changes in the power flows over the 

transmission grid [7]. 

The throughput of the transmission network of the Baltic 

region in normal mode is providing a quality reserve and 

a reliable supply of electricity, as well as a unified 

electric power system. However, expansion of the 

electrical connections between countries will be required 

(see Fig.1), especially if the capacity of the new nuclear 

power plants (NPP Visaginas, Kaliningrad, Belarus) is 

to be 3000 MW and more. Besides, the great impact of 

renewable energy sources is expected to play an 

important role in energy supply, for example, the large 

number of new wind power plants. The output and 

export of electric power of the new nuclear power 

stations to the Nordic countries will also require 

expansion of the internal power grid of the Baltic 

region, for example, between Latvia and Lithuania; 

Estonia and Latvia (Sindi – Riga TEC-2) [8]. 
 

 

Fig. 1.  New electrical connection of the Baltic power systems 
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3. Consideration of forming coalitions in energy 

supply planning tasks 

 

3.1. Game - theoretical approach to the planning 

task 

 

Let us imagine the task of power supply development 

planning in the form of a static game with complete 

information [9]. The game is presented in normal form 

as following: 
 

      , , , ... 1
1 2

I S S i I R R R Ri ni    

 

where I is a list of players,   S S i Ii i  is all 

situation combinations and revenues R are of each 

player at all his strategies and at each combination of the 

competitors’ strategies. 

It is assumed that the list and number of the players is 

known; also, that each player knows the revenues at any 

combination of structures and parameters of all the 

players. It is necessary to solve the following problems: 

 

 Determining the rationality and possibility of 

organizing a coalition among the players. 

 Choosing the methods for organizing the 

coalition and distributing additional revenues among the 

participants of the coalition. 

If the possibility to form a coalition is taken into 

account, the formulation of the optimization task is 

modified once more. Due to the need to consider not 

only the strategies of individual companies, but also 

those of possible coalitions in various combinations, the 

dimension of the task increases considerably. Resulting 

from the solution of this task, the set of the sub-optimum 

plans for each company and their coalitions at various 

combinations of possible competitors’ plans can be 

obtained. 

 

3.2. Distribution of the gain between the member of 

the coalition – Shapley value 

 

In case of cooperative behavior, there is a problem of 

revenue distribution between the members of the 

coalitions. The simple approach would be to give to 

each player his contribution i
c

: 
 

      2c R S i R S
i
    

 

where 
 R S

is the revenue of the coalition S , 

  R S i
is the revenue of the coalition S  with 

participation of the actor i . 

However, such an approach is not anonymous, i.e. 

ordering of the players makes difference in the amount 

they are rewarded. 

In game theory, a Shapley value [10] describes one 

approach for the fair allocation of gains avoiding the 

mentioned drawback. Fair allocation ensured by 

selecting uniformly a random ordering and rewarding 

each player the expected marginal cost in ordering. 

Since players can form !n possible random orderings, 

the probability of set S  being ranked exactly before 

player i  is:
 ! 1 !

!

S n S

n

 
. Thus the additional 

amount that the player i  gets is: 
 

 
       

! 1 !
3

!
i

S n S
R S i R S

i S N n


 
 

 


 

where n  is the total number of players, S  is size of the 

set S , the sum extends over all subsets S of N  not 

containing player i . 

In the simplest case, when only two players participate 

in the game, the expression (3) is simplified and obtains 

the following form: 
 

     
 1 2 4

2

R S i R S
 

 
 

 

The Shapley value describes the fair (in a sense 

determined by the accepted axioms) [10] distribution of 

additional gains in case of formation of the coalition. In 

particular, the definition is based on the assumption that 

possible combinations of the players who form the 

coalition are equally probable. 

 

4. The technical basis of a proposed task 

 

The energy supply of a Kurzeme region is one of the 

power transmission grid "narrow" places. In the 

perspective, this region is predicted significant changes 

in both the generating capacities connected to the 

structure and creation of new interconnections, for 

example, the cogeneration power plant is expected as 

well as a wind farm construction of the western part of 

Latvia, and the proposed new cross-connection from the 

Baltic to Sweden and Finland construction. 

Consequently, the existing transmission network 

throughput capacity must be sufficient to provide the 

normal mode and the planned reconstruction mode to 

the winter peak and summer peak-load regimes. As a 

result, in order to ensure the operational modes, it is 

necessary to determine the appropriate technical 

performances: the throughput capacity increase of an 

existing equipment and new facilities construction of the 

transmission system. 

The current situation of the region under consideration 

receives electricity through three 110 kV lines: a 110 kV 

double circuit transmission line from Grobina (see Fig. 

2), from Tukums and Broceni. Existing power line 

stages are physically and morally obsolete with 

insufficient capacity, as well as the allowable voltage 

levels are maintained after the 'n-1' reliability criteria of 

the existing situation is problematic. Consequently, 

these lines cannot guarantee the reliable supply of 

electricity now, and especially in perspective. In 

addition, examined area is planned to install a large 

capacity of 30-80 MW of wind projects. As a result, the 

Latvian region of Kurzeme development creates the 
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need for a powerful new power lines, new substations 

and construction of the substation expansion or 

reconstruction. 

 
 

Fig. 2. The scheme of an existing 110 kV system 

 

Since the existing 110 kV circuit cannot provide an 

adequate level of power supply, decided to create 330 

and 110 kV transmission network connection 'Kurzeme 

Ring". KR includes the construction of a new 330 kV 

transmission line Liepaja (Grobina) - Ventspils - 

Dundaga - Tukums (Tume) - Riga, but this paper will 

considered only an "action 1" (see Fig. 1). This means 

that will be reconstructed 110 kV overhead line, 

reinforcing it with a 330 kV transmission line. 

Reconstructed overhead line length is 118 km. 

Reconstruction design is based on the 110 kV overhead 

transmission lines perspective connections (see Fig. 3). 

 

5. The economic basis of the proposed task 

 

The necessary throughput capacity of the examined 

power line can be provided adopting the following two 

conditions:  

a) if there is a 330 kV circuit, then 2000A is 

needed; 

b) if there is a 110 kV circuit, then 1200A is 

needed. 

Based on the accepted limits, the examined part of the 

“Kurzeme Ring” project („action 1”) was evaluated at 

three main variants: 

1) There is a double circuit 110 kV overhead line with 

the steel aluminium conductor; a phase is divided into 

two conductors (2xAS-240/32), as a result such variant 

provides 1210A; 

2) There is a single circuit 330 kV overhead line with 

the steel aluminium conductor; a phase is divided into 

three conductors (3xAS-400/51) with an installed 

ampacity of 2475A;  

3) There is a cooperative circuit, which consists of a 

single circuit 110 kV overhead line with the steel 

aluminium conductor; a phase is divided into three 

conductors (3xAS-400/51) with an installed ampacity of 

2475A; and 330 kV overhead line with the steel 

aluminium conductor; a phase is divided into two 

conductors (2xAS-240/32) with an installed ampacity of 

1210A. 

Fig. 3. The scheme of a future cooperative circuit, which 

consists of the 110 kV and 330 kV systems 

 

The economic comparison of variants is done for a 118 

km long overhead line, for the particular climatic 

conditions of the region near the Baltic sea: a wind 

pressure of Q = 65 kg/m², the thickness of ice and frost 

on the conductor C = 5 mm. The selected area is 

interesting in that it is located in the Baltic Sea near the 

coast, where the combinations of weather conditions 

specific for the Baltic countries are observed (high wind 

pressures, icing and frosting of conductors and wire 

ropes) [11]. 

The main economic advantage was based on the support 

number reserve, and it was calculated with the special 

program “SAPR LEP 2011” which was used for 

systematic calculation of the examined conductors and 

the placement of supports on an actual profile of an 

existing line [12]: 

1) the number of supports for the first variant is 861 pc; 

2) the number of supports for the second variant is 534 

pc;  
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3) the number of supports for the third variant is 534 pc.  

Of course, the overhead line construction costs can 

range. It depends on the finite element price (string, 

foundation, conductor), the quantity of the necessary 

electrical elements, and significant additional costs, for 

example, the coordination with owners of the land, 

where  there is an overhead line route as well as 

lightning protection system, land costs.  

The diagram shows that, when there is a cooperative 

110kV and 330kV overhead line construction variant, 

the total costs of it are smaller (14386000 r. v.) 

compared with the amount of total costs of individual 

110kV and 330kV overhead line construction variants 

(16841000 r. v.). 

 

 
 

Fig. 4.  The construction costs of each presented variant 

 

Analysis of the results 

As it was mentioned above, there are two possible ways 

of realizing the project: 

 

 individual approach realizing the whole project 

separately; 

 negotiations about organizing a coalition of two 

companies and distributing the additional revenue by 

using the Shapley value, which requires an agreement 

and approval of both companies. 

In our example, we consider the benefits of each 

company in the stage of designing, i.e. considering the 

cost of building the transmission line in each case under 

consideration. 

In the first variant of realizing the project company “A” 

constructs its own 110kV high voltage transmission line 

and the company “B” its own 330kV high voltage 

transmission line. Technical specifications and interim 

calculations for both variants are presented in Table I 

and II. The required total costs of transmission line 

construction for each company in the case of individual 

behavior are presented in Table 1. 

 
Table 1. Overhead line construction costs in the case of 

individual behavior 
 

Company
 

Investments, r.v. 

“A” 6976000 

“B” 9865000 

Total for the “A” and “B” 16841000 

 

In the second variant of realizing the project companies 

“A” and “B” organize a coalition of two companies. In 

this case they construct 110kV with 330kv overhead 

transmission lines on one route placing wires on the 

same poles from different sides. Technical specifications 

and interim calculations for this variant are presented in 

Table III. The required total costs of transmission line 

construction for both companies in the case of 

cooperative behavior are presented in Table 2. 

 
Table 2. Overhead line construction costs in the case of 

cooperative behavior 
 

 
Investments, r.v. 

Coalition of “A” and “B” 

companies 
14386000 

Additional revenue for each 

company 
1227500 

Total additional revenue for 

“A” and “B” companies 
2455000 

 

It is obvious that in case of cooperative behavior, the 

investments of the project reduced considerably. This 

means that the formation of such a coalition is rational 

and possible in terms of economy of investments. We 

note that in the real project the revenue is the amount of 

tens of millions EUR. 

 

6. Conclusions 

 

1) Methods based on the game theory can contribute to 

making the right decision about the development of 

power transmission and energy supply sources. In 

particular, the cooperative game taking into 

consideration the possibility of building the coalition 

should be used. 

2) The suggested method was applied to the example 

based on a real project with planned 330kV and 110kV 

high voltage transmission lines construction. It shows a 

great result and high level of profit. The method is 

applicable in a variety of other tasks were independent 

companies can gain by forming the coalition with other 

market participants. 
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Abstract: In article the algorithm of power 
(active/reactive) distribution between generating 
aggregates and optimal operating equipment selection 
(considering spinning reserve) is proposed. The 
algorithm realization is performed for the time period 
where were given load values on the nodes, and is 
based on individual variable variation. As criteria of 
optimization task we use profit maximization function. 

1 empty line using 10-point font with single spacing 
Keywords: generating aggregate, limitations, revenue. 
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1. Introduction 
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The mathematical task of regimes long-term planning is 
a multi-interval in time stochastic programming 
problem with the mutual dependence of the electrical 
power system (EPS) work characteristics in certain 
intervals and integral constraints for several intervals. 
The regime long-term planning promotes the energy 
resources rational use, the generating equipment 
coordinated load, to increase the system-wide 
economical work effectiveness of the EPS. Therefore, 
the method developing to solve this problem is given a 
lot of attention [1, 2, 6]. 
The problem of operating equipment selection is much 
more complicated for power system, where should be 
considered network looses. Herewith comparison of the 
equipment compositions is made on value of the total 
cost to cover a given load and losses in the networks. 
The composition which takes less cost is chosen. The 
calculation process includes the network looses 
calculation, for given equipment composition the load 
distribution etc. When is starting any aggregate there is 
some unloading already worked equipment, i.e. the 
reducing of their relative increases [2]. 
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2. Formulation of the problem 

1 empty line using 10-point font with single spacing 
The problem of operating equipment selection in the 
electricity market is considered. We assume that in the 
market there are 6 generating aggregate and 12 nodes of 
the load, the length of the lines is the same - 100 km. 

The electrical power system should be reliable that is 
why we should taking into account its reservation. The 
required spinning reserve of active power - 500 MW 
and reactive - 242,16 MVAr. The calculation will be 
made on the period of 24 hours. 
The testing scheme of electrical power system is shown 
on Fig.1. All the reasoning are illustrated on the 
example of EPS testing scheme with 6 generating 
aggregates, which respectively are located in the 1, 4, 9, 
18, 13, 16 nodes. 
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Fig. 1. Testing scheme 
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The aggregate limitations of active and reactive power 
presented in Table 1. The limitations of active (reactive) 
reserve are t

iQP
t

iQPiQP RRR )(max)()(min  , where 

iiQP QPR min)(min )(  and t
iQP

t
ii

t
iQP sQPQPR )(max)(max )()(  . 
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Table 1. The aggregates limitation of power 
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 G -1 G -4 G -9 
G -

18 

G -

13 

G -

16 

Pmin,MW 40 65 40 170 8 10 
Pmax,MW 144 884 402 662 264 200 

Qmin,MVAr 19,3
729 

31,4
809 

19,3
729 

82,3
348 

3,87
458 

4,84
32 

Qmax,MVAr 69,7
424 

428,
141 

194,
697 

320,
621 

127,
861 

96,8
64 
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The generator cost characteristics can be defined with 
polynomials of the form: 

 

 2)( iiiiiii PPPC   ;   (1) 
 

where iii  ,,  - are known constant values (given in 
Table 2) [3,4]. We assume that the cost characteristics 
for reactive power production are the same as for active 
power. 
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Table 2. Parameters of cost characteristic 
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 G -1 G -4 G -9 
G -

18 

G -

13 
G -16 

α, € 200 100 170 180 120 150 
β,€/МWh 4,5 2,5 2,2 4 2 1,5 

γ,€/МW2h 0,02
1 

0,00
9 

0,01
2 

0,0
2 

0,0
1 

0,007
5 
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The summary loads change on the time interval 
presented in Fig.2. It is assumed to be 9,0cos  . We 
assume also that the reactive power can be generated in 
6th, 10th, 11th and 15th nodes. Each hour of our time 
period what we are considering in 6th node is generated 
reactive power 90 MVAr; in 10th node - 40 MVAr; in 
11th node - 10 MVAr; in 15th node - 25 MVAr. 
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Fig. 2. The summary loads change graphic 
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The price of power and reserve is represented in the 
form of a market that is changing over time (Table 3). 
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Table 3. The market price for every hour  
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Hour 
cPi , 
€/MW 

cQi , 
€/MVAr 

cR(P)i , 
€/MW 

cR(Q)i , 
€/MVAr 

1 40,46 10,46 4,046 1,046 
2 39,92 9,92 3,992 0,992 
3 39,48 9,48 3,948 0,948 
4 39,62 9,62 3,962 0,962 
5 43,12 13,12 4,312 1,312 
6 44,58 14,58 4,458 1,458 
7 61,99 31,99 6,199 3,199 
8 91,6 61,6 9,16 6,16 
9 83,07 53,07 8,307 5,307 
10 62,08 32,08 6,208 3,208 
11 62,08 32,08 6,208 3,208 
12 62,06 32,06 6,206 3,206 
13 62,06 32,06 6,206 3,206 
14 76,53 46,53 7,653 4,653 
15 66,52 36,52 6,652 3,652 
16 65,02 35,02 6,502 3,502 

17 83,06 53,06 8,306 5,306 
18 88,06 58,06 8,806 5,806 
19 62,07 32,07 6,207 3,207 
20 62,04 32,04 6,204 3,204 
21 57,51 27,51 5,751 2,751 
22 47,06 17,06 4,706 1,706 
23 42,54 12,54 4,254 1,254 
24 41,01 11,01 4,101 1,101 
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The start-up cost value depends on the aggregate 
downtime τ duration and can be defined from start-up 
aggregate characteristic, which has an exponential form, 
as: 
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 )1()( max


 
 eCC ;   (2) 
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where λ – coefficient, which are depending from the 
boiler power. It can be found from the proportion 
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585,0
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N


,   (3) 
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at N expressed on the [МW]. 
The start-up costs formulas considers only the basic part 
of costs, which are depending from downtime. The 
start-up cost data significantly depends from start-up 
technology. Often start-up cost from cold condition 

maxC  is expressing through hour cost at the nominal 
load nomC . For non-blocked units assume maxC  = 

( 8,06,0  ) nomC  [2]. 
In a Table 4 is presented the values of maxC  for the 
considered generating aggregates. 
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Table 4. The generating aggregates start-up costs (from cold 
condition) 
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 G -1 G -4 G -9 G-18 G-13 G-16 

maxC , € 200 57 63 300 50 60 
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3. Problem solution and objective function 
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As effectiveness criteria of the selected equipment 
composition assume the maximum revenue value: 
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where t
i

t
i QP ,  - generated active and reactive power by 

generator i per hour t, MW and MVAr; t
Qi

t
Pi RR ,  - the 

active/reactive reserve amount per hour t, MW and 

MVAr; t
iQR

t
iPR

t
Qi

t
Pi cccc )()( ,,,  - market price per 

hour t , €/MW and €/MAr;  
 t

iQR
t

Qi
t

iQr
t

iPR
t

Pi
t

iPr
t

Qi
t

i
t

Qi
t

Pi
t

i
t

Pi cRscRscQscPs )()()()( 

 – income from power reserve providing by generator i 
per hour t; )(),( i

t
ii

t
i QCPC  – generator cost 

characteristics for energy production; )( )( iP
t

i RC , 
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)( )( iQ
t

i RC  - a coefficient of cost function i  for reserve 
maintenance in the node; st – Boolean variable, which 
equals to 1 at switched-on condition and to 0 in another 
case; symbol «+» means that the expression considers 
only if it will be positive difference [6]. 
For each value of power load in the system determined 
the optimal load distribution between generating 
aggregates with optimal operating equipment selection 
(in the optimization process ranges such variables as: 
power, aggregate condition - binary variables etc). 
For taking into account the power throughput 
limitations of L-1 ( MVAS L 701 

 ) and L-15 

( MVAS L 7015 
 ) lines use the method of linear 

programming. The calculation of power distribution 
coefficients through the line is made in the proposal that 
as balance node of the considered scheme (Fig.1.) is 
taken the node with the number 18.  
When determining the power flow through the lines we 
use a linear model of the form: 

empty line using 10-point font with single spacing 

 nSS l ;   (5) 
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where lS  – vector - column of power flows through the 
lines;   – the matrix of distribution coefficients; nS  - 
a matrix of nodal power for independent nodes, i-th 
element is defined as 18,1,,  iSS idGinS . 
To determine the matrix   draw up W  matrix: 

line using 10-point font with single spacing 

 






dZN

MW ;   (6) 
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where M – is the 1st incidence matrix (a matrix of 
independent nodal connections); N - is the 2nd second 
incidence matrix (a matrix of independent contour 
connections); Zd - is the diagonal square matrix of 
branch resistances (is taken Zl= 9.8+j41,65 for all lines 
is the same) [5]. 
In that task the matrix of distribution coefficients  = 
W-1 form the first 17th columns of the matrix W-1 (with 
using Mathcad software calculate the inverse matrix): 
 

W 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

0 -0.723 -0.723 -0.723 -0.723 -0.723 -0.723 -0.723 -0.602 -0.482 -0.566 -0.277 0 -0.494 -0.422 -0.422 -0.349 0-0.002i 001-0.006i 001-0.004i 0
0 0 -0.667 -0.333 -0.333 -0.333 -0.333 -0.333 0 0 0 0 0 0 0 0 0 0 0 0002+0.008i

0 0 0.333 -0.333 -0.333 -0.333 -0.333 -0.333 0 0 0 0 0 0 0 0 0 0 0 0002+0.008i

0 0 0 0 -1 -1 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 -1 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 -0.333 -0.667 -0.667 -0.667 -0.667 -0.667 0 0 0 0 0 0 0 0 0 0 0 0 002-0.008i

0 0.157 0.157 0.157 0.157 0.157 0.157 0.157 -0.036 -0.229 -0.494 -0.157 0 -0.41 -0.325 -0.325 -0.241 0-0.002i 001-0.004i 002-0.008i 0

0 -0.084 -0.084 -0.084 -0.084 -0.084 -0.084 -0.084 0.096 0.277 -0.349 0.084 0 -0.241 -0.133 -0.133 -0.024 001-0.002i -0+0.002i001+0.006i 0

0 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.434 -0.253 -0.072 -0.12 0 -0.084 -0.096 -0.096 -0.108 -0+0i 001-0.003i001+0.004i 0

0 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 0.566 0.253 0.072 0.12 0 0.084 0.096 0.096 0.108 0-0i001+0.003i 001-0.004i 0

-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0 -1 -1 -1 -1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

0 0.205 0.205 0.205 0.205 0.205 0.205 0.205 0.337 0.47 0.277 -0.205 0 0.157 0.036 0.036 -0.084001+0.003i 001-0.005i 0-0.002i 0

0 0.072 0.072 0.072 0.072 0.072 0.072 0.072 0.06 0.048 0.157 -0.072 0 -0.651 -0.458 -0.458 -0.265 001-0.004i 0-0.002i 0-0.002i 0

0 0.072 0.072 0.072 0.072 0.072 0.072 0.072 0.06 0.048 0.157 -0.072 0 0.349 -0.458 -0.458 -0.265 001-0.004i 0-0.002i 0-0.002i 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

0 0.072 0.072 0.072 0.072 0.072 0.072 0.072 0.06 0.048 0.157 -0.072 0 0.349 0.542 0.542 -0.265 001-0.004i 0-0.002i 0-0.002i 0

0 0.072 0.072 0.072 0.072 0.072 0.072 0.072 0.06 0.048 0.157 -0.072 0 0.349 0.542 0.542 0.735 001-0.004i 0-0.002i 0-0.002i 0

0 -0.277 -0.277 -0.277 -0.277 -0.277 -0.277 -0.277 -0.398 -0.518 -0.434 -0.723 0 -0.506 -0.578 -0.578 -0.651 -0+0.002i001+0.006i001+0.004i 0



. 

The power flows distribution through the lines (5) for 
the 1st hour is shown in Table 5.  
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Table 5. The power flows distribution through the lines  
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For 1st hour Nr. [MVA] 

lineS  

1 20,849+58,561i 
2 32,884+39,4195i 
3 -57,116-4,1695i 
4 250+31,08053i 
5 170-7,665i 
6 30+14,5297i 

7 50+24,216i 
8 -24,234+35,25i 
9 40,682-11,585i 

10 32,636+20,748i 
11 134,528+19,653i 
12 126,485+51,987i 
13 -41,75+75,748i 
14 95,968i 
15 2,895-9,042i 
16 -26,685-29,271i 
17 -46,685-38,957i 
18 190+92,021i 
19 48,3149+32,054i 
20 -4,685+6,3845i 
21 31,7893+17,187i 
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The aggregate switching became less possible because 
of aggregate start-up characteristics. The power 
distribution between generating aggregates deviates 
from optimum when we are taking into account network 
lines throughput power limitations, because from power 
producer side less economically profitable generating 
aggregates are loaded. The comparison of power 
distribution between generating aggregates considering 
two different instances with/without limitations of 
power throughput shown on Fig.3. Where a; 2.a; 3.a; 
4.a, 5.a, 6.a– without limitation through the lines; 1.b; 
2.b; 3.b; 4.b, 5.b, 6.a – with limitation of throughput of 
L-1 and L-15 lines. The maintenance in the node reserve 
also cost some money that is why they are included in 
equitation (4). When in the system are considered 
power flow limitations through the lines the reserve is 
distributed in different way then in the first instance 
(without throughput limitations), but anyway the main 
criteria is to maximize profit value. 

1 empty line using 10-point font with single spacing 

Power distribution without throughput limitatios for the 1 st hour
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Power distribution without throughput limitatios for the 5 thhour
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Power distribution with throughput limitatios for the 5 th hour
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Power distribution without throughput limitatios for the 9 thhour
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Power distribution with throughput limitatios for the 9 th hour
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Power distribution without throughput limitatios for the 13 thhour
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Power distribution with throughput limitatios for the 13 th hour
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Power distribution without throughput limitatios for the 17 thhour
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Power distribution with throughput limitatios for the 17 th hour

0,0

100,0
200,0

300,0
400,0
500,0

600,0
700,0

800,0

900,0
1000,0

1100,0

G-1 G-4 G-9 G-18 G-13 G-16

P, MW Q, MVAr R(P), MW R(Q), MVAr
 5.b 

Power distribution without throughput limitatios for the 21 thhour
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Power distribution with throughput limitatios for the 21 th hour

0,0

100,0
200,0
300,0

400,0
500,0

600,0
700,0
800,0

900,0
1000,0

1100,0

G-1 G-4 G-9 G-18 G-13 G-16

P, MW Q, MVAr R(P), MW R(Q), MVAr
 6.b 

1 empty line using 6-point font with single spacing 

Fig. 3. The comparison of power and reserve distribution 
between generating aggregates in a certain period of time (1st 
hour – 1.a, 1.b; 5th hour – 2.a, 2.b; 9th hour – 3.a, 3.b; 13th hour 
– 4.a, 4.b; 17th hour – 5.a, 5.b; 21th hour – 6.a, 6.b) in 
dependence of power throughput limitations of the lines  
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The lines L-1 and L-15 throughput limitations influence 
negatively on the EPS because they reduce total revenue 
(in period T=24 hours) by 1673307-1658588= 14718,74 
€. The revenue for two instances with/without taking 
into account throughput limitations of the lines per hour 
presented on Fig.4. 
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Fig. 4. Total revenue per hour for two different instances  
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4. Conclusions 
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Calculations in this paper show that the limited 
throughput reduces the producer ability to distribute 
power between generating aggregates optimally. 
Limitations reject the regime from the optimal and 
reduce the total profit of the system. Optimal 
distribution of reserve also deviates from the optimum. 
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Abstract: The application of High-Temperature Low 
Sag conductors is one of the possible methods for 
improving the existing transmission network nowadays. 
This is an important issue that must be considered, 
especially if the transmission grid requires prospective 
expansion of new electrical connections.  
The purpose of the study has been to evaluate 
conductors of conventional core designs like AS, ACSR 
and composite core designs like ACCC and ACCR on 
the basis of two main criteria: the technical aspect 
(mechanical and thermal limitations) and the economic 
advantage, and to establish which of these conductors 
would be acceptable for upgrading the existing network.   
The comparative estimation was based on an existing 
overhead line model of the Latvian power network. The 
results of the analysis are presented in this paper. 
 
Keywords: power transmission, parameter estimation, 
transmission line, high temperature low sag conductor. 
 

1. Nomenclature 
 
ACCC             Aluminium Conductor Composite Core 
ACCR             Aluminium Conductor Composite 
                        Reinforced 
ACSR             Aluminium Conductor Steel Reinforced. 
AS                  Aluminium Steel Conductor 
HTLS              High Temperature Low Sag Conductor 
 

2. Introduction 
 
The joint Interconnection of the Power Systems of 
Estonia, Latvia and Lithuania as a united power pool 
(the Baltic IPS) includes the state–owned power 
systems of Estonia and Latvia as well as Lithuania’s 
Transmission System Operator (TSO). One of the main 
objectives of the Baltic IPS is integration into the 
Western European electricity market, along with the 
development of regional co-operation [1], [2]. 
Since the transmission grid expansion will be required 
because of the following: 
 The significant impact of renewable energy sources, 

which are expected to dominate Europe’s energy 
supply [3], for example, the increase in the use of 
wind power plants; 

 The impact of important power players such as the 
Russian Federation, which is expected to increase its 
generation capacities by the construction of a 
nuclear Power Plant (NPP) in Kaliningrad, as well 
as the Belarus and Visaginas NPP in Lithuania;  

 Expansion of the transmission grid, which is 
planned in near future as a result of its 
interconnection with the Polish power system, which 
is important for the cross-border transmission 
project between Lithuania and Poland [4]. 

It is necessary to utilize new transmission line projects 
in the operation of the grid. For example, the 
construction of the planned “Kurzeme Ring” – an 
energy infrastructure project in Latvia, with the main 
purpose of establishing the interconnection Latvia – 
Estonia – Sweden for improving the power supply 
reliability in the Baltic countries [5]. However, the low 
level of capital investments in the building of new 
transmission lines reduces the chances of achieving the 
desirable result.  
Therefore, it is possible to use the existing infrastructure 
of the transmission grid with maximum extension of 
new technologies into the existing power line systems 
with less economic investment and high technical 
security.  
Upgrading of the existing transmission lines is an 
important subject, which has been widely discussed in 
the recent decades. There have been different 
propositions for implementing this concept with 
maximum use of line, for example, reconstruction of the 
overhead line for a higher voltage, replacing the 
existing conductors by ones with a larger cross-section, 
installation of series and shunt compensations, 
construction of new supply substations, using control 
devices for the power network, increasing the 
permissible load current [6].  
The task set for the proposed study is to consider the 
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profitable opportunity of replacing the conventional 
core designs conductor with a HTLS conductor [7], [8], 
[9]. The presented solution allows increasing the 
throughput capacity of the examined transmission line 
in normal mode as well as improves the power supply 
reliability.  
The comparison of the proposed method has been based 
on an existing Latvian power line route. The evaluation 
results are presented in the paper. 

 
3. The initial data of the existing overhead line route 

 
3.1. The selected overhead line route  
 
For technical and economic evaluation purposes, an 
existing overhead line route LN-267 of the Latvian 
transmission network has been selected (see Fig. 1). 
The length of the power line is 3.7 km.  
 

 
 

Fig. 1. Electrical diagram of the existing overhead line     LN-
267 
 
3.2. Characterization of the examined conductors  
 
There are five different conductor types, including the 
existing conductor AS-240/32 of the examined line, 
which are taken as the basis for the simulation task. The 
technical data of the conductors are presented in      
Table 1. 
The presented conductors were selected taking into 
account the main technical parameter – the cross-section 
area of the aluminium in a conductor. Therefore, as the 
existing conductor is an aluminium steel conductor AS-
240/32, then one ACSR and three HTLS conductors 
with similar corresponding parameter were selected 
[10]. 
The conductors “Glasgow” and “Casablanca” are of the 
ACCC type, the conductor “Hawk” is of the ACCR 
type, and the last of the selected conductors, “242-
AL1/39-ST1A”, is an ACSR (see Fig. 2).  
 
 
 

Table 1. Technical data of examined conductors for LN-267 
  

Sym-
bol 

Quantity Unit AS-
240/32 

242-
AL1/39-

ST1A 

Glas-
gow 

Casa-
blanca 

Hawk 
477 

d Conductor 
diameter 

mm 21.6 21.8 19.53 20.5 21.6 

s Conductor 
cross-section

mm2 275.7 282.5 284.42 309.74 277 

E Conductor 
modulus of 
elasticity 

kg/ 
mm2

7700 7849 7640 7450 7800 

α Coefficient 
of linear 
expansion 

1 /°C 19.8/ 
106 

18.99/ 
106 

17.49/ 
106 

18.63/ 
106 

16.7/ 
106 

P1 Conductor 
linear load 

kg/m 0.921 0.98 0.743 0.823 0.793

Y1 Conductor 
reduced 
specific load

kg/m 
x mm2

3.34/ 
103 

3.469/ 
103 

2.61/ 
103 

2.66/ 
103 

2.86/ 
103 

P4 Linear load 
of maximum 
wind 

kg/m 1.347 1.36 1.329 1.279 1.347

P3 Linear load 
of conductor 
weight and 
ice weight 

kg/m 1.814 1.879 1.578 1.685 1.686

N Conductor 
quantity per 
phase 

pcs. 2 2 2 2 2 

 

 
Fig. 2. The “road map” of conductors 

  
The traditional type conductor ACSR is a concentrically 
stranded conductor composed of one or more layers of 
hard-drawn aluminum wire stranded with a high-
strength coated steel core [11]. 
 The ACCC conductor consists of a hybrid carbon and 
glass fiber core, which is stranded with trapezoidal 
shaped aluminium strands. The composite core is by 
about 70% lighter and 40% stronger than conventional 
steel core, which allows the incorporation of 20% to 
30% more conductive aluminium without a weight or 
diameter penalty; as a result, the line losses are reduced 
and longer spans between supports are applied, 
reducing the total investments of the overall project 
[12]. 
The ACCR conductor relies only on aluminium-based 
materials. The core is a revolutionary aluminium alloy 
that has the strength and stiffness of steel with a lower 
coefficient of thermal expansion and less weight. It is 

201



 

composed of aluminium composite wires, surrounded 
by hardened, temperature-resistant aluminium-
zirconium, which may be heated to high temperatures 
without softening (annealing). Therefore, it keeps the 
aluminium mechanical resistance and improves its high 
temperature operating capacity [13]. 

 
4. A technical comparison of the examined 

conductors  
 

4.1. The selected climatic conditions for the technical 
comparison of the conductors  

The special program “SAPR LEP 2011” was used for 
systematic calculation of the examined conductors and 
the placement of supports on an actual profile of an 
existing line [14].  
Concerning the calculation methodology of the 
conductors, it includes approximate interrelationships 
based on the parabolic sag curve. It is assumed that both 
ends of the conductor span are situated at the same 
level. Then follows a calculation of the critical spans 
and, based on it, a determination of the modes for 
conductor estimation. These are followed by the 
systematic conductor calculation itself, based on an 
equation of state for eleven modes.   
As far as the placement of supports on a profile is 
considered, it is important that all crossed objects like 
roads, low voltage lines, rivers are taken into account.  
For estimation purposes, the climatic conditions in the 
transmission line route area are assumed as follows: 

1) Wind pressure: 65 kg/m2 (wind region II); 
2) Ice thickness: 10 mm (icing region II); 
3) Minimum temperature: –35°С; 
4) Maximum temperature of conductor: +70°С; 
5) Average operating temperature: +5°С [15]. 

As 110 kV overhead line supports, 4T25 type concrete 
intermediate and tension supports were adopted. 
The technical comparison of the examined conductors 
was based, firstly, on mechanical limitations like 
mechanical tension, conductor sag, clearance to the 
ground, the permissible span; secondly, on thermal 
limitations, like the capacity of the line and the 
permissible conductor temperature. 

4.2. A mechanical comparison of the conductors 

In this particular model, the obtained results of the 
systematic calculation of conductors were taken only 
for two modes: 

I. conductor heat-up mode; 
II. maximum wind mode.  

The first mode was taken as a defining mode for the 
estimation of the clearance span for all types of 
conductor, the second – as a main and therefore the 
restricting mode for the placement of supports on a 
profile (the limitation for the maximum sag in a 
particular span).     
The first mechanical limitation – the conductor tension 
is presented in Fig. 3, 4. As a restricting limitation for 
this parameter is its allowable tension at maximum, 
minimum and operating conditions (see Table 2). 

Table 2. The allowable tension of different conductor types 
for LN-267 

Installation of a conductor 

АS-240/32 242AL1/39-
ST1A 

Glasgow Casablanca Hawk 477 

 Allowable conductor tension, kg/mm2

σ max 12.5 σ max 11 σ max 18 σ max 14.7 σ max 13.9 
σ - 12.5 σ - 10 σ - 18 σ - 14.7 σ - 13.9 
σ op 8.1 σ op 6 σ op 12.2 σ op 9.8 σ op 9.3 

 

 
Fig. 3. The tension-length relationship in conductor heat-up 
mode of the different types of conductor of an existing line 
LN-267  
 
Fig. 3 shows that the tension in a line for the heat-up 
mode of the ACCC and ACCR conductors is higher as 
compared with the traditional type conductor, in this 
case AS and ACSR. The same tendency is observed in a 
power line for the maximum wind mode in Fig. 4. 

 
Fig. 4. The tension-length relationship in maximum wind 
mode of the different types of conductor of an existing line 
LN-267   
 
Concerning the second mechanical limitation, it is 
conductor sag; the obtained results are presented in Fig. 
5, 6. After analyzing the received values, it can be 
concluded, that for both graphics the largest sag occurs 
in conductors of conventional core designs, namely, 
“AS-240/32” and “242AL1/39-ST1A” compared with 
the HTLS conductors. For example, if the length of 
reviewed span is 300 m, and there is a maximum wind 
mode, then the sag of each examined conductors is: 
1) 7.21 m, if the conductor “242AL1/39-ST1A” is used; 
2) 6.39 m, if the conductor “AS-240/32” is used; 
3) 6.76 m, if the conductor “Glasgow” is used; 
4) 4.81 m, if the conductor “Casablanca” is used; 
5) 5.12 m, if the conductor “Hawk 477” is used.  
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Fig. 5. The sag-length relationship in a conductor heat-up 
mode of the different types of conductor of an existing line 
LN-267   

Therefore, based on the received values of sag for each 
type of conductor, it can be concluded that the largest 
clearance to the ground is observed in the case of an 
ACCC type conductor “Casablanca”, which is 
preferable, and the smallest clearance – the worst case –
is observed in the ACSR type conductor “242AL1/39-
ST1A”. 

 
Fig. 6. The sag-length relationship in a maximum wind mode 
of the different types of conductor of an existing line LN-267   

Fig. 7 shows that the wind spans (Lwind) are the decisive 
spans of AS–240/32, 242AL1/39-ST1A, “Glasgow”, 
“Casablanca”, and “Hawk 477” conductors. For 
example, Lwind of an AS-240/32 type conductor is 338 
m, which is the worst parameter as compared with the 
clearance span (Lcl), which is 416.5 m, and the weight 
span (Lweight), which is 568.6 m.  

 
Fig. 7. The allowable wind (Lwind), weight (Lweight) and 
clearance (Lcl) spans of the different types of conductor of an 
existing line LN-267     

For other conductors, this comparison has the same 
behavior. The conductor “Casablanca” is preferable, 
because the maximum allowable wind span is 356 m, 
which is by about 21 m more than in the case of using 
“242AL1/39-ST1A”, or by about 18 m more than in the 
case of using “AS-240/32” and “Hawk 477”, and about 
14 m more than in the case of using Glasgow, if all the 
other conditions remain the same.  

4.3. The thermal comparison of the conductors 

Concerning the thermal limitation for the comparison 
purposes, the throughput capacity of each type of 
conductor was taken according to its allowable 
temperature. The number of conductors per phase is 
equal with two for all the conductors.  
Fig. 8 shows that the HTLS conductors like ACCC and 
ACCR have the maximum permissible conductor 
temperature compared with the ACSR and AS 
conductor. Therefore, the higher the permissible 
conductor temperature, the higher the capacity that can 
be transmitted over a particular overhead line, of course 
without worsening the electrical parameters. For 
example, if the conductor “Casablanca” is used, then its 
permissible conductor temperature is 120°C and as a 
result it provides 1844A of one conductor phase.  

 
Fig. 8. The permissible conductor temperature and the 
capacity of the existing overhead line LN-267 

Unfortunately, this aspect has also a negative effect, in 
this case, the active power losses, which have a 
tendency for rising with the increase of the maximum 
current (see Table 3).  

Table 3. The thermal parameters of different conductor types 
for LN-267 

Installation of a conductor 

АS-240/32 242AL1/ 39-
ST1A 

Glasgow Casablanca  Hawk 477 

AC and DC resistance at operating temperature, Ω/km
RDC at 

20°C 0.1182 RDC at 

20°C 0.1195 RAC at 

120°C 
0.1684
2 

RAC at 

120°C 
0.1480
8 

RAC at 

210°C 0.2045

Active power loses (∆Pa) at operating temperature, kW 
526.5 456.7 1357 1397.3 3339.9 
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5. An economic comparison of the examined 
conductors  

In this paper, the economic comparison is based on 
three main criteria: 
1) The quantity of tension and intermediate supports; 
2) The total amount of required material and equipment;  
3) The active power line losses.  
The total investments for a transmission line model did 
not take into account the lighting cable and its 
installation, the land and transportation costs, or 
operational and designing costs. Besides, the presented 
comparative evaluation is of an approximate nature, 
since the prices are subject to change. 
Firstly, by using the technical characteristics of each 
examined conductor, the active power line losses can be 
found.    
Secondly, the number of intermediate supports is 
determined by using the special program “SAPR LEP 
2011”. Therefore, the placement of supports on a profile 
depends on the calculated clearance, wind and the 
weight spans of the examined conductors as well as all 
the objects that cross the power line and the topography. 
Thirdly, when the number of supports is known, the 
total required material and equipment for line 
construction can be found.  
The length of the existing overhead line LN-267 is 3.7 
km. The received values of the number of supports (the 
total required metal) were taken from the report of the 
program “SAPR LEP 2011”, which automatically 
solved the placement of supports on an existing profile. 
The obtained results of the total number of supports 
show, that if the conductors “AS-240/32”, “Glasgow”, 
“Casablanca” and “Hawk 477” are used, the quantity of 
supports is 13 pieces of a particular profile; if the 
conductor “242AL1/39-ST1A” is used, the quantity of 
supports in this case is 14. 
Therefore, if the total number of supports is known, 
then, based on the initial data of the examined 
transmission line, the overhead line construction costs 
can be found.  
The total investment for the construction of a 110 kV 
overhead line LN-267 (see Fig. 9), in the case of using 
the conductors “242AL1/39-ST1A”, “Glasgow”, 
“Casablanca” and “Hawk 477”, turned out to be higher 
than the costs of constructing a 110 kV overhead line, 
when using the traditional type conductor “AS-240/32”. 
The difference between “AS-240/32” and ACCC 
conductors (“Glasgow” and “Casablanca”) is about 
21%, as compared with ACCR (“Hawk 477”), where it 
is 19%. However, the total costs of a line using ACCC 
and ACCR types of conductor compared with ACSR 
(“242AL1/39-ST1A”) varies from 6.9% between 
“Casablanca” and “242AL1/39-ST1A” – up to 9% 
between “Hawk 477” and “242AL1/39-ST1A”. 
As a result, for these initial data of the particular line 
model, economic efficiency of using conductors with 
composite core is not observed in the case with the 
aluminium steel conductor AS-240/32. 
This effect might be caused by the high price of the 
ACCC and ACCR conductor types; in the simulation 

task, it was taken to be about three times higher as 
compared with the traditional type conductor.  
Concerning the ACSR type conductor, in this case, the 
economic advantage of HTLS is determined (see 
Fig. 9). 

 
Fig. 9. Overhead line LN-267 construction costs 

6. Conclusions 

The comparative assessment of conductors with 
conventional core designs like AS and ACSR and 
composite core designs like ACCC and ACCR was 
based on the technical and economic efficiency.  
The calculation results of the technical comparison 
show the following: 

1) if the initial conditions remain the same, except 
the allowable conductor temperature of a particular type 
of conductor, ACCC (“Glasgow”) compared to 
traditional type conductor like ACSR (“242AL1/39-
ST1A”) is preferable, because the wind span is 
increased by 21 m or by about 5.8%; correspondingly, 
the number of supports diminishes by one and the 
number of insulator units – by about 3; 

2) the largest tension, therefore, the smallest sag and 
the largest clearance to the ground is observed in the 
case of ACCC and ACCR type conductors; an opposite 
tendency is observed in ACSR type conductors; 
Concerning the economic comparison results it can be 
concluded that the AS-240/32 type conductor has the 
smallest total construction costs (306529000 r.v.), 
whereas the conductor “242AL1/39-ST1A”, which is a 
traditional type conductor, has the highest costs 
(418941000 r.v.). As a result, if the price of conductors 
with composite core is reduced, the use of HTLS 
conductors replacing the traditional type conductors can 
be more economically justified, yet at the same time, it 
can be one of the possible solutions for increasing the 
limited capacity of the existing overhead lines. 
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Abstract: This paper is focused on measurement and 

analyses of supply voltage level in low voltage networks 

in Estonia. A practical method for analyses of supply 

voltage level implementing stochastic theory is 

discussed. Measurement results of supply voltage 

quality parameters – voltage magnitude and voltage 

level in 0.4 kV power networks of Estonia are shown. 

The impact of shunt capacitors for power factor 

correction upon supply voltage level is discussed. 

 

Keywords: supply voltage quality, voltage level 

optimisation, shunt capacitors. 

 

1. Introduction 

 

Supply voltage quality problems are often discussed 

regarding disturbances and failures (e.g. voltage 

disturbances, harmonic resonances). Several voltage 

quality parameters like the supply voltage magnitude 

and voltage level, but also harmonics and unbalance 

affect directly active and reactive power consumption 

and power losses in power systems, particularly in 

induction motors, transformers and capacitors. The 

problems of optimizing voltage quality in low voltage 

0.4 kV networks are actual and have been discussed in 

several publications [1, 2, 3, 4, 5, 6, 7]. The main 

voltage quality parameters are described in the standard 

EVS-EN 50160:2007 [8]. 

Voltage level optimization or voltage regulation is a 

term commonly used to refer to the well-known energy-

saving technique of reducing the supply voltage in order 

to reduce losses in equipment. The voltage supplied to 

industrial companies is quite often higher than it needs 

to be leading to higher power consumption and 

additional losses. This is partly caused by the need to 

compensate voltage drops across the supply network at 

high loads and during induction motor starting, but is 

also a consequence of installing power factor correction 

capacitors in LV networks. 

The frequency of the supply voltage is the same in the 

whole inter-connected power system in the Baltic States 

and has been very stable during the last decade, the 

frequency deviation is about ± 0.1% from the rated 

frequency 50 Hz. Such a negligible deviation does not 

affect the consumers in any way and is not in the focus 

of studies. 

The supply voltage level is different in enery LV 

network and has to remain in the range of 10 % of the 

rated value. Still, operating the LV network above the 

rated voltage value will be unfavourable for the 

customers causing additional power consumption and 

consequently extra costs for the customer. Therefore the 

problem occurs – what are the characteristics of the 

optimal voltage level? What is the optimal mean value 

and what is the dispersion? 

During the years 2000…2011 several studies have been 

performed in Estonia to measure and optimise the 

supply voltage level in order to reduce active and 

reactive power consumption and to develop a method 

for finding more optimal voltage level parameters for 

the customers [7, 9]. 

 

2. Factors affecting supply voltage level 

 

The supply voltage magnitude and voltage level in LV 

networks is affected by the following factors: 

- customers’ load characteristics (active and 

reactive loads, load fluctuations, unbalance). 

- customers' power systems characteristics, 

presence of shunt capacitors. 

- characteristics of the supply network (short-

circuit power of the supply system). 

The power system of industrial companies usually 

includes a substation with a transformer and a power 

metering point on the LV side of the transformer, which 

is often the point of common coupling (PCC). The 

supply circuit includes the HV supply line, the HV/LV 

transformer and the consumer network with different 

loads, as shown in Fig. 1. Voltage level in the HV 
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distribution network is controlled by on-load tap-

changer of the main grid transformer. The HV/LV 

transformer is usually equipped with 5 taps enabling to 

choose the voltage level by 5%. 
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U
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Fig. 1. The principal circuit of an industrial LV power system 

with shunt capacitor battery 

 

The main problem for customers is often supposed to be 

too low voltage in the feeder. As network impedance is 

constant most of the time, the voltage variations are 

mainly caused by load current variations. Therefore 

voltage on the supply transformer secondary side is 

often stepped up in order to ensure the rated voltage 

during peak loads. This is also done to overcome the 

voltage drops occuring during the start of powerful 

induction motors. On the other hand it means that most 

of the time the actual voltage is higher than rated 

voltage. This brings along extra power consumption, 

which will also contribute as extra costs. 

 

3. Static load models of LV networks 

 

When optimizing the performance of a LV power 

system it is important to know how does the voltage 

magnitude impact upon active and reactive power 

consumed. These relations are described by static load 

models. The most wide-spread types of load models are 

exponential models, polynomial models (also known as 

ZIP models) and linear models. The exponential model 

is described as: 
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where P, Q – active and reactive power when supplied 

by actual voltage U, 

P0, Q0 – active and reactive power when supplied by 

rated voltage Urated, 

kP, kQ – factors characterizing the voltage dependences 

of load. 

According to [5, 10] the typical values of factors 

corresponding to real loads in electrical networks are 

0.5 < kP < 1.8 and 1.8 < kQ < 4.0. Experimental results 

show that for a mixed load the common factors are 

kP = 1.0 and kQ = 2.0. 

Power consumption, as a rule, is increasing at higher 

supply voltage levels for main load types (industrial, 

commercial, residential). An example of this relation is 

shown in Fig. 2, where active and reactive load curves 

as functions of supply voltage are shown. 

 

Measured static load characteristics of mixed load in Rakvere Electrical Networks
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Fig. 2. Measured static characteristics of a mixed load 10 kV 

network in Rakvere, Estonia 

 

Measurement of voltage and power parameters to 

determine the factors kP and kQ is easy using a power 

analyzer with monitoring capabilities or the modern 

static kWh/kvarh meters that enable to save the 1 s 

interval mean values of phase voltages and power. The 

method is described in [11, 12]. 

 

4. Analysis of voltage level based upon stochastic 

theory 

 

The method of voltage level optimization is based upon 

statistical analyses of measurement results. The 

probability density functions calculated from 

measurement results have different expected values and 

distribution. In general, the following cases of density 

distribution functions could be described [8]: 

- narrow distribution, optimum expected value; 

- narrow distribution, but shifted either towards 

higher or lower voltages; 

- broad distribution, optimum expected value; 

- broad distribution, but shifted either towards 

higher or lower voltages. 

Calculating the actual voltage distribution density curve 

and comparing it to the optimal distribution density 

curve enables to draw conclusions about necessary 

measures to adjust the voltage level - adjustment of 

transformer taps or reinforcing the supply circuit 

(transformer and lines) or improving reactive power 

compensation. 

Standard [8] gives limits for voltage variations. As for 

voltage level 95 % of the 10-minute mean values during 

one week have to be within 10 % of the rated voltage: 

 

 95.0)( maxmin  iii UUUP . (2) 

 

In the following an example of supply voltage level 

measurement results are shown. Fig. 3 shows the phase 

voltage 10 minute mean values throughout one week 

period. As could be seen the supply voltage varies 

between values from 231 V up to 248 V and the average 

voltage value is around 240 V. 
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The supply voltage magnitude as mean values of 10 minute intervals through one 
week in mineral processing company, transformer rated 20/0,4kV 1600kVA
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Fig. 3. Voltage magnitude variations as mean values of 

10 minute intervals through one week period 

 

The probability density and probability distribution 

functions of the voltage magnitude for the case in Fig. 3 

are shown in Fig. 4. 
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Fig. 4. The distribution function and the density function of 

measured voltages shown in Fig. 3 
 

The probability density function gives the probability 

that the voltage magnitude is within a certain range. 

Mainly the probability that voltage magnitude is below 

or above a certain value is of interest. The distribution 

function gives that information directly. 

In case the supply voltage value U is concerned, the 

distribution function is described as: 
 

 )()( iUUPUF   (3) 

 

This function shows the probability of voltage values U  

being lower than Ui. 

In normal operation voltage at the customer is 

determined by a series of voltage drops in the supply 

system. These voltage drops are of a stochastic character 

and therefore could be described by a normal 

distribution, where the probability density function is: 
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where U  – expected value of voltage magnitude, 

σ - standard deviation. 

The normal distribution has the following relation 

between standard deviation and probability - the 

probability to be in the range of 4-times standard 

deviation is 95%. Lower and upper limits for this range 

are: 
 

 2min UU  ; 2max  UU . (5) 
 

Knowing the expected value U and standard deviation σ 

of the normal distribution, the whole distribution is 

known. The results of the probability calculation for a 

high quality voltage level are given in Table 1. 
 

Table 1. Probability of voltage exceeding a certain range in 

case of high quality voltage level, where U =230 V, σ =2.3 V 

(1 %) 
 

Probability Voltage range 

0.683 U  228…232 V 1 % 

0.954 2U  225…235 V 2 % 

0.997 3U  223…237 V 3 % 

 

Hence the problem exists - what are the characteristics 

of optimal voltage level? The range for variations 

complying with the standard EN:50160 could not serve 

as the optimum range as for power consumption and 

losses. The optimum supply voltage for induction 

motors has a certain range depending upon the load 

factor. The load factor of motors is nearly always less 

than 80 %. Therefore the operation of motors is optimal 

at voltage levels below the rated voltage. 

For specifiying optimum voltage level the following 

approach has been suggested in [9]. The voltage level 

mean value should be equal to rated voltage or 

somewhat lower. The dispersion of actual voltage values 

should be much more lower than in the standard, e.g. the 

range for variations should not exceed 5 %. Based 

upon previous circumstances we could specify the 

optimum voltage level characteristics as e.g. 230 V 

 2.5 % or 230V +2 % and –4 %. 

The probability density of optimum voltage level is 

shown in Fig. 5 together with the function of high 

quality level and the voltage distribution density 

according to standard EN 50160. 

The proposed method for voltage level optimization 

includes the following steps. At first the supply voltage 

level is recorded during one week period. In case 

capacitors are included in the system, this measurement 

should be performed in two cases – with capacitors and 

without capacitors. Based upon measurement results the 

statistical voltage parameters and the voltage 

distribution and probability functions are calculated. 

The functions are compared to those derived from the 

standard [8] and to the expected probability curve. 

Further on suggestions could be developed – either to 

adjust the transformer taps, to increase the power rating 

of the transformer, to install power factor correction 

capacitors, to increase the cross-section of supply lines 

or to adjust the voltage control in the HV/MV network. 
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The probability density function f (U) of different voltage qualities and the 
corresponding standard deviation and limit values of voltage variations
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Fig. 5. The probability density functions f(U) of different 

voltage level qualities. 
 

5. Voltage level when using power-factor correction 

shunt capacitors 

 

Controlled capacitor batteries are widely used in LV 

networks to improve the power factor and reduce the 

load current. Still, using capacitors has despite of well-

known benefits also features that affect active power 

consumption in the whole LV system. One of the 

features is the increased voltage level. The problems of 

voltage level and var compensation are discussed in 

[3, 5, 7, 9]. To calculate the voltage variation caused by 

capacitors the circuit in Fig. 6 is shown. 

The supply voltage of the LV system U2 is depending 

upon the resistance R and reactance X of the supply 

transformer and active and reactive loads P2 and Q2 of 

the consumer. 

R, X

P2, Q2P1, Q1

U1 U2

QC

Loads

Capacitor
battery

 
 

Fig. 6. The equivalent circuit of supply transformer and load 

with controlled capacitor battery 

 

When connecting the capacitor battery to the customer 

busbars the voltage U2 in the whole LV system will 

increase, as the voltage drop ΔU across the transformer 

will decrease, where : 
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The relative voltage drop ΔU% in the LV network 

appears like follows: 
 

 
2%2%% cossin  TRTX UUU  , (7) 

 

where φ2 – phase shift angle of load, 

UTR% – active component of short circuit voltage, 
UTX%  – reactive component of short circuit voltage. 

Calculations for the widely used 10/0.4 kV transformer 

rated 1000 kVA have been performed which has the 

following parameters: short circuit voltage Uk% = 5,5%; 

active component of short circuit voltage UTR% = 1,33%; 

reactive component of short circuit voltage 

UTX% = 5,32%. The voltage drop calculation results for 

the transformer are shown in Fig. 7. 
 

Voltage drop in the LV network depending upon relative load and the phase 
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Fig. 7. The voltage drop in the LV network depending upon 

the phase shift angle of load 
 

The highest voltage drop up to 5 % occurs at inductive 

loads, when cosφ ≤ 0.7. The voltage drop is about 1 % if 

cosφ = 1 and will be reduced to zero if cosφ ≈ 0.96 

capacitive. In case the load is mostly capacitive the 

voltage drop is negative, which means the supply 

voltage will be higher by ca 2.5 %. The whole range for 

voltage variations could be up to ca 5 % and has to be 

kept in mind when using shunt capacitors. 

As an example the curves of a real LV network are 

shown in Fig. 8 – the density curves of supply voltage 

with capacitors on and off and according to standard. As 

appears the use of capacitors transforms the voltage 

density curve from multimodal shape into unimodal 

shape with higher mean value, whereas the dispersion is 

considerably reduced. So, installation of shunt 

capacitors into the LV system should be followed by 

voltage level adjustment to achieve the expected results 

in energy savings. 

 

The probability density functions f (U) of supply voltage without shunt capacitors and 
with shunt capacitors and according to standard in timber processing  company
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Fig. 8. The probability density of supply voltage level values 

when using shunt capacitors 

 

6. Voltage sags 

 

The majority of voltage events that occur in LV 

networks are voltage sags (dips). Problems related to 

voltage sags are thoroughly discussed in [13, 14]. 

Usually the duration of a voltage sag is between 10 ms 
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and 3 s. As an example the voltage sags in a LV 

industrial network are shown in Fig. 9. 

As one can see the majority of voltage sags are caused 

by induction motor starting. Depth of these sags is up to 

85% from rated voltage and the duration is between 

0.2 s up to 10 s. These sags in all three phase voltages 

are equal, voltage drops rapidly and recovers smoothly. 

Voltage sags are also caused by short-circuits and 

failures in the distribution or transmission network. 

Duration and depth of these sags is depending upon the 

location of the fault and means to correct the fault. 

Transmission network failures are usually of short 

duration between 50 and 100 ms and the depth is up to 

60% of rated voltage. Failures in distribution networks 

cause sags between 40% and 80% of rated voltage with 

duration between 0.1 and 1 s [13].  

 

Voltage sags during one week period in food industry caused by in-rush currents when 
starting induction motors and by failures in supply network
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Fig. 9. Voltage sags in an industrial LV network during one 

week period 

 

Increasing the voltage level is by no means a good 

solution to overcome voltage sags, although it might 

help to overcome sags caused by induction motor 

starting. Well-known means to damp the inrush current 

of motors should be used instead. As for disturbances 

caused by voltage sags from HV network failures the 

increased voltage level does not help to cope with this 

type of sags in any way. 
 

7. Conclusions 

 

1. The supply voltage quality parameters affect 

directly power consumption and power losses in LV 

consumer networks. 

2. The supply voltage level is one of the basic factors 

affecting power consumption in LV networks. A 

practical method to analyze voltage level 

measurement results is introduced in the paper, 

where the probability density and probability 

distribution functions are used. 

3. Voltage level in LV networks of Estonia is often 

higher than the rated value. Although the 

measurement results comply with the standard 

EN 50160, the average voltage level is often higher 

than 235 V. The dispersion of voltage values is also 

too high in several cases. Most common reasons are 

improper position of the tap-changer of the supply 

transformer, low rated power of the transformer, 

missing shunt capacitors for power factor correction 

and in some cases too high impediance of the 

neutral conductor. 

4. Most of the power frequency voltage events in LV 

industrial networks are voltage sags in the range of 

0.85…0.9 from rated voltage caused by starting of 

induction motors. If problems occur, well-known 

means to damp the inrush current of motors should 

be used instead of increasing the voltage level. 

5. Supply voltage level should be estimated when 

energy conservation is concerned. It is important to 

develop easy to use analyses methods for adjusting 

the voltage level. 
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Abstract: Detecting extremely fast transients in the 

power transmission and distribution networks is rather 

difficult task using present voltage and current 

transformers. The bandwidth of the existing transducers 

is too low for this purpose. In this paper, a rather simple 

inductive sensor is introduced for the purposes of on-

line condition and fault monitoring of power lines. 

Several design aspects are discussed, including 

bandwidth and sensitivity of the sensor. 

  

Keywords: inductive sensor, bandwidth, frequency 

response, traveling wave sensor. 

  

1. Introduction 

  

Conventional substations include grid protection 

methods that rely on relatively slow occurring transient 

processes. Relay protection equipment that can identify 

the presence of fault in the network in less than 20 ms is 

scarce even today. On the other hand, diagnostics 

possibilities are often bound with the post-fault signal 

processing, which requires that several cycles of mains 

voltage would pass with fault before the sufficient data 

is collected. Such data processing relies on low-

frequency signals from iron-core voltage transformers 

(VT) and current transformers (CT) which can be found 

in every substation today. 

Low bandwidth of the VT and CT makes it difficult to 

perform a more detailed analysis to the signals that are 

associated with faulting signals. Traveling wave 

transients have usually bandwidth of above 1 MHz and 

sources for such transients are basically all faults. These 

transients reach substation well before any short-circuit 

related current increase can be observed and they can 

provide the most valuable information for identifying 

the fault location. Even more, there are partial discharge 

(PD) events that occur prior to isolation breakdown 

which could help to determine if a fault due to 

component breakdown is about to happen. In this way, 

preventive maintenance can be carried out that would 

replace the faulty component and avoid more sever 

damage but also expensive post-fault repairs. 

Detecting such transients can be quite out of reach using 

conventional CTs and VTs; however obtaining a 

transducer that would have the characteristics of the 

classical units but also high bandwidth can be very 

costly. For observing the high-frequency transients, 

there would need to be a dedicated high-frequency 

communication channel from the sensor to the 

substation equipment. In this view having a separate 

dedicated sensor for measurements of fast transients is 

not much more complicated in implementation nor use 

than having a sensor for measuring in full bandwidth. 

Power line fault and condition diagnostics is most 

effective when it is performed continuously, while the 

network is in operation. Such on-line monitoring is 

discussed more and more as the signal processing and 

measurement units’ capabilities are increasing, at the 

same time price of such units is decreasing. The high-

frequency sensors on the other hand have remained 

rather expensive.  

In this paper a simple high-current sensor is proposed 

with small production and implementation costs. It is 

considered only as a high-frequency sensor in a 

substation that has necessary measurement units to 

provide values of voltage and current at mains 

frequency. Such sensor is intended for detecting and 

acquiring traveling wave transients caused by PD 

activity or power line faults. 

  

2. Sensor operation principles 

  

Every wire that has a current passing through it, 

provides some magnetic field around it. This is 

described by well-know relation of magnetic field 

intensity around current-carrying wire [1] found in many 

textbooks 
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where I – current passing through the wire, r – distance 

from the wire to the observation point. 

Flux density around the wire can be thus expressed as  
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where µ - relative magnetic permeability. 

When such flux density is passing through some area A, 

the area holds magnetic flux of  
 

  
A

daB        (3) 

 

where da – smallest section of are A. 

Effective output of a coil in this magnetic flux is defined 

by Faraday’s law as electromotive force (emf) 
 

 
dt

dn
e


  ,    (4) 

 

where n - number of turns in coil. 

Carrying out on-line measurements on high-voltage 

power line provides several operation safety risks. 

Sensor that is near the ground potential value needs to 

be placed in distinct distance form high-voltage power 

line. As the magnetic field intensity is decreasing in the 

relation to distance from wire, the sensitivity of the 

sensor is decreasing also, with ratio of (1 / r). This 

provides a design criterion to make a coil that would 

possess as high sensitivity as possible even when 

measuring from slight offset from the measured wire. 

Observing the magnetic flux density in the vicinity of 

the wire with current, it is clear that the field intensity is 

the strongest near the wire. Using this assumption, it is 

more valuable to design a sensor coil having non-

circular shape. Options for different shapes include 

rectangular form and D-shape forms [2] that present 

much more optimal shape than circular coil, in both 

compactness and resonant frequency. 

Every shape of loop in the magnetic field provides a 

different integration result for (3) and thus also different 

emf. values in the output. In this paper, focus is put on a 

rectangular shape coil (see Fig. 1). For this coil, 

expression for magnetic flux density B is defined as  
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which provides emf of  
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to be produced. 

This effect can be considered the essential magnetic 

effect of the output and initially can be considered to be 

in linear relation to the frequency of the measured 

signal. It can also be expressed with factor of mutual 

inductance M: 
 

 
dt

di
Me  ,  (7) 

 

where in case of described form factor coil 
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Fig. 1. Inductive sensor mounted beneath current-carrying 

wire 

 

Ratio of emf generated by the coil at a particular current 

value is referred as mutual inductance [3] or sensitivity. 

This is a vital component to the model of the sensor, as 

it describes the overall magnetic field effect to the 

output of the sensor coil. 

Sensitivity or mutual inductance of the sensor coil is in 

relation to number of turns by (8). In essence this sensor 

coil represents a fraction of Rogowski coil, but is in 

more compact form. Rogowski coil can be considered as 

integration of similar sensor coils all around the wire. In 

this application also, the coil can be made longer and for 

better efficiency made as circular arc or fraction of arc. 

This design provides benefit compared to the Rogowski 

design of being simpler but also its assembly will be 

easier. Still the same shape considerations are the same 

both for Rogowski and for sensor coil. 

Actual electrical model of the sensor is much more 

complex. The self-capacitance and self-inductance will 

define the operation when high frequency signals are 

observed along with various stray components. In this 

paper, operation of the sensor coil below 30 MHz is 

observed and here the unwanted external stray 

components do not provide critical effect to the 

operation. Model for operation above 30 MHz will be 

introduced in future papers.  

 

3. Sensor base model 

 

Sensor base model (see Fig. 2) used in this paper is 

composed of emf source e, sensor coil self-inductance L, 

sensor coil self-capacitance C, coil wire resistance R, 

termination resistance RT and signal processing circuitry 

capacitance Cm. Measurement result is presented as 

voltage um(t). 
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Fig. 2. Sensor coil model circuit 

 

For the sensor coil to be observed, practical measured 

coils from [2] would be suitable for the first approach. A 

4-turn rectangular coil with length l of 105 mm and 

width w of 20 mm has self-inductance L value of 1.33 

μH and self-capacitance C value of 1.08 pF, wire 

resistance R is calculated as 0.134 Ω based on its 

approximate length. For further analysis, it should be 

pointed out, that there are some essential quantities that 

would be in relation to number of turns in the coil: 

mutual inductance M, coil wire resistance R but also 

inductance L to the number of turns squared,  
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where M0, R0 and L0 are base values for single loop. For 

example, base mutual inductance  
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4. Sensor operating model and poles 

 

Sensor coil essentially, in the range of frequencies that is 

observed with the LC-model, represents a second order 

system. Essential behavior of the sensor is described by 

the value of inductance and capacitance. In case the 

sensor is operating in natural mode, i.e without external 

components Cm and RT, it has conjugate complex poles 

at frequency of  
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This is represented with resonance point, however at the 

same time the sensitivity of the coil is the highest. For 

practical measurements this presents a challenge, as it 

also has very small damping ratio and the oscillations 

will make the result noisy. It is more feasible to increase 

the damping by adding a resistor RT to the terminals of 

the sensor coil. As it presents in itself a significant load 

to the coil sensitivity will see a significant drop due to 

this resistor. However this resistor will provide the 

scattering effect to the poles of the circuit, providing 

even wider bandwidth along with steady phase 

characteristics. The transfer function will assume form 
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where CC is a combined capacitance C + Cm. 

One zero can be found at frequency zero, poles are 

located at approximate frequencies of   
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In the first approach, let us assume the measurement 

system capacitance Cm to have value of 2 pF. In 

previous papers [4] [5] the value of RT is suggested to 

remain very low, reaching deep into overdamped area. If 

the terminating resistor RT has value of 1 Ω, 

kHzf 1361  , 

GHzf 102  . 

Frequency plot of the same model has been presented in 

Fig. 3. 

Operating range providing best accuracy characteristics 

would be between these two frequency values. 

Assuming that the above 100 MHz range is unreachable 

for this sensor model, the upper working limit could be 

defined with this limit. Although the bandwidth of the 

coil is exceptionally wide, the sensitivity is drastically 

reduced by low RT value.  

 

 
  

Fig. 3. Frequency plot measurement system with 1 Ω 

terminating resistance 

 

Frequency response of the sensor coil depends on the 

positioning of the zero and poles of the transfer 

function. One zero at frequency zero will provide 

response sensitivity increase of 20 dB/dec, terminated 

by the pole at frequency f1. This will be the lower 

frequency limit of the self-integration mode [6], 
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commonly used term with inductive sensors. In this 

range amplitude response will be flat until the frequency 

of the second pole at f2. The phase response plot is also 

is steady at 0 degrees (see Fig. 3) which together with 

amplitude response provides the effect of output value 

corresponding directly to the current value observed. 

Sensitivity to the sine signals, or transfer coefficient KTF 

in this flat range, beginning with f1 can be found 

approximately at 
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5. Effect of number of turns 

 

To start the analysis on the effect of added turns to the 

sensitivity, let us first investigate the physical values, 

that will change when number of turns are varied.  

Self-capacitance of the coil will likely decrease as the 

number of turns increases, however the measurement 

system capacitance still is comparatively larger than the 

coil self-capacitance. Therefore we can assume, that the 

model overall capacitance would remain almost the 

same. 

In the model defined, the damping resistor value will 

change and this will affect the sensitivity very directly. 

Counting capacitance of the measurement coil to remain 

at the same value, damping resistor selection criterion 

depends on the value of inductance, as damping factor is 

defined as  
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This means that as the inductance is increasing, the 

similar damping effect is provided by resistor that is in 

relation to inductance as square root of inductance L. As 

the inductance value is increasing in number of turns 

squared, keeping the same damping rate means that  
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where L0 is a base inductance value of a single loop. 

It refers to the option to increase the ohmic resistance of 

RT as the number of turns is increasing. This leads to the 

increased sensitivity, as the larger damping resistor 

would not decrease the level of output voltage to such 

extent. 

Developing (12) into relation tied with number of turns 
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In this formula, the number of turns will be balanced  

out. Thus sensitivity of the coil would remain the same 

regardless of the number of turns n at the same damping 

ratio. Sensitivity is dependent only the initial one-loop 

inductance L0, initial single-loop sensitivity M0 and coil 

and measurement system overall capacitance CC. 

Sensitivity is also affected by RT, but this will change 

damping ratio as well.  

 

6. Shaping of frequency response of the sensor coil 

 

Based on the derivation above that the coil sensitivity 

would remain the same regardless of number of turns, it 

leads to the conclusion that frequency of the first pole f1 

is the most critical in terms of sensitivity and naturally 

operating frequency. Returning to (10) and formula to 

find the first pole (11), the self-integration range width 

will be  
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Observing the quantities in numerator, the suggested 

operating frequency range will be mostly defined by the 

value of 1 / (RT · CC) ; value of R / L will be miniscule 

compared to the first part, therefore in initial design 

taking into account only the first part will be sufficient. 

Also, the lower the RT value, the wider the bandwidth is.  

An approach to use for the lower bandwidth selection 

criterion [5] is the value of  
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This will provide starting point to select inductance 

value for the coil. The value for capacitance will in this 

approach be mainly dependent on the signal processing 

system input Cm, as the coil self-capacitance C is likely 

to remain in range of 1 pF. 

As a practical example, let the combined capacitance 

value remain at 3 pF value. Operating bandwidth would 

need to start from 100 kHz and reach into 100 MHz, 

thus Δf ~ 100 MHz.  

From this, a rough estimation on RT  
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The inductance for the sensor using such termination 

resistance should be approximately 
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Compared to the initially described coil, number of turns 

required would have to be  
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Frequency plot of the described sensor coil system is 

presented in Fig. 4. 
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Fig. 4. Initial frequency plot of the designed sensor coil 

 

Amplitude plot looks stable, however phase plot 

indicates relatively significant possibility for distortions 

due to unstable phase shift. In order to provide stable 0 

degree phase in the operating frequency of 100 kHz till 

100 MHz, the phase plot would need to be shifted by 

one frequency decade lower and upper respectively. 

This would mean increasing the Δf to reach from 10 kHz 

up to 1 GHz. As a modification, decreasing the value of 

RT would be most straightforward action. Observing 

(10) and (11), the frequency of poles is in close linear 

relation to value of RT. Decreasing the RT by 10 times 

will provide f1 value of almost 10 times lower and f2 

value almost 10 times higher, which is exactly what is 

needed. Frequency plot in Fig. 5 employing RT of 50 Ω 

confirms that the desired frequency bandwidth has been 

achieved with stable phase and amplitude responses. 

 

 
  

Fig. 5. Frequency plot with coil system employing decreased 

RT value of 50 Ω 

 

Sensitivity of the coil for the self-integrating mode 

bandwidth would be   
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which is quite impressive and refers to the capability of 

capturing even the small current pulses present on the 

power lines. 

 

 

 

  

7. Conclusions 

 

High bandwidth coil design guidelines presented here 

refer only to the theoretical model with self-inductance, 

self-capacitance, termination resistor and measurement 

system included. It is also surprising to the authors that 

the coil with inductance of nearly close to 1000 μH can 

indicate such wide operating bandwidth in this 

application. Having sensor coil with 100 turns will on 

the other hand provide excellent sensitivity that allows it 

to be used very effectively for detecting quite weak 

transients.  

The frequency limit of 100 MHz set there will though be 

insufficient to be fully described by this kind of model, 

above 30 MHz a high-frequency model is advised to be 

used. This model will be discussed by the authors in 

future papers. 
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Abstract: Formation methods of unconventional linear 
mechatronic system force-speed characteristics or their 
specific points (for example, starting force) are 
presented in this article. These methods enable system 
with linear induction motor (LIM) more effective than 
the system with rotary motion electric drive with added 
kinematical chains. 
 
Keywords: unconventionally controlled linear electric 
drives, force-speed characteristics, linear induction 
motor. 
 

1. Introduction  
 

Mechanisms what performance realized by sliding or 
rotating movements usually designed with standard 
rotating electrical drives with reducer or kinematic 
element then application rotating performance can be 
changed to sliding movement. However, in cases when 
the specific properties of linear electric drives provide 
to system new opportunities, appropriate to apply the 
unconventional mechatronic systems with linear 
electric motors. They directly transmit movement to 
the actuator, which in some cases can even be 
superposed with the secondary element of the linear 
motor [1 – 8].  
One of those specific linear mechatronic systems is 
system with flat linear induction motor having two 
inductors, interacting with one common secondary 
element. 
 

2. Unconventional mechanical methods of LIM 
static and dynamic characteristics formation 

 
In the case when in linear mechatronics system is 

used electrically and magnetically double-sided linear 
induction motor (Fig. 1), we have an opportunity to 
create different starting force together with static 
mechanical characteristic.  

At the stage of design of LIM, inductor 1 is over 
inductor 3 (windings of inductors in Fig. 1 are not 
shown), secondary element 2 moves along inductors so 

that air gap between secondary element and every 
inductor are the same along all inductor length lind.. 

 

 
 

Fig. 1. Magnetically and electrically double-sided LIM 
inductor: 1, 3 – LIM inductors; 2 – LIM secondary element, 
lind – length of LIM; 2a – width of LIM inductor; 2t – width 
of LIM secondary element; v – moving speed of LIM 
inductor; S – shift (way) of LIM; 4-14 – shifts of LIM 
inductors 
 
This position of inductors and the specific non-
magnetic gap between the inductors accords rated 
starting force FSN. This force (together with all 
mechanical characteristics) can be changed by 
mechanical or electrical methods. Mechanical position 
of inductor in respect of secondary element together 
with starting force can be changed so (Fig. 1): 
a) pull back the inductor 1 or 3 of the secondary 
element (movements of 11 or 5 shown in Fig. 1, 
influence to LIM mechanical characteristic are the 
same); in case of limits one of the inductors is taken 
away and LIM works as magnetically and electrically 
one-sided; 
b) pull back both inductors (1 and 3) of the secondary 
element 2 (element movements of 11 or 5 shown in 
Fig. 1); 
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c) turn inductor 1 or inductor 3 so that non-magnetic 
gap between inductors change along the direction of 
secondary element (rotating displacement 14 along 
axis 8 – 8or rotating displacement along axis 7 – 7. 
Influence to LIM mechanical characteristic is the 
same); 
d) turn inductor 1 or inductor 3 so that non-magnetic 
gap between inductors change along the direction of 
secondary element (rotating displacement 14 along 
axis 8 – 8 together with rotating movement with 
respect to 4 along axis 7 – 7. They can be equal or 
different); 
e) turn inductor 1 or inductor 3 so that gap between 
inductors change perpendicular to the moving direction 
of secondary element (rotating displacement 12 along 
axis 9 – 9 or analogical rotating displacement of 
inductor 3 effect to LIM mechanical characteristic are 
the same);  
f) turn inductor 1 and inductor 3 so that non-magnetic 
gap between inductors changes perpendicular to the 
moving direction of secondary element (together with 
movement described in e, movements and be equal or 
different); 
g) turn inductor 1 with respect to inductor 3 so that gap 
between inductors and secondary element stays the 
same (movement 13);  
h) move inductor 1 with respect to inductor 3 towards 
6, perpendicular to movement of secondary element;  
i) move inductors 1 and 3 along the secondary element 
2 towards 6, perpendicular to movement of secondary 
element (Fig. 2), when the secondary element is short, 
it is appropriate to apply two LIM (Fig. 3). 
j) move inductor 1 with respect to inductor 3 towards 
10, coincide to secondary element moving direction or 
opposite way;  
k) when LIM is used as catapult (electric catapult), 
dynamic mechanical characteristics can be adjusted 
while changing position of LIM secondary element 
(Fig. 4).  

 
 

Fig. 2. Control of LIM starting force when moving inductor 1 
and 3 with respect to secondary element 
 
Superposition method can be with all mentioned 
moving types. 
Drive mechanical characteristics also depend on the 
size of LIM secondary element. For example, when 
2t = 2a, inductor 1 will only partly cover the secondary 
element (Fig. 1), and after inductor 1 will move 2t = 2a 
towards 6, LIM start to function as electrically and 
magnetically one-sided. While in case with wide 
secondary element (2t >> 2a) inductor 1 will start to 
function as two electrically and magnetically one-sided 
LIM so the force will be doubled. 

 
 

Fig. 3. Control of LIM starting force, while moving two 
linear induction motor inductors with common secondary 
element 2 (at double sided LIM case moving inductors 3) 
with respect to secondary element 2 
 

 
 

Fig. 4. Forming dynamic characteristics of LIM while 
selecting starting point of secondary element 2 with respect 
to inductor 1 
 
To avoid additional influence to the secondary element 
while moving inductor 1 and 3 towards 6 (“i”) (Fig. 2) 
we need to use system two electrically and 
magnetically double-sided inductors (Fig. 3). By 
analogy we can control magnetically and electrically 
one-sided LIM drives. 
Fig. 4, a shows how the secondary element of LIM 
increasing speed when operates as simple LIM and 
later it ejects. Fig. 4, b ejecting is made from the 
beginning, Fig. 4, c – with lower starting force. When 
secondary element reaches the point shown in Fig. 4, c 
ejecting process is finished and secondary element 
moves of inertia.  
Fig. 5 shows electrically and magnetically one-sided 
LIM starting force dependence on air gap between 
inductor and secondary element (1) and dependence on 
gap between inductor surface and middle of secondary 
element (2), while their starting force is selected as „a“ 
control method. 
In Fig. 6 it is shown dynamic characteristics of ejecting 
(catapulting) of two LIM secondary elements (the end 
of curves shows moments of time, when the secondary 
element of LIM is in position, shown in Fig. 4, d). 
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3. Unconventional electrical methods of LIM 
characteristics formation 

 
Even if the linear induction motors can be 
controlled by all methods known by asynchronous 
control method, it is often useful to use 
unconventional electrical LIM control methods: 
l) switching electrically and magnetically double-
sided LIM windings from parallel to serial or 
disconnecting one of the inductor winding from 
power supply; 
m) switching one phase of the three phase voltage with 
respect to other three phase voltage; this method is 
equivalent to mechanical movement of one or two 
inductors with respect to secondary element moving 
direction ( “j” method); 
n) impulse control, electrical power converter forms 
the power supply frequency impulses of which the 
frequency is lower than supply frequency but period of 
impulses can be controlled; 
o) multi-inductor drive, turning on and off the 
inductors to control secondary element;  
p) switching the magnitude of supply voltage of one 
inductor (or two inductors or in multi-inductor system 
– mixed). 
 

 
                      a 
 

 
                      b 

 
Fig. 5. Electrically and magnetically one-sided LIM starting 
force dependence on air gap between inductor and secondary 
element (1) and dependence on gap between inductor surface 
and middle of secondary element (2):  
a) three pole pairs of 296 mm length and 110 mm width 
inductor with cord of 0,62 mm diameter placed in inductor 
slots;  
b) three pole pairs of 296 mm length and 70 mm width 
inductor with cord of 0,47 mm diameter placed in inductor 
slots made of 345 loops 
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Fig. 6. Dynamic characteristics of electrical catapult with the 
same static resistance force:  
 ejecting of secondary element with higher starting 
force;  
    ejecting of secondary element with smaller starting 
force 
 
Fig. 7 shows the starting force characteristic of LIM, 
while LIM control is done by mechanical movement of 
inductor coincide with secondary element movement 
direction or opposite way when we control only one 
phase of inductor supply voltage. („j“ and „m“ control 
methods). 
 

, 

Fst, N 

 
 
Fig. 7. Relative starting force characteristic dependence on 
one inductor shift respect to other inductor or dependence on 
phase angle between inductor supply voltages 
 
This characteristic can be evaluated by universal 
expression, suitable for mechanical and electrical 
control methods: 
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where: m1 – number of LIM inductor phases; a1 and a2 
– approximation coefficient; ε0N - magnetic number of 
Reynolds of stopped LIM; Φ0 – sum of magnetic flux, 
movement of one inductor coincide with secondary 
element movement direction or phase angle between 
inductor supply voltages φ = 0; Fst0 – LIM force, while 
φ = 0; c1 – coefficient of LIM phase winding; f1N – 
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phase frequency of power supply; XP1N – resistance of 
main inductance. 
When LIM is controller mechanically, angle φ in the 
expressions correspond to shift equal to (/)1800 or 
(/), when it is controlled electrically – angle 
between inductor supply voltages. 
 

4. Investigation of unconventional linear electric 
drives 

 
The analysis of pneumatic transport systems 
automation problems was carried out. The means of 
automation of such systems (dampers and switches of 
pipes with linear induction electric drives) were created 
and investigated. The flexible pneumatic transport 
system with indications of broadening (development) 
of route and system was created and investigated. The 
algorithms for control of this system ensuring forming 
route of transport avoiding impact load of electric 
network was worked out. The pulse-control system of 
big transverse section drives, realizing the smooth 
control algorithm of damper moving element by 
programming was created and investigated. 
The automated system for control of technology 
processes in fur treatment (flexible manufacture) with 
microprocessor controller, which ensures the flexibility 
of technology rout and system broadening using 
dampers and switches of pipes together with linear 
drives and rotating asynchronous drives of other 
equipment, was created, investigated and implemented. 
The possibility of creation of flexible transport system 
distinguishing the indications of broadening 
(development) and route flexibility by using the 
electric catapult idea was investigated. It was proposed 
to make such system of entirely autonomous modules. 
The modulus of flexible transport system consisting of 
mechanical (way the car is rolling, directives), electric 
(inductor of electric and magnetic one-sided LIM; 
electromagnetic brake) and electronic (tiristor switch, 
controlled by TTL level signals) was created. Electric 
and magnetic one-sided small power LIM starting 
force dependence of secondary element parameters 
was investigated by the experience. It was established 
that endings of the inductor windings have a strong 
electromagnetic influence upon a secondary element of 
LIM. The small power tiristor switch was created and 
investigated. The algorithms for control of flexible 
transport system modulus using controlling-counting 
complex was made. The system was accepted for 
production in small series. 
 
 
 

5. Conclusions 
 
1. Unconventional mechanical and electrical methods 
of LIM starting force formation, and also static and 
dynamic characteristics formation where analyzed. 
These formation methods allow expanding the 
applications of linear induction drives. 
2. Relative starting force characteristic dependence on 
one inductor shift respect to other inductor and relative 
starting force dependence on phase angle between 
inductor supply voltages are identical. 
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Abstract: The choice of lines’ cross-sections for electric 
networks' rational designing is necessary to fulfill 
technical and economic requirements. The existing 
method of a choice on economic considerations using 
economic density of a current does not work in the 
conditions of free market prices. 
The aim of this paper is working out the modified 
method of economic intervals for choice lines’ optimum 
cross-sections under market conditions. The method is 
based on search of minimum total annual costs for 
lines’ construction. By well-founded mathematical 
transformations it is possible to exclude some 
components from function of costs, which are 
ambiguously defined in the conditions of market 
economy. The method allows to execute economically 
well-founded choice of 20-110-330 kV overhead lines. 
Developed nomograms have universal character for 
given voltage lines. The creation of user interface for 
method’s realization by Matlab environment is 
proposed.  

 
Keywords: economic intervals, nomograms, optimum 
cross-section, user interface. 

 
1. Introduction 

 
One of important directions to improve the efficiency of 
urban electric network is its rational designing which is 
provided by technical and economic justified choice of 
parameters of electric networks. The efficiency criterion 
of the electric network project is the minimum total 
annual costs. What concerns the urban network, these 
costs are largely dependent on the choice of optimal 
cross-sections of overhead lines. Two methods of cross-
sections choice by economic considerations are 
presented in practice designing of networks: the method 
of economic density of current and method of economic 
intervals [1-6]. Both methods of cross-sections choice 
by economic considerations are based on the criterion 
of minimum annual costs, however differ with the 
accuracy of the initial data and results. 

2.  Methods of cross-sections choice by economic 
considerations 

 
For the first time the definition of current’s economic 
density was offered in the middle of the XX-th century, 
during the period when electric load were rather small 
[1-4] and later it was investigated by many authors. 
With this method it is possible to define current’s 
economic density at certain values of factors and 
parameters. Annual costs for line with different cross 
sections depending on current can be found as [5]:  
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where i is the market interest rate or bank credit 
percents, r.u.; 

p is total deductions from capital investments in line 
construction on amortization, running repair and 
maintenance, r.u.; 
a is the constant costs’ component for electric line, 
which is independent of the cross-section, Ls/km; 
b is rising coefficient of variable costs’ component for 
electric line, which shows changes of costs, if line 
cross-section changes for 1 mm2, Ls/km·mm2; 
F  is the line cross-section, mm2; 
l  is the line lenght; 

  maxI is maximum line's load current, A;    
τ  is the utilization time of maximum losses per year, 
where  maksTf , h; 
  is specific cost of electric power losses, Ls/kWh; 
   is specific conductivity of conductor, m/Ohm·mm2. 
 
Minimum of function (1) can be defined, making a 
derivative of annual costs C by wires cross section F 
and equating with zero: 
 

 0
F

C



 . (2) 
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Introducing concept about current’s economic density: 
 

 
F

I
j max
ek   ; (3) 

 

where ekj  is current’s economic density, A/mm2. 
Then it is possible to find theoretical expression for 
current’s economic density: 
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In practice of electrical networks for optimal cross-
section's selection is used the expression: 
 

 
ek

max

j

I
F  . (5) 

 

The use of given choice in design practice was simple, 
because was carried out on already developed early and 
calculated tables. However, the choice of line cross-
section by the method of current’s economic density 
does not allow to receive a global minimum of annual 
costs. The reason is that the method has assumptions 
and inaccuracies. There are the basic lacks of a method, 
even at use of more exact formula (4), as example: 

 linear character of change of capital 
investments in a line from cross-section instead 
of step change is accepted; 

 for definition of function derivative the 
continuous change of a variable (cross-section) 
is accepted, while it changes discretely 
according to a scale of standard sections; 

 in the conditions of free market prices there is 
no accessible and trustworthy information on 
the electrotechnical production's prices and 
costs on building and construction works. 

The simplified approach to a choice of section of a line 
with use (5) conducts to additional inaccuracies:   

  the current’s economic density  jek is resulted 
for rather big ranges of utilization time of 
maximum load; 

 there is no possibility to vary economic and 
technical-economic indices; 

 in tables are taken the fixed values of current’s 
economic density calculated in the early of the 
past century in Russian normative documents 
and  real  values jek can differ from resulted 
ones; 

 in the last decades cost of electric power losses 
and also cost of building and construction 
works of networks has been increased several 
times. 

The specified above lacks of the method can lead to 
incorrect decisions at definition of wire optimum cross-
section under market conditions of prices.  
The development of the method of current’s economic 
density was the method of economic intervals. The 
given method of line cross-section’s choice allows to 
consider step-type behavior of cross-sections and 
concretize technical and economic indicators of 
networks.  

The base of method is equality's condition of total 
annual costs for adjacent sections: 

 

 1ii CC         (6) 
 

Total annual costs for line with adjacent sections 
depending on maximum current are defined as follows: 
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where  ’=  is specific cost of electric power losses, 
Ls/kWh; 

''  is specific cost of  capacity in maximum time of 
system load, Ls/kW. 
The boundary current at which transition from smaller 
cross-section to bigger is economically expedient is 
defined as follows: 
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where 
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For practical application of a method it is possible to 
construct economic nomograms for lines [1, 3-5].  
 

3. Economic intervals’ method updating under 
market conditions 

 
The market economy has led to significant changes in 
an economic justification of projects on building of 
electric lines. These changes are mainly connected to 
the information's unavailability on construction cost for 
transmission line, on costs for the equipment, building 
and construction works. Furthermore, investments into 
building of power objects are determined by own 
capitals of power companies and by satisfaction of the 
investors' interests and financial possibilities. In many 
countries, this transition had led to a lack of uniform 
integrated indices of the line construction. That 
complicates the process of variants' estimation.  
These changes point to the fact that the value of KL 
investments is determined by the market for electrical 
materials, building and construction works. At the same 
time in the conditions of deficiency of investment 
means in the power branch, projects must be technically 
and economically justified and effective.  
The paper proposes the modified approach to the 
realization of economic intervals' method under market 
conditions, which allows to select economically feasible 
rational cross-section for the line and provide with the 
minimum total annual cost for electrical networks' 
construction and exploitation.  
For the modified method of the economic intervals, 
decomposition of capital investment in line with 
adjacent sections into the individual components is 
proposed.   
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where i,metK , )1i(,metK    is cost of conductor metal of 

line with adjacent sections; 
i,buildK , )1i(,buildK     is building and construction costs 

of overhead lines. 
 
In most cases, for various building companies the costs 
of construction and mounting works can be more than 
80% from all cost of line construction. They 
considerably exceed the cost of the line conductor 
material. Then it is possible to make assumption: 
 

 constKK )1i(,buildbuild    (11) 
 

In this case, these approximately equal components 
Kbuild  in equation (7) and in the difference of the capital 
investment for adjacent sections in (8) are mutually 
compensated and excluded. 
Let’s consider the second component of the line capital 
investment, which is connected with the cost of the line 
conductor material. The cost of conductor material has 
more predictable and stable pricing nature, mainly 
determined by the major manufacturers of the 
production of lines’ wires [6]. 
Cost of metal for 1 km overhead line: 
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where fn is quantity of phases in line; 

OL,met,0K is cost of 1 kg wire metal, EUR/kg. 

OL,metG is metal weight of overhead line, kg; 

OL,metD  is specific weight of metal wire, kg/m3; 
F  is overhead line’s cross-section. 
 
After converting the expression (12), and taking into 
account conditions (6) and (8) current value for 
overhead lines is received: 
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       (13) 

 

If value of expression (8) under the second root appears 
negative, then it means that СL,i=fi(I) and CL,(i+1)=f(i+1)(I) 
are not crossed, i.e. one section always is more 
favorable, than another at all values of the maximum 
load current. 
 

4. Matlab software application of method's 
realization  

 
Basing on the above-explained method of economic 
intervals, the graphical user interface (GUI) in Matlab 
environment was created [7-10]. The parent interface 
consists of a main window, in which the following 
panels and elements are encapsulated (Fig.1): 

 

 
 

Fig. 1. Graphical user interface 
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1 - Data input panel. This panel includes: 
 the choice of metal type for transmission lines 

(copper, aluminum, steelaluminum); 
 the input windows of initial rated data (cost of 

metal, the market interest rate, specific cost of 
electric power losses, specific cost of capacity 
in maximum time of system load etc). 

2 - Selection panel of voltage level of power lines (20-
110 kV, 330 kV, 20-110-330 kV); 
3 - Data output panel (utilization time of maximum 
load, rated sigma); 
4 - Action bar ("Calculate", "Reset", "Help" and "Close" 
buttons). 
After the required fields are filled out the user, it is 
possible to carry out the calculation and nomograms' 
construction. The interface «Curves» plots the current 
characteristics accordingly to factor sigma. The given 
window has several properties that simplify and make it 
more comfortable to work with graphics. As an example 
of such abilities are functions of zoom in/out, data 
cursor, pan and etc (Fig.2). 
 

 
 

Fig. 2. Property menu  
 
In such program the three possibilities of voltage level's 
choice are provided: 20-110 kV, singly 330 kV and all 
three variants simultaneously. The presented 
opportunity allows to consider separately nomograms  
 

 

for each voltage level, that makes the work with them 
convenient.  
This program is designed in the Matlab environment. 
However, the authors made it possible to use the 
application without Matlab software on a computer. In 
other words, for program calculations and accessibility 
was packed into executable file that works with Matlab 
Runtime Compiler. Thus, such program is easy installed 
and is available for everyone. 
In the given work the nomograms for 20-110-330 kV 
overhead lines with steel-aluminum, aluminum and 
copper wires by standard cross-sections are constructed 
(Fig. 3-5).  
Choosing the cross-section of wires by economic 
intervals curves, it is necessary to define advance the 
maximum current Imax of line and factor σ. The zone, in 
which gets the point with coordinates Imax , σ, meets 
economic cross-section in  a range of boundary currents 
from  )1i/(i,ecI   till  )2i/()1i(,ecI  .  

 If the intersection point of coordinates Imax, σ gets 
directly on boundary curve of two cross-sections, then it 
is indifferent which cross-sections to choose. Both 
sections give identical economic benefit. 
This method considers also admissible heating current 
of wires in normal work conditions that is reflected by a 
horizontal part of curve in economic intervals. 
The given nomograms are more universal, as don't 
depend on type of electricity pylons. The modified 
method of economic intervals provides a choice of 
rational cross-sections for overhead lines of middle and 
high voltage in the conditions of free market prices.

 
 

Fig. 3. The nomograms of current’s economic intervals for 20-110-330 kV overhead lines with steelaluminum wires 
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Fig. 4. The nomograms of current’s economic intervals for 20-110-330 kV overhead lines with aluminum wires 
 
 

 
 

Fig. 5. The nomograms of current’s economic intervals for 20-110-330 kV overhead lines with copper wires 
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 5. Conclusions 
 

1. In modern economic conditions traditional 
methods by economic considerations of a 
cross-section choice of overhead need the 
critical analysis and certain updating.  

2. The presented correction of method of 
economic intervals makes it possible to select 
optimal overhead line's cross-section in the 
early stages of the designing by minimum 
annual costs. 

3. The presented graphical user interface allows 
to consider the changes of any initial data and 
simplifies the calculations of the choice of 
optimum cross-section for overhead lines. 

4. Calculated nomograms of current’s economic 
intervals for overhead lines are universal for 
concrete line voltage and conductor material. 
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Abstract: Entropy optimization principles provide 
possibilities to derive estimates′ under the conditions of 
uncertainty, which is present in observational data, or 
there is partial information involved in the system of 
interest. 
This paper discusses the usage scenario of entropy 
maximization when solving a deterministic task. We are 
investigating the relationship between the calculation of 
3D electrostatic field with Dirichlet boundary 
conditions and the optimization solution where the 
optimization criterion is relative entropy. 
We show with an example of two zero potential spheres 
and the unit charge that entropy optimization can extend 
the conformal mapping principles from 2D to 3D space 
and can provide the approximation of Green function 
for the identification of the field′s streamlines. 
 
Keywords: Maximum relative entropy; Green function, 
approximation, Dirichlet boundary condition. 

 
1. Introduction 

 
Entropy maximization results have shown that 
probabilistic approach is consistent with deterministic 
principles when we normalize a probabilistic vector [1]. 
Probabilistic estimation equations match the 
deterministic vector normalization equations as a 
special case when there is no uncertainty in 
observational data. Thus, the results verify the 
consistency between probabilistic and deterministic 
approaches. 
This paper presents the approach of an approximation 
of Green function [2] using maximization of proper 
relative entropy (MrE). We show that the image 
location in 3D space implicitly matches the vector 
coordinates estimates from MrE equations. 
Moreover, marginalization [1] of probabilistic density 
functions gives Green function that describes the 
electrostatic field with Dirichlet boundary conditions. 
Approximation approach of finding the iterative 
solution of Green function enables finding the scalable 
and high performance solution as an alternative to 

numerical approaches [3] and [4] when the approximate 
view of electrostatic field streamlines is acceptable and 
when the purpose is to investigate 3D electrostatic field. 
 

2. MrE and the position of 3D image charge 
 
A probabilistic approach for vector normalization and 
the detailed derivation of vector coordinate variable 
estimates can be found in [1]. 
The proper relative entropy S, where x, y and z represent 
any 3D vector coordinates,   is their deviation and 
P(x, y, z) is their unknown posterior probability density 
function (Pdf), corresponds to 
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where prior distribution Pprior is: 
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and Lagrangian constraints are: 
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where R is the radius of zero potential sphere that exists 
in 3D electrostatic field produced by a single unit 
charge located outside of the sphere at position (cx, cy, 
cz) and its center at (xo, yo, zo). 
In the beginning (similarly to the approach in [1]) we 
assume a certain uncertainty of the unit charge position, 
but we explore its physical meaning when 
corresponding mathematical problem is being solved in 
3D electrostatic field. 
Maximization of relative entropy (1) with constraints 
(3) and (4) leads to the following posterior distribution 
function 
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where d is the distance between unit charge at (cx,cy, 
cz) and the center of the sphere at (xo, yo, zo); and 
Lagrangian multiplier β has been found using: 
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Maximizing the posterior distribution (5) produces the 
estimates: 
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The alternating sign in (7) and (9) – (11) should be 
selected such that the estimates x, y and z are located 
outside of the sphere and closer the to unit charge at the 
source (cx, cy, cz). 
The uncertainty 2  helps to understand its physical 
meaning when present in the electrostatic field. First, if 
the uncertainty is zero, the estimates are equal to the 
coordinates of point on the sphere surface that is closest 
to the unit charge: 
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The value of the source uncertainty which produces the 
estimates equal to the position of a unit charge (x=cx, 
y=cy, z=cz) gives 
 

   3222
source dR  . (13) 

 

If the value of (9) – (11) uncertainty varies from 0 to the 
value of (12), the estimates are „travelling“ from the 
surface of the sphere at (12) to the unit charge position 
at (cx,cy,cz). Author of [1] has witnessed similar 
behavior with estimates of 3D vector coordinates and 
their uncertainty. 
So a certain value of uncertainty 2

source  determines 
the shape of Pdf. Theoretically, if we move the 
uncertainty to the other side of the surface of the sphere 
we get “image” Pdf that will contain an opposite sign as 
the source′s Pdf due to the sign of image uncertainty. 

And the “image uncertainty” 2
image  value’s expression: 

 

   3222
image Rd  . (14) 

 

This image uncertainty results into the image Pdf which 
is exactly the same as source′s Pdf, but with a negative 
sign. 
Applying the value of (14) to (9) – (11) gives 
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There is a straight relationship of (15) – (17) with 2D 
electrostatic field with Dirichlet boundary condition at 
the circle of radius R and center (xo,yo). It appears that 
(15) and (17) are the same as the expressions of 
coordinates of an image charge. This shows the 
consistency between 2D electrostatic theory and 3D 
entropic approaches. Similar proof exists for 3D 
electrostatic field where Dirichlet boundary condition is 
enforced by a plane of a certain potential. 
 

3. Relationship between MrE and Green function 
 
Assume a free space (no boundary conditions) with a 
unit charge present at (cx, cy, cz). A probabilistic 
impulse response characteristics of a single unit charge 
is 
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where t is time variable of Brownian motion process. 
There is an assumption that the diffusion coefficient is 
equal to 1. 
Assume a single sphere having a zero potential at its 
surface that imposes Dirichlet boundary condition. Then 
the probabilistic impulse response characteristic stands 
as 
 

    zyxzyxPczcycxzyxPP  ,,,,,,,,,,dconstraine
; (19) 

 

where zyx  ,,  are image charge′s coordinate values 
calculated from (15) – (17). 
Then the expression of Green function is nothing more 
than the result of the marginalization of probabilistic 
impulse response characteristics: 
 

 



0

dconstraine dtPG . (20) 

 

If qsource is a charge value at the source, then the image 
charge is given from the known relationship: 

dRqq /sourceimage  . 

After integration final Green function expression 
becomes as 
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This matches with the known relationship of Green 
function of a unit charge and sphere from electrostatics. 
There are several possible explanations on the 
relationship between Green function and the 
constrained distribution or joint impulse response 
characteristics at (19). First, the integration over time as 
in (20) represents Green function as impulse response 
function as if unit source eternally generates a charge. 
And each charge spike falls at the decay according 
Brownian motion law over time. Second, Green 
function is relative to the average response of all unit 
spikes generated by a source over all time. This 
relationship has already been published in literature, but 
the entropy maximization, presented in this paper, 
provides deeper insight into the image charge in 3D 
space and is not restricted to shortcomings of conformal 
mapping technique. 
 

4. Approximation of Green function for multiple 
boundary conditions 

 
Closed form solutions for 3D electrostatic field are not 
always available when multiple boundary conditions are 
present. We will discuss the situation of two Dirichlet 
conditions represented by two spheres. 
Assume first sphere location is (x1=3, y1=8, z1=1, R1=2) 
and second sphere’s location is (x2=10, y2=3, z2=1, 
R2=4). For the sake of simplicity, we will position unit 
charge and sphere centers on the plane {z–1=0} and we 
assume a relative distance dimension, i.e. we are 
interested in the qualitative layout of the streamlines of 
the resulting 3D electrostatic field. 
Assume the unit (1 C) charge q0 is located at (x0=1, 
y0=2, z0=1). 
The purpose of this paragraph is to derive a closed form 
Green function′s approximation by using 3D entropic 
images derived in earlier paragraph. 
The algorithm contains 6 main steps. We will show how 
to compose Green function of interest that contains 13 
Green sub-functions. In the first step, we calculate two 
Green sub-functions. One for the situation as if a unit 
charge is present with the first sphere in the electrostatic 
field and the other for the case when a unit charge is 
present with the second sphere in the electrostatic field. 
Then as a second step, we calculate Green sub-function 
of the second sphere that is produced by an induced 
charge of the first sphere, and we repeat the same action 
for the second sphere. We repeat such steps in total 6 
times. 
The main benefit of such approach is the fact that the 
values of induced charges after each step are reduced 
noticeably and there is no need to repeat the step 
further, because the induced charges of the 6 step are of 
the order of 1000 smaller than the original unit charge 
(i.e. at the order of 0,001 C). 

A general iterative formula for Green function when 
two spheres are present is 
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where 
1,Rix , 

1,Riy , 
1,Riz  are the coordinates of charge and 

1,1 Rq  is the value of the charge induced in the first 

sphere, 
2,Rix , 

2,Riy , 
2,Riz  are the coordinates of charge 

and 
2,1 Rq  is the value of the charge induced in the second 

sphere, and i is the index of the step. 
The values of charges and their coordinates are 
enumerated in Table 1. 
 
Table 1. The values of induced charges in two spheres 
 

Index i Charge q, C x y 
1 -0.3162 2.8 7.4 
2 -0.4417 8.244 2.805 
3 0.1027 3.385 7.619 
4 0.1470 8.382 3.989 
5 -0.03419 3.478 7.644 
6 -0.04775 8.374 4.135 
7 0.01110 3.491 7.647 
8 0.0159 8.372 4.159 
9 -0.0037 3.493 7.648 

10 -0.00516 8.372 4.162 
11 0.0012 3.493 7.648 
12 0.001719 8.372 4.163 

 
All charges have the z coordinate equal to 1, because 
the constrained 3D space is symmetrical. Even index 
values belong to the first sphere and odd index values 
belong to the second sphere. 
Table 1 show that the 6th step has a minimal effect to the 
calculation results, because the charge has already 
converged to a small value and the coordinates of 
induced charges in both sphere change negligibly. 
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Fig. 1. The projection of 3D vector field streamlines into the 
plane {z–1=0} 
 
The streamlines of the vector field represent Green 
function (22) with values of Table 1 in Fig. 1. In 
addition to the streamlines Fig. 1 displays the 
projections of two spheres onto the plane {z–1=0}. 
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Fig. 2. The wider view of projection of 3D vector field 
streamlines into the plane {z-1=0} 
 
It is clear that streamlines are perpendicular to both 
boundaries and consistently represent 2D projection of 
the 3D vector field. The view of the 3D electrostatic 
field projection shows a wider view in Fig 2. 

 
5. Conclusions 

 
This paper develops 3D electrostatic field′s approximate 
calculation approach where entropic image charge is a 
result of entropic updating. The boundary conditions 
extend Lagrangian function through additional 
constraints. The physical meaning of the entropic 
updating uncertainty is the distance between source 
charge and the bounding surface. The theoretical 
derivation shows that the distance between source 
charge and the boundary is the same as the distance 
between the boundary and the entropic image. 
A practical experiment’s results prove the consistency 
of this approach with actual 3D electrostatic field 
streamlines. 
The developed approximation scheme shows great 
potential in being suitable for calculation of complex 
3D electrostatic fields where multiple boundary 
conditions are present including Neumann boundary 
conditions too. 
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Abstract: Two-dimensional digital model for analysis of 

direct current corona field in wire-to-plane and multi 

wire-to-plane electrode system is presented. The model 

is based on the finite-difference method in polar 

coordinate system. Differences of the boundary 

conditions between single wire-to-plane and multi wire-

to-plane electrode systems are presented. Differences of 

the electric field and spatial charge distribution in the 

inter electrode space are discussed also. 

 

Keywords: field strength, spatial charge density, 

boundary conditions. 

 

1. Introduction 

 

There are many papers of single electrode to plane 

system [1, 2, 3] and multi electrode to plane [4, 5] but 

only a several of comparisons of these fields.  

Corona field is used to charge neutral particles. If 

volume of charger is large or large number of neutral 

particles is used in field it should be used multi 

electrode corona discharge. Each corona electrode in 

charger volume creates own field and charge particles. 

Each corona electrode field has effect to the neighbour 

field. The distance is less the effect is greater. Also it 

depends upon voltage of corona electrodes. 

Corona discharge has a large number of application 

fields. Some authors try to reach effective ozone 

generation with alternate current corona field. Dielectric 

barrier is a necessary element in corona discharge ozone 

generators. This type of discharge is called as silent or 

dielectric barrier discharge [6]. Peek of the voltage, 

frequency of voltage, dielectric barrier and corona 

electrode system parameters affect the ozone generation. 

Even split on dielectric barrier which is located on the 

grounded plat has impact on ozone generation from 4,3 

times for positive discharge and 1,7 times for negative 

discharges [7]. Auxiliary electrodes which situated near 

the corona electrode have effect that streamer discharge 

takes larger area and produces more ozone [8]. From 

these investigations it is clear that electrode geometrical 

form has large influence to the corona discharge effect. 

Other authors underline number of electrodes in the 

corona discharge field. Because of corona electrodes 

fields effects each other charged particles has different 

behaviour [9]. In electrostatic precipitators are large 

amount of particles and there must be many corona 

discharge electrodes to charge and to precipitate 

majority particles on the grounded plate [10]. Other 

application where multi corona discharge electrode 

systems are used is electro hydrodynamic drying. Drying 

enhancement depends on applied voltage. A single 

electrode could be more effective than multi corona 

electrodes according to the detected results, but number 

of electrodes causes intensive summary evaporation [5]. 

Ionization of liquids depends on density and number of 

corona electrodes, gap length between electrode and 

surface of the liquid, applied voltage level and thickness 

of the liquid layer [11]. 

It is clear from mentioned above research that corona 

discharge has wide range of applications. Some of them 

are related to a large number of charged particles or 

large volume of working area. It could be reached only 

with multi point of corona discharge electrodes. Corona 

field must be modelled for each application. 

 

2. Numerical analysis of corona field 

 

Mathematical model of the corona field consists of two 

equations: the Poisson equation (1) and charge 

conservation equation (2):  
 




Vdivgrad ,                                  (1) 

.gradgrad
2




  V                                 (2) 

 

Finite difference approximation of these equations was 

shown in [12]. 

We selected the polar coordinate system for numerical 

simulation of the corona field due to the reasons which 

were mentioned in our previous papers [12]. Single-

wire-to-plate electrode system is shown in Fig. 1.  
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Fig. 1. Polar grid in single-wire-to-plane electrode system 
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Fig. 2. Polar grid in multi-wire-to-plane electrode system 

 

Computational grid of multi-wire-to-plate corona 

discharge electrode system is shown in Fig. 2. Distances 

of the computational grid are regular near the corona 

electrode. Near the plate and at the right side of the 

computation field the distances are irregular. Irregular 

distances of the computational grid are also near the 

plate electrode. 

Geometrical parameters of both systems are the 

following: radius of the wire r0 = 0,005 mm, distance 

between wire and the plane h = 12 mm, distance 

between wires in multi-wire to plane electrode system g 

= 7,5 mm.  

Boundary conditions for Poisson's equations (1) are of 

Dirichlet type: 

 

   UrV 0 , (3) 
 

   0 hyV . (4) 
 

Boundary conditions for continuity equations (2) are 

formed according to the Kaptzov's assumption, which 

states that the electric field strength on the surface of 

wire electrode at the corona discharge is constant and 

equal to its value E0 corresponding to the inception 

voltage U0 of the discharge: 
 

   00 ErE  . (5) 
 

Algorithm for the numerical corona discharge electric 

field analysis is shown in Fig. 3. 

 
Begin

Boundary conditions

Initial values V(r,φ)=0, ρ(r,φ)=0

V(r0)=V(r0)+δV

k=1

ΔV(r,φ)=-ρ(r,φ)/ε

Vk+1(r,φ)-Vk(r,φ)<δ1

yes

no

)o()o( rVrE 

E(r0)≥E0 

ρ(r0)=ρ(r0)+δρ

yes

no

k=k+1

l=1

εr,ρr,Vr,ρ )/()()( 2  

ρl+1(r,φ)-ρl(r,φ)<δ2

yes

no

E(r0)=E0  and V(r0)=U 

yes

no

l=l+1

End

V(r0)<U 

no

yes

 
 

Fig. 3. Numerical algorithm for corona field analysis 

 

3. Results of numerical analysis 

 

Comparison of corona discharge electric field in single- 

and multi wire-to-plane electrode system was made by 

changing voltage. To show results of electric field 

strength and space charge density characteristic field 

places were selected– surface of the wire and first line of 

the computational grid. First line of computational grid 

(Fig. 2) is line below the wire which angle to y axis is 
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zero. Product of space charge density and electric field 

strength is Coulomb force which affects charged 

particles situated in the corona discharge field. 

Electric field strength at the surface of the wire is 

homogeneous according the Kaptzov's assumption, 

space charge density is alternate and depends on 

electrode geometrical parameters and the voltage of the 

wire. Space charge density reduces electric field strength 

to initial value. Distribution of space charge density on 

the surface of the wire in multi wire-to-plate electrode 

system is shown in Fig. 4.  

 

 
 
Fig. 4. Distribution of space charge density on the surface of 

the wire in multi wire-to-plate electrode system 

 

Space charge density on the surface of the wire in single 

wire-to-plate electrode system is shown in Fig. 5. 

 

 
 
Fig. 5. Dependence of space charge density on the surface of 

the wire in single wire-to-plate electrode system 

 

It is obviously from Fig. 4 and Fig. 5 that in multi wire-

to-plate electrode system field strength of the neighbour 

electrode has influence and reduces space charge density 

at the surface of the wire. The wire is single source of 

charge in inter electrode space therefore in all inter 

electrode space is less amount of the space charge. 

Distribution of electric field on the first line of the 

computational grid in multi- and single- wire-to-plate 

electrode systems is shown in Fig. 6 and Fig. 7. 

 

 
 
Fig. 6. Distribution of electric field on the first line of the 

computational grid in multi-wire-to-plate electrode system 

 

 
 
Fig. 7. Distribution of electric field on the first line of the 

computational grid in single-wire-to-plate electrode system 

 

It is clear from figures 6 and 7 that electric field strength 

in both systems has little fluctuations. Neighbour 

electrode field has little influence to electric field 

strength bellow corona electrode. 

Dependence of space charge density on the first line of 

the computational grid in single-and multi-wire-to-plate 

electrode systems is shown in Fig. 8 and Fig. 9. 

 

 
 
Fig. 8. Dependence of space charge density on the first line of 

the computational grid in single-wire-to-plate electrode system 

 

It is clear from the figures 8 and 9 that space charge 

density bellow the corona electrode wire in multi wire-

to-plate electrode system has little variation. Space 

charge density has the same distribution character in 

both systems. Space charge values have little 

differences. 
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Fig. 9. Dependence of space charge density on the first line of 

the computational grid in multi-wire-to-plate electrode system 

 

In both systems the biggest space charge density values 

are near the wire and gradually decreases with the 

distance r. Space charge density depends strongly near 

the wire on the voltage of the corona discharge 

electrode. Near the plate the difference is less. 

 

4. Conclusions 

 

Analysis of corona discharge electric field in single and 

multi wire-to-plate electrode system is made. It is 

obviously from the results that neighbour corona 

electrodes influence mutually to their electric field. 

Space charge density is lower at the sides and above the 

wire. 

Distribution of the space charge density on the first line 

of the computational area has no significant difference 

in both systems. 

Corona field strength on the surface of the wire is 

constant according to Kaptzov's assumption. The 

character of corona field distribution on the symmetry 

line of the field also has no significant difference. 

Space charge density depends strongly near the wire on 

the voltage and near the plate the difference of 

dependence is less. 
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Abstract: Corona-electrostatic fields are frequently 

employed in multi-electrode systems to improve the 

performance of electrostatic processes or to give a new 

quality to them. In the corona field systems containing 

more than two electrodes the area occupied by the field 

can be divided into two regions: a region with electric 

flux between ionizing and non-ionizing electrodes and a 

region with electric flux between non-ionizing 

electrodes. The field in the first region is strongly 

inhomogeneous, contains a distributed space charge and 

analysis of the field in this region must be performed by 

solving the system of corona field differential equations. 

The field in the second region is quasi-homogeneous, 

has no space charge and it is sufficient to solve the 

Laplace equation for field analysis. Methods of analysis 

of such combined fields developed by other researches 

are overviewed. The subject of this paper is 

determination of the boundary condition on the bound 

between Laplacian and corona fields by using the 

separatrix equation in the electrode system “a wire 

between two parallel plates”. Numerical solution of 

Laplace equation in all the field area is used to check the 

results of the proposed method. 

 

Keywords: corona field, Laplacian field, separatrix, 

boundary conditions. 

 

1. Overview of the methods used by the other 

researches 

 

Numerical analysis of combined corona-electrostatic 

electric fields in wire-to-plane electrode system 

supplemented by a cylindrical non-ionizing electrode is 

presented in [1]. This electrode is of the same potential 

as the corona wire. Electric field changes the sign in a 

point situated between the wire and cylindrical 

electrode. Mathematical model of the field is similar to 

those commonly employed for the study of plain corona 

fields in wire-to-plane electrode systems. 

Numerical investigation of the electric field in the 

domain with no free charges using the Multi Quadratic 

and Differential Quadrature methodology as a new 

meshless method is developed in [2]. Poisson′s equation 

includes a constant source term which does not affect 

the solution and therefore this technique can be used to 

solve Laplace′s and Poisson′s equations in the fields of 

complex geometries. But it isn′t suitable to solve the 

corona field system of equations comprising of Poisson′s 

and non-linear charge conservation equation. 

Results of the analysis of electric field in a cylindrical 

triode corona charger used for charging aerosol 

nanoparticles are presented in [3]. Cylindrical corona 

charger consists of corona wire, perforated inner 

cylinder and grounded outer cylinder with coaxial 

position of all three electrodes. The inner zone of corona 

discharge and the outer particle charging zone are 

related with space charge distribution and there is no 

zone without space charges. The field is analyzed as 

unipolar corona field in all the computational area. 

Potential distribution within a pipe through which 

charged gas is transported is analyzed in [4] by using 

Bessel functions. Boundary conditions at the surface 

between space charge and no charge regions are the 

equality of potentials and their derivatives normal to the 

surface. Uniform distribution of space charge in the field 

is assumed. This distribution is far from that in corona 

field, but the mentioned boundary conditions may be 

used for analysis of combined corona- and electrostatic 

fields. 

Corona triode field consists of two components as it is 

shown in [5]. The first one, generated by the space 

charge, is governed by the Poisson′s equation with 

uniform Dirichlet boundary conditions and is solved 

using the finite element method. The second one, 

produced by the potentials of conductors, is described 

by the Laplace′s equation with non-uniform Dirichlet 

boundary conditions. It is solved by boundary element 

method. Computation of charge distribution on 

characteristic lines is performed by using the method of 

characteristics. There are no regions without the space 

charge and the method is the same as the one used for 

analysis of two-electrode corona field. 

Electrostatic field of roll-type separator consisting of 

grounded drum, corona wire and a tubular non-ionizing 
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high-voltage electrode [6] is analyzed by the charge 

simulation program based on boundary-element method. 

The field under study can be divided into region without 

space charges and the one with distributed space 

charges. Boundary conditions between these regions are 

of specific interest, but they are not determined there. 

Computations and experiments are carried out in the [7] 

for a two-dimensional three-electrode system consisting 

of wire parallel to plane and a non-ionizing cylinder 

placed in opposite side of the wire. This configuration is 

characterized by the existence of singular point on the 

axis of symmetry where the electric field takes zero 

value, and this is a major difficulty for which none of the 

existing algorithms is able to provide a solution. To 

overcome this difficulty initial computational region 

D(z), z = x+jy, is transposed to a domain D(),  = +j, 

with simply defined boundary conditions by using a 

conformal transform 
 

    11zln  z/ . (1) 
 

This enables to use finite difference method with a 

simple quadratic grid and to define numerically regions 

with space charge distribution and with no space charge. 

We propose here a method to determine the boundary 

condition on the line coupling the regions with 

Laplacian and corona fields if the equation of separatrix 

is known from the analysis of electrostatic field in all the 

area of electrode system. 

 

2. Equation of the separatrix 

 

The subject of analysis is the electrostatic field in three-

electrode system consisting of two parallel non-ionizing 

plane electrodes and a corona wire between them 

(Fig. 1). 

Complex potential of the field 
 

    yxfzfvuw jj   (2) 
 

is defined as the superposition of the field in the 

electrode system “a wire between two parallel grounded 

plates” and the homogeneous electrostatic field [8]. 

Potential function is the real part of the complex 

potential (2) 
 

    xhEuSky,xu  1010ln , (3) 
 

and the field-line function is the imaginary part of the 

function (2) 
 

   yEky,xv  0 , (4) 

where: 
 

    21130 hh/uuE  , (5) 
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Fig. 1. Configuration of the electrode system under study 
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      ykxk hh tanhcotarctan  

      ykhxk hh tanh2cotarctan 2  . (10) 
 

Meanings of the symbols used in the equations (3)–(10) 

are the following: u1, u2, u3 are the electrode potentials, 

r0 is the radius of the wire, h1 and h2 are the distances 

from the center of the wire to the upper and lower 

planes, correspondingly. 

Equation of the separatrix is the equality to zero of the 

field-line function (4)  
 

 00  yEk  . (11) 

 

3. Separatrix boundary condition 

 

Results of analysis of the separatrix equation correspond 

to the following values of field parameters: r0=0,025 

mm, h1=10 mm, h2=40 mm, u1=–10000 V, u2=0, u3=–

5000 V. Coordinates of separatrix points calculated by 

using (6)–(11) formulas are given in Table 1 for the step 

Δx = 1 mm. 
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Table 1. Coordinates of points of separatrix 
 

x, mm y, mm x, mm y, mm 

10,0 16,4 –10,0 0 

9,0 16,4 –9,0 3,2 

8,0 16,3 –8,0 7,8 

7,0 16,3 –7,0 9,5 

6,0 16,2 –6,0 10,0 

5,0 16,0 –5,0 11,1 

4,0 15,7 –4,0 12,6 

3,0 15,4 –3,0 13,2 

2,0 15,1 –2,0 14,1 

1,0 14,9 –1,0 14,8 

0 14,8 0 14,8 
 

The part of the field area under study is presented in Fig. 

2. Lower plain electrode of potential u3 isn′t shown here. 

There are two regions of the shown field area: the region 

on the left of separatrix, comprising the flux of field 

lines between electrodes 1 and 3 with no space charge, 

and the region on the right of separatrix with field lines 

directed from the wire to the upper plane electrode and 

with the distributed space charge. The first region 

corresponds to Laplacian field, and the second one is 

occupied by corona field. The field in the first region is 

quasi-homogeneous, and the grid in Cartesian 

coordinates can be used for numerical solution of 

Laplace′s equation [9]. Potentials of the points given in 

Table 1 and calculated by using equations (3) and (6)–

(9) are given in Table 2.  
 

 
 

Fig. 2. Areas of the field with and without space charges 

 

Polar grid is used in [9] for computation of corona field 

by numerical solving of Poisson′s and charge 

conservation equations 
 

 Vdivgrad , (12) 

 .V  2gradgrad   (13) 
 

in wire-to-plane electrode system similar to that located 

in the area to the left of separatrix in Fig. 2. 

Position of points on separatrix coinciding with points 

situated on lines of polar grid denoted from j  5 to j  

13 can be determined from the system of equations 
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where j is a number of polar grid line which one of 

points is situated on the separatrix, m is a polar grid size 

index, 0 /m  , 0  is the central angle between ij  

and 1ij  lines. Index m  12 for the grid shown in 

Fig. 2, .o
0 15  Coordinates x1, y1 and x2, y2 determine 

the position of separatrix points neighbor to the point of 

polar grid line positioned on separatrix. For example, x1 

= 10,0 mm, y1 =–16,45 mm and x2 = 9,0 mm,  

y2 = –16,41 mm for the line j = 5. 
 

Table 2. Potentials of separatrix at the points of Laplacian 

grid 
 

x, mm u, V x, mm u, V 

10,0 –10000 –1,0 –7355 

9,0 –9744 –2,0 –7085 

8,0 –9491 –3,0 –6799 

7,0 –9238 –4,0 –6564 

6,0 –8989 –5,0 –6239 

5,0 –8735 –6,0 –5978 

4,0 –8492 –7,0 –5848 

3,0 –8299 –8,0 –5533 

2,0 –8083 –9,0 –5270 

1,0 –7723 –10,0 –4996 

0 –7483   
 

Coordinates of points common to the separatrix and 

lines of polar grid corresponding to the values of j from 

5 to 12 are given in Table 3. Potentials of that points 

determined by using the equation (3) and (6)–(9) are 

also given here. 
 

Table 3. Coordinates and potentials of points common to the 

separatrix and lines of polar grid 
 

j x, mm y, mm u(x,y), V 

5 9,4 16,4 –9805 

6 4,0 16,0 –8511 

7 0 14,9 –7483 

8 –3,5 13,0 –6675 

9 –6,1 9,9 –6112 

10 –7,8 7,5 –5623 

11 –8,6 4,9 –5490 

12 –9,2 2,3 –5115 
 

Other boundary conditions of the field under study are 

given in [10]. 

Numerical analysis of an electrostatic field in the system 

under study is carried out by using the finite difference 

method in MATLAB environment. Laplace′s equation is 

solved as a test problem by using the Cartesian 

coordinate system with the grid size Δ  1 mm. Values 

of potentials at the several points of separatrix are 

compared in the Table 4 with the potential values of 

numerical analysis at the neighbor nodes of Cartesian 

grid. All potential values given in Table 4 are negative. 
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Numerical values of potentials corresponding to points 

of separatrix are determined by linear interpolation of 

potential values at neighbor nodes. Differences of 

compared values are equal to 0 at the ends of separatrix 

and are less than 1 % at the middle points of this line. 
 

Table 4. Comparison of separatrix potentials with numerical 

values at the grid nodes 
 

Potentials of separatrix Potentials of neighbor 

grid nodes 

Differ- 

ences, 

% x,mm y,mm |u|, V x,mm y,mm |u|, V 

   9,0 17,0 9754  

9,0 16,4 9744 9,0 16,0 9739 0 

   8,0 17,0 9509  

8,0 16,4 9491 8,0 16,0 9481 0 

   0 15,0 7561  

0 14,9 7483 0 14,0 7424 0,7 

   –8,0 8,0 5596  

–8,0 7,8 5533 –8,0 7,0 5438 0,7 

–10,0 0 4996 -10,0 0 4996 0 

 

Discussed data are the result of analysis of the 

electrostatic field. Computation of corona field in the 

region with bounds formed by straight lines x  10 mm, 

y  0 and separatrix can be performed under assumption 

that the shape of separatrix doesn′t depend on the 

presence of the space charge in the region. This 

assumption corresponds to the conclusion of [7] that the 

space charge density is 0 in all points of separatrix. This 

is in agreement with the results of [1] where presence of 

the point with zero field strength and zero space charge 

density on the symmetry axis is stated. The mentioned 

statement is similar to Deutsch assumption successfully 

used for analysis of corona fields in various electrode 

systems [11], although some restrictions of this 

assumption were made in [12] and it was criticized in 

[13]. Our hyphothesis of independence of separatrix 

position on the space charge density is not such rigorous 

as the Deutsch assumption because the component of 

electric field produced by space charge is much smaller 

than the field of electrodes [5]. 

 

4. Conclusions 

 

Numerical analysis of combined corona and electrostatic 

field can be performed for two related regions: a region 

without and with space charge. If the separatrix between 

the regions is known from the analysis of the 

electrostatic field boundary condition for potential can 

be determined easily. The field in the region without 

space charge can be assumed as quasi-homogeneous and 

the finite-difference method in Cartesian coordinates can 

be used to solve the Laplace equation. The field in the 

region related to emitting electrode is strongly 

inhomogeneous with distributed space charge. Analysis 

of the field in this region can be performed by numerical 

solution of corona field equations in polar coordinates. 

Assumption of independence of the separatrix position 

on the space charge must be used. Analytical and 

numerical results of the separatrix parameters 

determination coincide well. 
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Abstract: This article about the reactive power in the 
alternating current network, why it to compensate and 
what devices for this is used. In the work it is shown 
that to compensate reactive power is possible not only 
in order to support the proper condition for the 
electrical devices work. In many cases, the reactive 
power compensation allows to increase in the operation 
effectiveness of electrical networks. But this means 
that, with the same consumption, it is possible to 
decrease the active power generation. The 118 bus 
IEEE test case is used for study and it is shown that the 
reactive power effective compensation can decrease 
the losses in the network without the maximum 
voltages increase. 

 
Keywords: electric power systems, reactive power 
compensation devices, voltage control, active power 
losses. 

 
1. Introduction 

 
The alternating current electrical networks provide the 
connection between the power stations and the electric 
power customers. According to their tasks the 
networks are divided into transmission and 
distribution. The distribution networks serve to the 
power supply of customers. The load of distribution 
networks depends only on consumption. The 
distribution networks can harmoniously be developed, 
in accordance with an increase in the loads. The 
transmitting networks serve to the large power transfer 
on the long distances. It is the network of the higher 
classes of voltages. The load of the transmitting 
network depends, in essence, on the large power 
stations operation mode. In order to provide the power 
generation with power stations in different regimes, the 
transmitting networks must be developed at 
anticipating tempo. 
The task of electrical networks is to reliably provide 
the customers with qualitative electric power with the 
relatively small losses of the active power. Without the 

reactive power compensation this task does not have 
general solution. However, what it is the reactive 
power, and why it to compensate? For the creation and 
maintaining the electromagnetic field in the 
alternating-current system the energy is required, 
whose small part is used, and the remaining part is 
stocked in the network elements and returns to the 
network with a change in the instantaneous values of 
current. If the network elements store the energy of 
magnetic field, they are called the inductive elements. 
They are considered the reactive power consumers 
because they prevent the growth of current. If the 
network elements store the energy of electric field, 
they are called the capacitive. They are considered the 
sources of the reactive power because they prevent the 
reduction of voltages. The reactive power does not 
exceed the limits of the electrical system, while the 
active power exceeds of the electrical system. The 
created mechanical momentum is instantly converted 
by turbines into the moment on the engines shafts and 
so on. If we look at the electrical system outside, then 
for us this is the simply transmitting rotation shaft. But, 
if we study the electrical system capability for the 
energy transfer, then it does not manage without the 
voltages and the reactive power. 
So that the electrical network could transmit energy to 
customers, the voltages at all points of network must 
be the proper. Too low voltages lead not only to an 
increase in the losses and reduction in the effectiveness 
of the electrical receivers, but also considerably are 
lowered the limits of the power transmission. Too high 
voltages lead to the increased risk of the damage to the 
electrical equipment isolation. The distribution 
network is projected so that, in many load modes, the 
proper voltages are without any special measures. 
Nevertheless, with the peak loads in the network can 
be observed the voltages reduction, which requires the 
additional generation of the reactive power into the 
network, and under the light loads conditions in the 
network the voltage increase can be observed and the 
reactive power additional consumption from the 
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network, therefore, is required. The transmitting 
network is projected for the large power transfer and 
under proper conditions it is under loaded; therefore 
here is to a greater or lesser extent expressed the 
problem of the reactive power surpluses. The reactive 
power deficiency in the transmitting network shows, 
that the network is unreliable and it is great the 
probability of disconnecting the customers. 

 
2. The reactive power compensation devices  

 
The basic customers of the reactive power in the power 
system are: the shunting reactors, the induction motors, 
the power transmission lines, that are loaded higher 
than the natural power, the synchronous machines, 
which work in the under-excitation regime, the loaded 
transformers. The basic sources of the reactive power 
in the power system are: the capacitor banks, the cable 
and the unloaded power transmissions lines, the 
synchronous machines, which work in the over-
excitation regime. 
The reactive power characterizes the processes of the 
energy exchange inside the alternating-current system. 
If we consider the reactive power generation and 
consumption from the same positions as the active 
power, then it would be possible to use the power 
stations generators in the over-excitation regime for 
producing the reactive power in the hours of the 
maximum load for network, and in the under-excitation 
regime for the consumption of the reactive power 
surplus in the hours of the minimum load for network. 
Thus, certainly, is made, but this regulation works in 
the very small range. The fact is that the synchronous 
generators are projected for the reactive power 
generation and often have the very limited possibilities 
for its consumption because with the work in the 
under-excitation regime the heating regime is changed, 
and the cooling system of generator does not manage 
the heating of the ends of stator. Furthermore, in the 
regime of minimum loads some generators are 
disconnected from the network. Is possible, of course, 
the generator work in the regime of synchronous 
compensator without the active power generation into 
the network, however, this regime is, as a rule, 
ineffective, indeed generator, usually, it must revolve 
together with the turbine, and this is the consumed 
active power, incomparable with the power of the static 
devices. It is necessary to note also that the reactive 
power overflows on the network are undesirable for 
two reasons. At first, and this more greatly it relates to 
the distribution networks, grows current and the active 
power loss and, therefore, the effectiveness of 
transmission is reduced. In the second place, and this 
more greatly it relates to the transmitting networks, 
grows the voltages losses (reduction in the module), 
and this makes difficult to keep the proper voltages on 
the substations. In the limiting cases, with the 
maximum load of network, the voltages on the 
substations remain low even with the maximum 
permissible voltages at the power station, but with the 
minimum load of the network, on the contrary, does 
not possible to reduce the voltages on the substations 

in long distance, the reducing the voltages at the power 
station lower than the proper voltage. The distance 
compensation for reactive power does not work also in 
the case of varying loads relative to the important 
customers, where the absence of the local 
compensation produces the voltages changes with the 
large amplitude.  
The reactive power is generated by devices on the basis 
of the capacitor banks for increasing the voltages. The 
reactive power is consumed by devices on the basis of 
the shunting reactors for the voltages reduction. There 
are converter devices on the basis of thyristors (GTO) 
or transistors (IGBT), which make it possible both to 
generate and to consume the reactive power 
(STATCOM, VSC - successive converter of voltage). 
The generation and consumption of reactive power are 
possible at any point of network. Moreover, the further 
the point of network from the generating sources, the 
less in it the short circuit power, and the more effective 
in it regulating the voltages. It follows also from this 
that, where the short circuit power is more, it is 
possible to place the more powerful compensators, but 
the powerful compensators are not necessary on the 
distance substations. It would be very convenient to 
have the capability of regulating the voltages on each 
substation in the network, but, in the first place, for this 
were necessary special devices, in the second place, it 
is required the coordination of the work of such 
devices, more complex during their close arrangement. 
The reactive power compensation devices are 
connected to network in parallel. Sometimes the 
capacitor banks, controlled by thyristors (TCSC - 
Controlled Series Compensator), are connected in 
series with the power transmission line in order to 
increase the static and to improve the dynamic stability 
by the inductive reactance reduction and, thus, to 
increase the limit of the power transmission for the 
lines, and also in order to increase the load flows of the 
lines, unloading the parallel circuits. But indeed any, 
even the most reliable, device needs maintenance, and 
in order to increase the dynamic stability with the short 
circuit on the line, capacitors must not be shunted by 
the switch or by the limiter of overvoltage because of 
the high current. Certainly, the steady-state stability 
can be improved, and synchronous swings along the 
long line can be reduced by the installation of the 
longitudinal compensation, but it is possible to hope 
the losses reduction in during the redistribution of 
power only in the case of the considerably larger cutter 
of the wires of the compensated line in comparison 
with the wires cutters of parallel circuits. In general, 
TCSC this is not the device of the reactive power 
compensation because, in the case of the series 
connection, the capacitor banks cannot support the 
voltages on the substations, but only is created “the 
step” of the voltage, which both on the module and on 
the angle is proportional to current along the line 
(through TCSC).  
The devices of the reactive power compensation are 
controlled and uncontrolled. The advantage of the 
uncontrolled devices in the simpler construction, and 
also, in the absence the additional harmonics, which 
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appear with the work of the control units. For the 
commutated uncontrolled shunting reactors, connected 
into the network without the transformer as advantage, 
it is possible to name the somewhat smaller losses of 
the active power in comparison with the controlled 
shunting reactors. In fact, the advantage of the 
controlled compensators: their power can be changed 
smoothly with the high speed, following the changes in 
the regime. Consequently, the controlled devices can 
support the voltages operationally and accurately. It is 
possible to say that the uncontrolled compensators 
adapt for maintaining the voltage level, while 
controlled compensators are created for maintaining 
the quality of voltages, and to use them for maintaining 
the voltage level is irrational. I.e., the controlled 
devices are better to place nearer to the user, and 
uncontrolled to place nearer to the transmitting 
network. 
The main disadvantage of the compensators in the fact 
that they only support voltages and nothing is more. It 
is desirable to believe that the situation will change, 
and universal devices will appear. For example, 
between two devices VSC (converter of voltage) it is 
possible to transmit energy by direct current, is 
necessary only line. Studying the technical 
characteristics and experience of the application of the 
controlled shunting reactors (CSR) from 
“Zaporozhtransformator” Association it is possible to 
make the conclusion that to this Association 
completely on the forces to let out not CSR, but the 
autotransformer with the magnetization of core 
controlled by direct current (CSAT). The function of 
the electric power transformation and the reactive 
power compensation in this device could mutually-
supplement each other. The consumption of the 
reactive power often is not necessary then the 
autotransformer is highly loaded, while “built-in 
reactor” can greatly help in case of the small loads in 
system. Furthermore, including the capacitor banks 
units as reactive power source, it is possible to regulate 
voltage by the magnetization of core CSAT smoothly. 
Open circuit losses in the CSAT are the same as in 
typical autotransformer. Additional switches and 
disconnectors are not necessary. No disadvantages, but 
no device yet. 
 

3. Research of the reactive power compensation 
influence to the losses  

 

It is investigated the influence of the reactive power 
compensation devices to the active power losses by 
using the 118 bus IEEE test diagrams [9] (Fig. 1.), as 
the power system model, and the steady-state 
calculation program [10]. The model is a small power 
system with power of approximately 3800 MW in the 
regime of winter maximum. There are 106 buses with 
138 kV, 1 bus with 161 kV and 11 buses with 345 kV, 
and also 200 lines, 12 transformers even 54 buses with 
the reactive power compensation in the model. In the 
diagram the power losses in the conductivities are not 
assigned; therefore it is clear that the total power losses 
must decrease with voltages increase. However, we 

cannot increase the maximum voltages in the regime 
(144.9 kV for 138 kV network and 362 kV for 345 kV 
network), otherwise our comparisons will be incorrect. 
We will not change the transformation ratios of the 
transformers. 
Let us represent that we can support voltages on each 
substation, having the unlimited sources of the reactive 
power. Then, after establishing all voltages on 144.9 
kV for 138 kV network and 362 kV for 345 kV 
network, we obtain regime 1 (Tab.1). It is evident, that 
it gives 10 percent of the losses reduction. But if we do 
not use ourselves the additional means of the reactive 
power compensation, then, after establishing all 
controlled voltages on 144.9 kV for 138 kV network 
and 362 kV for 345 kV network, we will obtain too 
high voltages on some substations. Smoothly reducing 
the maximum voltages to levels 144.9 and 362 kV, will 
obtain regime 2 (Tab.1). It gives 9 percent in the power 
losses reduction with respect to the initial. Difference 
in the losses between the first and second regimes 
consist of 1.5 MW. It is obvious, this is very small in 
order to establish the reactive power compensation 
devices to each substation.  
It is return to regime 1 (Tab.1). Is it possible to still 
decrease the active power losses, reducing the voltages 
on some substations? It occurs, it is possible. If line is 
simulated according to П-shaped equivalent circuit, 
then expression for the active power losses according 
to the data from one substation (beginning of line) can 
be written down in the following form:  
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where ΔP is the active power losses in three phases of 
line; R is the line resistance; U1 is the module of line 
sending-end voltage; P1, Q1 are the active and reactive 
powers at the beginning of line (plus into the line); G, 
B are the active and reactive susceptances of line 
(minus - capacity).  
Hence, with condition that 0P  , it is obtained 
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It means the optimum regime of line, from the point of 
view of the active power losses, with the assigned 
voltage on the transmitting substation, is the regime 
with a certain transferred active power, when the 
transmits substation must consume half of the charge 
power of high voltage transmission line (HVTL).  
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where 0B  is the capacity susceptance of line.  
I.e., all reactive power losses in the line must be 
compensated at the receiving end. In this case the 
voltage on other end the line will be:  
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where 1U , 2U  are the voltages vectors at the bouth 

ends of the line; 2U  is the voltages module at the end 
of line; X is the inductive reactance of line (plus - 
inductance). 
If  
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If the square of the voltage module is equal  
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then, consequently,  
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then the voltage at the end of line in the optimum 
regime it will be lower than at the beginning.  
 

If 2
1
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i.e., active power along the line is very great, either the 
line is very long or is constructed with big wires cross-
section (R<<X), then voltage at the end of line in the 
optimum regime will be higher than at the beginning. 
Sometimes, the optimum regime along the line can be 
impossible technically because of the large negative 
loss of the voltage 
 

( 0)UU(UΔ 21  ). 
 

Let us try to satisfy the necessary condition for 
existence of the optimum regime, i.e., to calculate the 
necessary the reactive power balances at the buses and 
to fix its constant generation of the reactive power. To 
make this easily, however, the obtained regime 5 with 
the balance for all buses of the test diagram is not 
better than the initial regime, from the point of view of 
the active power losses. Very large reduction in the 
lines with voltages 138 kV and 345 kV became the 
reason for this during the attempt to support voltages in 
the nodes of 138 kV network not are above 144.9 kV, 
because in the diagram all transformers 345/138 kV are 
“ideal” (R=0). Naturally, for such transformers any 
regime is optimal and does not depend on the reactive 
power overflow. Therefore the solution was accepted: 
to take the regime 1 as the basis regime, to leave the 
network voltages 345 kV on the level 362 kV, to reject 
all conductivities and consecutively to fix the reactive 
power in the nodes of network 138 kV, starting with 
the load nodes. The nodes balance condition: the sum 
of all reactive power flows to the node at the 
transmission ends of the lines is equal to zero. If losses 
did not increase, we can continue the exception of 
nodes, considering the branches to the load as the load. 

If the losses increased, or the node voltage rose, then 
the node voltage returned to the initial state of regime 
1. Thus, 96 nodes from 106 nodes were excluded. 
After the substitution of the calculated voltages into the 
initial voltages of regime 1 there was obtained regime 
3. The active power losses were lowered on 3.2 MW in 
the third regime in comparison with the first regime. 
The same voltages were substituted into the initial 
regime. Too high voltages on some substations came 
out. Reducing the maximum voltages up to levels 
144.9 kV and 362 kV employing the same procedure, 
that also for regime 2, we obtained regime 4. The 
losses in this regime barely differs from the losses in 
regime 2, but nevertheless, the losses in it on 0.5 MW 
are less. Comparing the regime 4 with the regime 3, we 
see that, with the unlimited possibilities of the means 
of the reactive power compensation, we could decrease 
the losses in the network still on 4.2 MW, if do not 
consider the losses in compensator devices themselves. 
The main results of all calculations are shown in 
Table 1.  
There it is possible to see the dynamics of the active 
power losses change in the network with regulating the 
voltages in the nodes with the using the reactive power 
compensation devices. Again let us recall that did not 
change the transformer taps, and maximum voltages in 
the nodes do not exceed the corresponding maximum 
values in the initial regime. The question immediately 
arises: “Why initial regime such is uneconomical?” 
The fact is that the regimes of power systems change 
from the minimum to the maximum and vice versa in 
the course of twenty-four hours. Accordingly, the 
regime according to the voltages and the reactive 
power also strongly changes. 
The dispatcher task is to support the proper voltages on 
the substations. The dispatcher makes this, trying to 
minimize the controlling influences, but not the losses. 
At the result it is obtained the initial regime (Case 0), 
which, in reality, is not too bad. By the way, this 
regime was 50 years ago. Now decrease the losses will 
be much more difficult. 
 

4. Conclusions 
 

The devices of the reactive power compensation serve 
for maintaining the proper voltages in the place of their 
installation. They are undoubtedly necessary, where 
there is no possibility to support the proper voltages 
during all operation regimes. Furthermore, it is 
possible to decrease the active power losses in the 
network with the competent arrangement of the 
reactive power compensation devices. In this case, the 
economic substantiation is necessary for the 
installation of compensators. The controlled devices of 
the reactive power compensation can instantly react to 
changes in the regime. Therefore, their application can 
be considered as the required application with the 
relatively greater sharply varying loads. Possibly, the 
power transformers with the controlled mode of 
reactive power will be created. Such transformers, 
from our point of view, could be very useful with the 
appropriate technical and economic characteristics. 
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Table 1. The total regimes parameters change in comparison with the initial regime 
 

 Name Pg Qg Psl Qsl Pnet Qnet Pload Qload dPload dQload Qgen dPtraf dQtraf Qtr_os
[MW] [Mvar] [MW] [Mvar] [MW] [Mvar] [MW] [Mvar] [MW] [Mvar] [MW] [MW] [Mvar] [Mvar]

Case 0. Initial Case.
138 kV       2669.5 680.5 3781.8 1307.3 ‐1112.3 ‐626.9 3668 1438 113.602 452.76 ‐576.4 0.179 98.35 ‐20.99
161 kV       4 11 0 0 4 11 0 0 0 0 0 0 0 0
345 kV       1127 102.4 18.7 ‐513.4 1108.3 615.9 0 0 18.7 219.51 ‐744.6 0 11.66 0
IEEE118      3800.5 793.9 3800.5 793.9 0 0 3668 1438 132.302 672.26 ‐1320.9 0.179 110.01 ‐20.99
Delta0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Case 1. Case with 144.9 kV and 362 kV voltages. No reactive power limits.
138 kV       2656 ‐120.1 3769.4 1185.2 ‐1113.5 ‐1305.3 3668 1438 101.313 404.9 ‐646 0.116 108.29 ‐22.94
161 kV       4 ‐6.2 0 0 4 ‐6.2 0 0 0 0 0 0 0 0
345 kV       1127 759 17.5 ‐552.5 1109.5 1311.5 0 0 17.536 206.22 ‐806.4 0 47.63 0
IEEE118      3787 632.7 3787 632.7 0 0 3668 1438 118.849 611.12 ‐1452.4 0.116 155.92 ‐22.94
Delta1 ‐13.5 ‐161.2 ‐13.5 ‐161.2 0 0 0 0 ‐13.453 ‐61.14 ‐131.5 ‐0.063 45.91 ‐1.95
Case 2. Case with maхimal voltages 144.9 kV and 362 kV. Reactive power limits as in Initial Case.
138 kV       2657.5 953.2 3770.2 1202.6 ‐1112.7 ‐249.4 3668 1438 102.08 408.88 ‐618.4 0.133 82.88 ‐20.84
161 kV       4 ‐0.1 0 0 4 ‐0.1 0 0 0 0 0 0 0 0
345 kV       1127 ‐283.7 18.3 ‐533.3 1108.7 249.6 0 0 18.282 214.58 ‐754.3 0 6.44 0
IEEE118      3788.5 669.3 3788.5 669.3 0 0 3668 1438 120.362 623.46 ‐1372.8 0.133 89.32 ‐20.84
Delta2 ‐12 ‐124.6 ‐12 ‐124.6 0 0 0 0 ‐11.94 ‐48.8 ‐51.9 ‐0.046 ‐20.69 0.15
Case 3. Case with maхimal voltages 144.9 kV and 362 kV. No reactive power limits.
138 kV       2652.7 ‐147.8 3766.1 1196.5 ‐1113.3 ‐1344.3 3668 1438 97.974 392.68 ‐629.7 0.109 108.71 ‐22.87
161 kV       4 ‐1 0 0 4 ‐1 0 0 0 0 0 0 0 0
345 kV       1127 794.1 17.7 ‐551.2 1109.3 1345.3 0 0 17.655 207.52 ‐806.4 0 47.61 0
IEEE118      3783.7 645.3 3783.7 645.3 0 0 3668 1438 115.629 600.21 ‐1436.1 0.109 156.31 ‐22.87
Delta3 ‐16.8 ‐148.6 ‐16.8 ‐148.6 0 0 0 0 ‐16.673 ‐72.05 ‐115.2 ‐0.07 46.3 ‐1.88
Case 4. Case with maхimal voltages 144.9 kV and 362 kV. Reactive power limits as In initial Case.
138 kV       2656.9 967.4 3769.6 1191.5 ‐1112.6 ‐224 3668 1438 101.456 406.45 ‐625.2 0.121 82.58 ‐21.28
161 kV       4 0.5 0 0 4 0.5 0 0 0 0 0 0 0 0
345 kV       1127 ‐311.6 18.4 ‐535.2 1108.6 223.6 0 0 18.36 215.46 ‐760.8 0 10.21 0
IEEE118      3787.9 656.3 3787.9 656.3 0 0 3668 1438 119.816 621.91 ‐1386 0.121 92.79 ‐21.28
Delta4 ‐12.6 ‐137.6 ‐12.6 ‐137.6 0 0 0 0 ‐12.486 ‐50.35 ‐65.1 ‐0.058 ‐17.22 ‐0.29
Case 5. Q balanced Case. No reactive power limits.
138 kV       2664.9 1274.7 3775.4 1265 ‐1110.5 9.6 3668 1438 107.288 430.17 ‐585 0.131 89.43 ‐19.72
161 kV       4 ‐2.4 0 0 4 ‐2.4 0 0 0 0 0 0 0 0
345 kV       1127 ‐431.6 20.5 ‐424.3 1106.5 ‐7.3 0 0 20.469 240.92 ‐671.1 0 5.84 0
IEEE118      3795.9 840.7 3795.9 840.7 0 0 3668 1438 127.757 671.09 ‐1256.1 0.131 95.27 ‐19.72
Delta5 ‐4.6 46.8 ‐4.6 46.8 0 0 0 0 ‐4.545 ‐1.17 64.8 ‐0.048 ‐14.74 1.27  
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Abstract: The overhead power lines and open-type 

switch-gears of 110 and more kV represent one of the 

main and most powerful sources of electric field 

generation within electric power systems. The technique 

of the electric field distribution analysis in the 330 kV 

outdoor switch-gear is proposed. There are the zones in 

which electric field strength is greater than maximum 

permissible values by European Directive 2004/40/EU 

[5]. In the case of parallel arrangement of wires the peak 

values of electric field strength are found to exist under 

the wires of A and C phases. These results were verified 

using programmes packages COMSOL Multiphysics 3.5 

and Elcut 4.1. The electric field strength can be 

diminished to permissible values by shielding. It can be 

used as a shield comprised of several metal bars 

mounted parallel to wires of A and C phases over the 

shielding place. For the purpose of shielding it is 

sufficient to mount two bars in the height of at least 2.4 

m. 

 

Keywords: Open-type outdoor switch-gears, high 

voltage power lines, electric field strength, linear charge 

density, electric flux density, electric field distribution, 

protection against electric field. 

 

1. Introduction 

 

Currently, the Hygiene Norm HN110 : 2001 "The 

electromagnetic field of industrial frequency in the 

workplace" is valid in Lithuania providing that the 

maximum allowable level of the electric field strength is 

dependent on the exposure time to this electric field at 

the workplace. However, in 2012, the EU Directive 

2004/40/EC will come into effect in Lithuania 

prohibiting even a short-term occupational exposure to 

electric field of industrial frequency 50 Hz with the 

effective strength value exceeding 10 kV/m [5]. 

According to the studies, the findings and results of 

which are discussed [1], surroundings of the 330 kV 

open-type switch-gears and high-voltage lines include 

some areas that are hazardous to humans with the 

electric field values exceeding limits set out in the EU 

directive. Workplaces in the outdoor switch-gears of 

110 kV and higher voltage can be especially dangerous 

as phase wires are usually suspended at lower heights 

here. Consequently, it is necessary to take particular 

safety measures to keep the exposure of electric field for 

employees working in the surroundings of open-type 

outdoor switch-gear, below the limit values indicated in 

the EU directive [5]. 

This research paper involves simulation of the electric 

field distribution at the 330 kV outdoor switch-gear, 

identification of areas hazardous to human operators, 

and discussion of safety measures used to reduce electric 

field at the workplace to permissible limit values. 

Effectiveness of suggested safety measures was 

examined by means of simulation. 

 

2. Electric field analysis by finite element method 

 

Software packages COMSOL Multiphysics 3.5 and 

Elcut 4.1 are used for simulation of electric and 

electromagnetic fields as well as for analysis of key 

electric field characteristics near the electrical 

equipment such as electric field strength, electric 

potential distribution, and electric flux density. These 

software simulation packages enable to analyse the 

electric field variations in one-, two- (using Elcut 4.1) 

and three-dimensional spaces (using COMSOL 

Multiphysics 3.5). 

Within simulation software packages, problem solution 

is based on the Finite Element Method (FEM). Two-

dimensional and three-dimensional simulations are made 

on the basis of a vector or scalar (depending on the type 

of elements) electromagnetic potentials. Software 

package Elcut 4.1 allows for examination and simulation 

of the static electric or magnetic fields in 2D space.  

The choice of the particular simulation software package 

makes the simulation of the task simpler or more 

difficult. Precision of simulation results depends on the 

choice of software package and their respective 

capabilities [2, 3, 4].  
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3. High voltage devices and lines electric field 

FEM analysis 

 

Within the power system, electrical devices are 

connected to high-voltage overhead power lines and 

switch-gears. In this particular case, a three-phase 

variable electric field generated by linear high-voltage 

conductors of 330 kV is analyzed. Electric fields 

generated by conductors are different depending on their 

arrangement and distance.  

For the electric field simulations in 2D and 3D 

dimensions software packages COMSOL Multiphysics 

3.5 and Elcut 4.1 are used. As the maximum value of the 

electric field needs to be found, the task will be solved 

as the electrostatic one. The electric scalar potential V 

and electric flux density D are interrelated with the 

electric field strength E under the following equations: 
 

,iVE and ;εε 0r ED    (1)
  

where εr is the relative dielectric constant, εr=1of air. 

The amplitude value of V is equal to phase voltage 

amplitude value Vm=Ufm≈293 kV. Given the expression 

(1) and inserting it into the Gauss’ law equation, 

differentiation of both sides gives the following 

expression of Poisson law equation in common case:  
 

;dεdε 0r  V
  

(2) 
 

where ρ is the spatial charge density [2, 3, 4]. 

After constructing a general mathematical simulation, 

geometries of the simulation are drawn in 2D and 3D 

spaces. Using software packages COMSOL 

Multiphysics 3.5 and Elcut 4.1 (FEM), simulations of 

the open-type switch-gear of 330 kV high-voltage are 

created (Fig. 4. and Fig. 5.). For the purpose of 

simulation geometries were drawn to scale 1:1. 

The software package Elcut 4.1 (FEM) does not allow 

for examination and simulation of time-varied electric 

field strength in 2D space, thus in order to find out 

variation of the electric charges densities over the period 

of one sine quantity, the calculations are made by 

changing angle of the phase voltage every 10
0
, i.e., 

Δωt=10
0
. 

Transient values of phase voltages in the symmetric 

voltage system are interrelated as follows [1]: 
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where Um is an amplitude value of phase voltage, in V. 

The effective electric field strength value E at the 

observation point is calculated as follows: 
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where Ei values of instantaneous electric field strength 

are calculated for each Δωt=10
0
, T period. 

Electric field screens, metallic parts, and ground shown 

in the simulation drawing have no potentials thus their 

boundary conditions are equal to V=0. 

All the other boundary conditions of the simulation 

surrounding space are put to the symmetrical boundary 

conditions of zero charge (electrification), ,0Dn  

where D is the electric flux density, and n is the number 

of external charges. This condition ensures that 

normalising electrical shift charge is equal to 0. 

For both simulations using Elcut 4.1 and COMSOL 

Multiphysics 3.5, the finite element mesh was selected 

to be generated automatically, consequently all the 

elements respectively adjusted to the curvature and form 

of simulated figure [2, 3, 4].  

Number of finite elements in the simulation obtained 

using 2D Elcut 4.1 was nf.e.=7642, and using 3D 

COMSOL - nf.e.=157638. Fig. 1 shows 3D simulation of 

the finite element mesh. 

 

 
 

Fig. 1. The finite element mesh for the 330 kV overhead 

power line 

 

In result of simulation in 2D space using software 

package Elcut 4.1, distributions of scalar potential and 

electric field strength were obtained (shown in Fig. 2.). 

Figure shows distribution of electric field strength 

(black streamlines) and electric potential (surface 

colour) around the 330 kV overhead power line.  

 

 
 

Fig. 2. The distribution of electric field strength and electric 

potential, as ωt = 300 (The lines show electric field strength 

direction and the colours – the potential) 

 

The values of electric field strength obtained by 

simulation at the distance of 1.8 m to the ground surface 

under the 330 kV overhead power line in the xy plane 

are presented in Table 1. Results suggest that maximum 

values of the electric field strength are distant from 0 by 

5 m along the x axis to its both directions at points -5 
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and 5. These two points are located near A and C phase 

conductors of the three-phase conductor system. 

Whereas point 0 is located under the B phase conductor, 

here the electric field strength value is close to the 

minimum one (see Fig. 2.) [1]. 

 
Table 1. Simulations effective values of the EF strenght 
 

l, m -10 -9 -8 -7 -6 -5 

EC, kV/m 9.0 10.7 12.6 14.6 16.3 17.3 

EE, kV/m 8.85 10.5 12.4 14.3 15.9 16.9 

l, m -4 -3 -2 -1 0 1 

EC, kV/m 17.0 14.7 12.5 10.4 8.8 10.5 

EE, kV/m 16.6 14.1 11.9 9.9 8.5 10.0 

l, m 2 3 4 5 6 7 

EC, kV/m 12.4 14.6 17.1 17.2 16.3 14.6 

EE, kV/m 11.8 14.2 16.6 16.8 16.1 14.4 

l, m 8 9 10    

EC, kV/m 12.6 10.7 9.0    

EE, kV/m 12.5 10.6 8.8    

 

The obtained results are represented graphically in Fig. 

3. Curves represented in Fig. 3, show that as the distance 

increases from 0 to the both sides along the x axis, 

electric field strength generated by A and C phases in 

the three-phase conductor system diminishes 

proportionally. However, at the distance of 5 m from A 

and C phases, electric field strength still exceeds 10 

kV/m. 

 

 
 

Fig. 3. Distribution of the effective values of electric field 

strength in the xy plane  

 

Simulation results suggest that the mean error between 

simulation results in 2D and 3D spaces using different 

software packages is below 4%. Moreover, electric field 

strength values obtained by means of simulation (FEM) 

exceed limit values indicated in the EU Directive 

(2004/40/EC). With the aim of reducing risk for workers 

health and ensuring safe working conditions, these areas 

of the electric field excess must be shielded, and 

duration of workers presence there must be minimized. 
 

4. Shielding designs and mitigation of electric field in 

workplaces 
 

With reference to the currently valid hygiene norms 

measurements of the electric field are taken at heights of  

0.5 m, 1.0 m, and 1.8 m. Therefore, the electric field 

strength at these heights can’t exceed 10 kV/m. 

Employees operating at the outdoor switch-gears and 

high-voltage power lines are allowed to enter and work 

in any area of the entire switch-gears territory. Moving 

closer to the flat surface of the ground, the electric field 

gradually diminishes. But the electric field strength 

values can be exceed the permissible values in 

surroundings of sufficiently sharp-pointed and spiky 

grounded surfaces, such as, for example, metal fence. 

The modelling results show that the electric field is 

significantly increased around the top of the metal fence 

while exceeding allowed limit values. 

A well known technique of shielding against 

electrostatic fields is Faraday cage or Faraday shield: a 

space is shielded by covering it with the metal grounded 

mesh. Such a shielding can be successfully used for 

attenuation of the 50 Hz frequency electric field. As the 

electric field must not be cancelled but only diminished, 

it is not necessary to use cage; it is sufficient to mount 

only a few (or one) metal bars. When two or more 

shielding bars are used they must be grounded in such a 

manner that there would no be closed circuits. The 

research was performed to choose the most appropriate 

forms of shielding bars. It was found that the optimal 

and most appropriate form for shielding design is 

cylindrical metal pipe containing no sharp-pointed edges 

or spiky surfaces. In Fig. 4 there are presented 

arrangement of electric field shielding, forms and 

dimensions used for metal structures.  

 

6.5 m

4.5 m 4.5 m

2.8 m 1.9 m

0.9 m

2.4 m

0 x

y

A B C

shields

a)

6 cm
6 cm

6 cm
6 cm

6 cm

b)
 

Fig. 4. a) arrangement of the electric field shielding, b) forms 

of metal structures selected for shielding 

 

In the Table 2 there are presented the results obtained 

for forms of metal structures used for shielding against 

the electric field through 3D simulation using a software 

package COMSOL Multiphysics 3.5 with the height of 

shield being h=2.4 m and distance between the outer 

bars l=2.8 m. 

For the purpose of selecting an optimal shield design, 

the 3D simulation was performed using a software 

package COMSOL Multiphysics 3.5 too. 

According to Fig. 3 the most hazardous zones occur 

under the wires of A and C phases. These are the areas 

where electric field shields must be installed. 
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Table 2. The electric field strength under the shields of 

different form at 1.8 m height 
 

Form 
     

Em1.8, kV/m 9.4 9.5 9.2 9.4 9.3 

 

Simulation included shielding designs comprised of n 

parallel grounded metal bars mounted at height h=2.4 m 

where n=1, 2, 3, and 4. Metal bars were made of 6 cm 

diameter pipes. For the shielding of two or three bars, 

the distance between the marginal bars, l, was varied. In 

Fig. 5 different designs of the shields are shown. 

 

 
 

Fig. 5. The design of simulated shielding 

 

In any case under simulation, the electric field under the 

shield gradually diminishes moving to the ground 

surface. The electric field strength was measured at 

1.8 m height. In Table 3 there are presented the maximal 

values of the electric field strength measured in this 

height Em1.8. In the Table 3 n is the number of bars used 

for shielding, and l is the distance between the marginal 

bars of the shield. 

 
Table 3. The electric field strength under the shields at 1.8 m 

height (the shields are mounted in the height h=2.4 m) 
 

n 1 2 2 3 3 4 

l, m - 6.0 2.5 4.0 2.5 6.0 

Em1.8, kV/m 11 12.5 9.3 9.0 8.5 7.0 

 

In the case when the shield is comprised of only one bar, 

it is in the plane perpendicular to the ground surface 

stretching under the phase A or C wire. In case the 

shielding is comprised of more than one bar, these bars 

are arranged symmetrically to this plane (see Fig. 5.). As 

the electric field values reach hazardous limits at the 

vertical metal support-bars, it is desirable to mount 

shielding to the grounded structures available at the 

switch-gear or use the bars made of insulated materials.  

The dependence of electric field strength on the shield 

distance at the ground for the shields comprised of 1, 2, 

3 and 4 bars was investigated, too. Findings of this 

investigation are presented in the Fig. 6.  

These results suggest that with the increasing height of 

the shield the electric field strength diminishes at a 

workplace. 

 
 

Fig. 6. Dependence of the electric field strength at 1.8 m on 

the height of shielding. The shield variant is pointed by n(l), 

there n- number of bars, l- the distance between the marginal 

bars 

 

When the shield is mounted in a height at least 2.4 m it 

is sufficient to have the shield comprised of two 

shielding bars under each phase A or C wire in order to 

protect the entire area from the unacceptable exposure 

of the electric field. 

 

5. Conclusions 

 

1. Distribution of the electric field strength at the high-

voltage outdoor switch-gear can be obtained using the 

FEM simulation.  

2. 2D simulation is sufficient. The difference is less than 

4% between the results of the 2D and 3D simulations.  

3. The electric field can be reduced to the permissible 

limit values by using metal grounded bars as a means of 

shielding raised above the area to be shielded. For the 

330 kV open-type switch-gear it is sufficient to mount 

two metal bars in order to ensure safe work and 

operation under these wires. 

4. The proposed models can be used for monitoring of 

other hazardous workplaces. 
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Abstract: Six methods (naïve, weighted average, 
multiple regression, Holt-Winter, ARMA and VAR) are 
proposed to forecast wholesale electricity prices. Based 
on these methods 15 wholesale electricity price 
forecasting models are developed. They enabled to 
assess the impact of electricity production and 
consumption volume, net electricity import, electricity 
prices in neighboring countries, volume of electricity 
traded in power exchange as well wholesale electricity 
prices in the past on the future electricity price. The 
results told that wholesale electricity price forecasts 
prepared applying stochastic and regression methods 
were the most accurate. Accuracy increased, when 
exogenous forecasting factors were included. 
 
Keywords: wholesale market, electricity price, 
forecasting method. 
 

1. Introduction 
 
Changes in electricity sector make an influence on 
electricity price. Currently, wholesale electricity price 
changes frequently and thus make a strong impact on 
company’s profitability. Increasing prices signal the 
company on increased profitability, while highly 
reduced prices might imply looses. Electricity trading 
company, seeking profitably participate in the market, 
has carefully to decide on electricity trading price for 
the next day. Thus, the issue of accurate wholesale 
electricity price forecasting is relevant.  
The aim of this article is to offer methods for wholesale 
electricity price forecasting and to prepare wholesale 
electricity price forecasting models using Lithuanian 
data. 
Seeking to implement the aim, the following tasks have 
been set: 

– to present the methods that can be applied for 
wholesale electricity price forecasting; 

– to segregate wholesale electricity price forecasting 
factors; 

– to develop wholesale electricity price forecasting 
models using Lithuanian data. 

The realization of theses tasks referred to employment 
of the following methods: scientific literature analysis, 
ADF test, stochastic forecasting methods. 
 

2. Methodology 
 
Electricity price forecasting methods are selected after 
properties of time series are tested. For this purpose a 
unit root test is performed. The aim of this test is to 
determine the stationarity of a time series. The scientific 
literature proposes various types of tests for stationarity 
testing. In [1] and [2] Phillip-Perron test is applied, 
since this test is familiar to be robust for a variety of 
serial correlations and time - dependent hetero-
scedasticities. In [3] the augmented Dickey-Fuller 
(ADF) test is used. Since the ADF test might be 
specious for testing stationarity when presence of 
structural breaks of variables is taken into account, 
therefore in [4] Zivot and Andrews unit root test is 
employed. In [5] five different unit root tests are 
applied, i. e. augmented Dickey–Fuller, Elliot–
Rothenberg–Stock Dickey–Fuller GLS detrended, 
Phillips–Perron, Kwiatkowski–Phillips–Schmidt–Shin, 
and Ng–Perron MZα. These tests produced 
contradictory results; therefore it was decided to apply 
ADF test. ADF test refers to the hypotheses that the 
selected 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. In the case H0 is accepted, the unit 
root exists and the selected time series is non-stationary. 
Thus, it is necessary to difference it. Differencing 
usually converts the selected time series from non-
stationarity to stationarity. 
Considering the results of ADF test, wholesale 
electrcity price forecasting methods are selected. 
Wholesale electricity price forecasts are prepared 
considering six methods. They are as follows: 

– naïve, 
– moving average, 
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– Holt-Winter (without trend), 
– VAR, 
– ARMA, 
– and multiple linear regression methods. 

Naïve method assumes that electrcity price for the next 
hour is equal to the average price that was formed 
during the day before and is calculated by (1): 
 

.
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itPtF  (1) 

 
Here: Ft – electricity price forecast for time t; Pt-i –
 electricity price that was i periods before time t. 
Considering to the idea of moving average, wholesale 
electrcity price is calculated by (2): 
 

.44332211  tPtPtPtPtF   (2) 
 
Here: Ft – electricity price forecast for time t; 

4321 ,,,   are weights corresponding to 0.4, 0.3, 0.2 
and 0.1; Pt-1 – electricity price at time t-1; Pt-2 –
 electricity price at time t-2; Pt-3 – electricity price at 
time t-3; Pt-4 – electricity price at time t-4. 
Holt-Winter method (without trend) is based on 
equitions (3)-(5): 
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Here: Ft+k – a k-step ahead forecast; Lt – electricity price 
level; St+k-s – a seasonal component of electricity price 
for k-step ahead period, considering its length of 
seasonal cycle s; yt – electricity price at time t; St-s – a 
seasonal component of electricity price at time t-s; Lt-1 –
 electricity price level at t-1; coefficients   and   vary 
in a range of [0; 1]. 
Vector autoregression method (VAR) is based on the 
equation (6): 
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Here: yt – electricity price at time t; yt-i – electricity 
price at time t-i; xt-j – electricity price factor x at time t-
j; zt-k – electricity price factor z at time t-k; tε  – “white 
noise” at time t. 
ARMA(p; q) method is based on equation (7): 
 

,qtεqμ...1tε1μtεptYpβ...1tY1βαtY 

 where t ~N ).;0( 2   (7) 
 

Here: Yt-1 – electricity price at time t-1; Yt-p – electricity 
price at time t-p; tε  – “white noise” at time t; 

μ and β α,  – coeffiecients that are needed to be 
estimated. 
Multiple linear regression method is based on the 
equition (8): 
 

ε.xb...xbxbby mm22110   (8) 
 
Here: y – electricity price; x1, x2 and xm – electricity 
price factors; b0, b1, b2 and bm – coeffiecients that are 
needed to be estimated, ε  – “white noise”. 

The accuracy of electricity price forecasts is assessed 
considering the value of two indicators: 
– mean absoliute percantage error (MAPE). It is 

based on equation (9): 
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Here: n – number of observations; yt – actual electricity 
price at time t; Ft – forecasted electricity price at time t. 
Value of MAPE indicators tells about the relative 
accuracy of forecasts. If MAPE does not exceed 10%, it 
is kept that forecast is very accurate. Forecasts are 
accurate if MAPE does not exceed 20%. 
– root of mean squared error (RMSE). It is based on 

equation (10): 
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Here: n – number of observations; yt – actual electricity 
price at time t; Ft – forecasted electricity price at time t. 
 

3. Electricity price forecasting factors 
 
The methodology presented above requires selecting of 
appropriate exogenous factors that might explain 
wholesale electricity price development in future. 
Scientific literature suggests various exogenous factors 
that can be incorporated into the wholesale electricity 
price forecasting models. They are presented in Table 1. 
As it can be seen from Table 1, all wholesale electricity 
price forecasting factors are grouped under two criteria: 
1) under the electricity price factor’s relation with 
electricity demand and 2) under the electricity price 
factor’s relation with electricity supply. Taking into the 
consideration the world’s experience, it can be stated 
that not all indicators mentioned in Table 1 are used to 
forecast wholesale electricity prices. Usually, wholesale 
electricity price is forecasted using the following 
indicators – historical electricity prices, loads, volume 
of electricity consumed, prices of fuels (oil, natural gas, 
uranium and coal) used in electricity production, air 
temperature, water resources and exchange rates. 
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Table 1. Electricity price forecasting factors [6-16] 
 

 Forecasting factor 
El

ec
tri

ci
ty

 d
em

an
d 

fa
ct

or
s 

Fluctuations of economic activity level (growth 
rates of real GDP) 

Fluctuations of price level (growth rates of 
consumer price index and GDP deflator) 

Air temperature 
Prices of electricity substitutes (natural gas, 

biomass) 
Changes of retail electricity prices 

El
ec

tri
ci

ty
 su

pp
ly

 fa
ct

or
s 

Changes of fuel (oil, natural gas, uranium, natural 
gas, coal) prices used in electricity generation 
The structure of resources used in electricity 

production 
Changes of CO2 price  

Wind speed 
Amount of precipitation, water resource level 

Temperature 
Cloudiness 

Exchange rate (EUR/USD) 
Capacity installed in PPs and level of capacity 

utilization  
Changes of electricity import volume 

Technical state of PPs and generation unit 
availability 

Planned and unplanned generation outages 
State of transmission and distribution lines 
Situation (including prices) in neighboring 

electricity markets 
Electricity bidding strategies, system load 

 
4. Data set and hypothesis held 

 
Based on the results of scientific literature research the 
following wholesale electricity price forecasting factors 
are segregated for Lithuanian case: 

– price of electricity that is traded in Lithuanian 
power exchange; 
– electricity trading volume in Lithuanian power 
exchange; 
– electricity production volume in Lithuania; 

– wholesale electricity price in Estonia; 
– wholesale electricity price in Finland; 
– electricity flow with Russia; 
– electricity flow with Byelorussia; 
– net electricity import to Lithuania; 
– electricity consumption volume in Lithuania; 
– electricity system price in Nord Pool. 

Hourly data of the selected variables for the period 1 
January 2011 – 30 September 2011 are collected from 
the websites of Lithuanian power exchange BaltPool 
(www.baltpool.lt), Scandinavian countries power 
exchange Nord Pool (www.nordpoolspot.com) and 
Lithuanian transmission network operator Litgrid 
(www.litgrid.eu). 
Forecasting of wholesale electricity prices has been 
performed by testing the following hypothesis: 
H1: Seeking to prepare accurate wholesale electricity 
price forecasts it is valuable to use stochastic and 
regression methods. 
H2: Electricity consumption and production volume in 
Lithuania are appropriate wholesale electricity price 
forecasting factors. 
H3: Inclusion of volume of electricity traded in 
Lithuanian power exchange contributes to accurate 
wholesale electricity price forecasts. 
H4: Incorporation of indicators of international 
electricity trade (net electricity import volume, 
electricity flows with Russia and Byelorussia) 
contributes to improved accuracy of wholesale 
electricity price forecast. 
H5: Development of wholesale electricity price in 
Lithuania is well described by development of prices in 
Estonia and Finland, as well by Nord Pool system price. 
 

5. Results 
 
With reference to methodology described above, first of 
all the stationarity of time series of wholesale electrcity 
price and its factors has been tested. The results are 
presented in Table 2.  

 
Table 2. Results of stationarity testing: unit root for stationarity at level 
 

 
The results, presented in Table 2, show that the HA is 
accepted. Thus, the selected time series are stationary in 
levels, when 5% significance level is considered.  
Based on the conslussion that time series is stationary in 
levels, 6 forecasting methods are selected and 15 

wholesale electrcity price forecasting models are 
prepared. Expressions of wholesale electricity price 
forecasting models are presented in Table 3. 

Variable Notation Without intercept Intercept Intercept and Trend 
Wholesale electricity price in Lithuania, LTL/MWh Pexchange 0,0011 8,06∙10‐52 7,82∙10‐89 

Electricity trading volume in Lithuanian power exchange, 
MWh Qexchange  0,0469 2,53·10-40 1,83·10-60 

Electricity production volume in Lithuania, MW; QP  6,33·10-8 2,33·10-39 1,31·10-57 
Wholesale electricity price in Estonia, EUR/MWh PEstoniaa 6,12·10-5 5,14·10-52 6,5·10-91 
Wholesale electricity price in Finland, EUR/MWh PFinland 0,0376 2,61·10-27 1,34·10-63 

Electricity flow with Russia, MW FlowRU  6,37·10-6 1,31·10-13 2,37·10-22 
Electricity flow with Byelorussia, MW FlowBY  2,05·10-14 6,56·10-23 4,96·10-25 
Net electricity import to Lithuania, MW QI 0,0074 9,47·10-46 7,79·10-65 

Electricity consumption volume in Lithuania, MW QC 1,110·10-5 6,83·10-50 6,21·10-119 
Electricity system price in Nord Pool, EUR/MWh PNordPool  0,0368 4,26·10-9 1,55·10-41 
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The results presented in Table 3 show that various 
methods and their modifications can be applied to 
forecast wholesale electricity prices in Lithuania.  
As it can be seen from the Table 3, the forecasts 
accuracies of models prepared applying various 
stochastic and regression methods are different. The 
more model is comprehensive, the more accurate 
forecasts are. Considering the values of RMSE 
indicator, it can be stated that VAR, ARMA and Holt-
Winter models are the most accurate forecasting 
models, since value of RMSE does not exceed 14.00 
LTL/MWh. RMSE values are higher for multiple 
regression, weighted average models and the highest is 
for naïve one. This confirms that forecasts accuracy will 
be lower if these models are selected. Values of MAPE 
indicator affirm the conclusion that seeking to provide 
very accurate forecasts it is better to apply VAR, 

ARMA and Holt-Winter models. However, considering 
to values of MAPE indicator one can notice that 
multiple regression models can be also selected to 
provide wholesale electricity price forecasts. MAPE of 
multiple regression models does not exceed 20%; 
therefore it is considered that forecast accuracy 
applying multiple regressions is appropriate. Thus, the 
analysis of results suggests that hypothesis H1 stating 
that seeking to prepare accurate wholesale electrcity 
price forecasts it is valuable to use stochastic and 
regression methods is accepted. 
The remaining hypothesis H2–H5 will be tested, based 
on multiple regressions, ARMA and VAR models. 
Wholesale electricity price forecasts under the multiple 
regression models are prepared considering the 
additional forecasting equations presented in Table 4. 

 
Table 4. Equations for forecasting of factors of Lithuanian wholesale electricity price  
 

Equation Standard error RMSE t0 
Forecast 

t+1 t+2 

5tP;Q0.02273tP;Q0.0560- 

2tP;Q0.049761tP;Q9925.0362.410tP;Q




 67.65 67.66 313.42 269.38 286.09 

2tu0.11181tu.493902tEstonia;P0.5420

1tEstonia;P4494.10089.45tEstonia;P




 4.56 4.56 32.46 30.40 31.49 

7tFinland;P0854.0 4tFinland;P0.0567 - 

3tFinland;P.255002tFinland;P1498.0 

1tFinland;P0334.13173.53tFinland;P







 3.73 3.74 35.16 29.83 30.58 

2tu0.28791tu0.9259- 

2tC;Q7656.01tC;Q1683.145.1088tC;Q




 112.89 112.89 910.40 917.23 896.58 

6tRU;lowF0.0418 

3tRU;lowF.037502tRU;lowF0804.0 

1tRU;lowF08908.0074.249tRU;lowF







 44.67 45.00 -469.44 -460.57 -454.78 

2tu0.23161tu7110.02tBY;lowF6083.0- 

1tBY;lowF6074.1339.189tBY;lowF




 85.41 85.66 -349.90 -356.50 -351.04 

2tu3026.01tu.641302texchange;Q5410.0

1texchange;Q538.1218.906texchange;Q




 78.59 78.60 992.00 985.90 992.20 

Here: ut-n – errors. 
 

Based on ARMA method forecasting equations for 
factors of wholesale electricity price are developed. The 
prepared forecasting equations enable to forecast how 
factors of wholesale electricity price will develop in 
Lithuania in near future. Thus, based on these equations 
the following assumptions for different time moments 
are accepted: 

– for time t+1: electricity consumption volume in 
Lithuania will grow by 0.75%; however, it is forecasted 
that electricity production volume will reduce by 
14.05% in Lithuania; electricity import from Russia and 
Byelorussia will reduce by 1.89%; electricity prices in 
neighboring electricity markets will reduce by 6.35% in 

Estonia and 15.16% in Finland; electricity trade volume 
in Lithuanian power exchange will increase by 0.62%. 

– for time t+2: due to reduced electricity consumption 
volume in Lithuania, electricity production volume will 
reduce by 8.72%; electricity import from Byelorussia 
will increase by 0.33%; reducing electricity demand 
will influence on reduction of electricity import from 
Russia by 3.12%; electricity prices in Estonia and 
Finland will also reduce by 3.18% and 13.03%; 
electricity trading volume in Lithuanian power 
exchange will increase by 2.01%. 
It is forecasted that subject to determined assumptions, 
wholesale electricity price at time moment t+1 can 
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fluctuate in a range of 134.87 LTL/MWh (6 model) –  
136.73 LTL/MWh (4 model). At time moment t+2, 
wholesale electricity price can vary in a range of 136.82 
LTL/MWh (6 model) – 137.60 LTL/MWh (4 model). 
The actual wholesale electricity price in Lithuania was 
140.05 LTL/MWh at time moments t+1 and t+2. Thus, 
it is calculated that forecasted wholesale electricity price 
deviated from actual price for about 2.37–3.70% at time 
moment t+1. The calculations suggest that prepared 
forecasts are accurate. At time moment t+2 forecasts 
accuracy is also reasonable, since difference between 
forecasted and actual prices is 1.75-2.31%. 
ARMA models allow assessing how wholesale 
electricity price will develop in near future considering 
price dynamics in the past. It is forecasted that at time 
moment t+1 wholesale electricity price should be 
139.54–140.39 LTL/MWh, and at time moment t+2 it 
should slightly increase (140.77–141.46 LTL/MWh). 
VAR models enables to assess how wholesale 
electricity price will develop considering the 
development of various price factors. For example, 
model 10 shows that wholesale electricity price in 
Lithuania will change because of changes of electricity 
production and import volumes and changes of prices in 
neighboring electricity markets (in Estonia). The results 
of the model represent that due to these reasons, 
wholesale electricity price in Lithuania should increase 
from 138.42 LTL/MWh (t+1) till 140.17 LTL/MWh 
(t+2). However, the accuracy of this VAR model is the 
lowest of all VAR models, i. e. its MAPE is 9.47%. The 
most accurate VAR model is model 14. Its MAPE is 
8.95%. This model enables to assess the impact of 
changes of net electricity import on Lithuanian 
wholesale electricity price. Other VAR models allows 
to assess the impact of electricity trading volume in 
Lithuanian power exchange (11 model), electricity 
consumption volume in Lithuania (12) wholesale 
electricity price in Estonia (13 model) and electricity 
system price in Nord Pool (15 model) on Lithuanian 
wholesale electricity price. The results of the analysis 
suggest that hypothesis H2, H3, H4, and H5 should be 
accepted. 
 

6. Conclusions 
 
With reference to the results, the following conclusions 
might be done: 
1. Stochastic and regression forecasting methods are 
appropriate for preparation of accurate wholesale 
electricity price forecasts. ARMA, VAR and multiple 
regression models ensure high and reliable forecasts 
accuracy. 
2. Electricity consumption and production volume, 
volume of electricity traded in power exchange, net 
electricity import volume, electricity flows with 
neighboring countries, as well electricity prices in 
neighboring countries are all exogenous electricity price 
forecasting factors. Inclusion of these factors into the 

models ensures improved wholesale electricity price 
forecasts. 
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Abstract: The paper presents the European Union's 

policy in the field of natural gas supply, the perspective 

demand of natural gas in Lithuania, which is the result 

of analysis of the natural gas final use in the economic 

sectors as well as scenarios of power and district heating 

systems development. The results of analysis concerning 

the capacity of liquefied natural gas (LNG) terminals, 

the operation regimes, possible development and 

capacities of gas supply system are also presented in this 

paper.  

Keywords: terminal of liquefied natural gas (LNG), 

operation regimes of natural gas supply system. 

 

1. Introduction 

 

Most of the Lithuanian economy depends very much on 

import of the two types of energy: natural gas and oil. 

Lithuania is isolated natural gas market; the gas is 

purchased at higher prices than in some other European 

countries. Also, the natural gas sector is characterized 

by the high dependency on the one energy supplier - 

Russia. Thus, supply of gas is not diversified, 

alternatives of natural gas supply in order to supply 

basic demand of gas are not available and Lithuania 

cannot participate in the international gas markets. Such 

situation is intolerable, and therefore it is needed not 

only reform of the gas sector, but at the same time the 

planning for liquefied natural gas import terminal and 

other infrastructure, which would lead to an alternative 

gas supply, must take place. So, the EU policy goal to 

ensure the security of gas supply is very relevant for 

Lithuania. 

In order to solve these problems, the government 

developed the draft of the National energy (energy 

independence) strategy in 2010 [1], which provides plan 

to completely reorganize the Lithuanian natural gas 

sector and to ensure transparent functioning of this 

market until the year 2020. To achieve these objectives 

the following measures are planed: 

• LNG import terminal; 

• The storage of natural gas; 

• New gas pipe to Poland; 

• Search of shale gas in Lithuania. 

The implementation of the EU's third energy package 

and the liberalization of gas market are also the strategic 

provisions of Lithuania. The Ministry of Energy has 

chosen the main model to implement the Directive 

2009/72/EC - the separation of ownership. The 

separation of ownership will create the options for end 

users to purchase natural gas from more than one 

supplier. 

The construction of LNG import terminal would be one 

of the most rational investments currently planned in the 

country's energy sector taking into account the large 

share of natural gas in the country’s energy balance, the 

dependency on a single supplier of natural gas, the 

European Union and Lithuanian energy policy which is 

aimed at increasing security of supply, energy efficiency 

and competition. It should be noted that the Lithuanian 

government has already initiated the preparations for the 

construction of LNG terminal. Private business also has 

expressed intentions to build separate LNG terminal. 

 

2. EU policy in the gas sector 

 

It is important to perform analysis of the European 

Union (EU) energy policy implemented in the directives 

and other legal documents and to find out how it is 

compatible with Lithuania's ambition to build one or 

more LNG terminals. There are a number of policy 

documents regulating or otherwise affecting the EU gas 

sector: the third energy package, regulation No. 

994/2010 concerning measures on security of gas 

supply, etc. [2-4]. 

Based on the review of the EU energy policy documents 

regulating the gas sector, it is clear that priority was 

given for the objective to reduce the vulnerability of 

Member States concerning the potential natural gas 

supply and imports disruptions, uncertainties or energy 

crises. 

It is predicted that EU will continue in the future to be 

significantly dependent on natural gas; the consumption 
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and imports will increase while domestic production will 

further decline. So it is no surprise that the EU's energy 

policy recognizes and emphasizes the importance of 

measures aimed to diversify the natural gas supply 

sources and routes and to ensure the solidarity between 

Member States. The new import pipelines and other 

infrastructure such as LNG terminals are necessary 

taking into account the declining gas production 

volumes and the EU's concerns about the security of gas 

supply. 

The main objective of the European Union is to create a 

common, competitive and viable natural gas market. In 

order to ensure the competitiveness, sustainability and 

security of supply, it is necessary to modernize the 

energy infrastructure and to connect cross-border gas 

networks. In order to reach this goal, the EU aims at 

facilitating conditions for the infrastructure projects 

through initiatives such as “Energy infrastructure 

priorities for 2020 and beyond” [5] or “Baltic Energy 

Market Interconnection Plan (BEMIP)” [6]. The 

priorities are given to investments in LNG terminals and 

storage facilities, as well as diversification of gas 

transportation and supply routes. The main objectives of 

BEMIP are the integration of the Baltic region into the 

single EU energy market and construction of gas links 

with neighbouring countries. The objective of 

Regulation No 994/2010 of 20 October 2010 concerning 

measures to safeguard security of gas supply is to 

guarantee the security of gas supply by ensuring 

adequate and uninterrupted natural gas market 

functioning. It also requires that not later than 3 

December 2014 EU countries would have adequate 

alternatives to supply gas for customers in case of 

malfunction of the main gas supply infrastructure. Thus, 

the initiative to construct LNG terminals in Lithuania is 

fully consistent with the Lithuania’s and EU energy 

policy. 

Currently the Lithuanian Government has approved the 

legal separation of gas company activities, but it will not 

provide a competitive natural gas market. Lithuania 

should be concerned to create the necessary 

infrastructure (connections with Poland or the LNG 

terminal) as soon as possible. The more as the 

implementation an n-1 formula provided in the EU 

Regulation No. 994/2010 for Lithuania can only be 

achieved realizing above-mentioned or other alternative 

gas supply projects. Member States shall ensure the 

ability of the gas infrastructure to satisfy total gas 

demand in the calculated area in the event of disruption 

of the single largest gas infrastructure during a day of 

exceptionally high gas demand occurring with a 

statistical probability of once in 20 years. 

 

3. The forecast of gas demand 

 

Efficiency of LNG terminal operation is highly 

dependent on natural gas consumption volumes and their 

changes over time, as well as pipelines capacity and 

other conditions. Perspective demand of natural gas 

cannot be forecasted taking into account previous 

trends. This process requires a comprehensive analysis 

of the whole energy sector development. Only this 

analysis can provide an objective and reasonable 

demand of natural gas and assess their spatial 

distribution, which has an essential influence on loads of 

the gas supply pipelines system and flow distribution. 

Thus, the prospective natural gas demand was assessed 

by using the mathematical model of the energy sector 

development. The model uses the criterion of minimum 

costs and optimizes the energy consumption and energy 

technology structures. It has been covered and analysed 

the entire chain of energy flows, ranging from resource 

extraction or imports and ending with the final use of 

different types of energy derived from these resources 

for public needs. All factors are assessed in the model 

including the use of renewable energy and 

environmental impact assessment, taking into account 

the country's commitments to the EU and national 

strategic objectives and to serve customers at the lowest 

possible energy prices. 

The calculation results show that new Visaginas NPP 

and increased use of RES in the heat supply sector will 

have the main impact on natural gas consumption in the 

country and its future demand. When a new combined 

cycle gas turbine (CCGT) unit in Elektrėnai will start its 

operation, the share of natural gas in the primary energy 

structure will increase to 38.5 - 38.7%. Later on, its 

relative share will decrease and will come back to the 

current 35% level in 2015. In a case when new NPP in 

Visaginas is not built, rational share of natural gas in 

primary energy resource structure reaches 30.9% in 

2020 and increases to 32.2% in 2025. If new NPP in 

Visaginas would be built, natural gas in Lithuania’s 

perspective primary energy structure changes from 

24.6% in 2020 to 26.6% in 2025. The biggest impact on 

district heat production structure will make the 

requirement of the EU Directive 2009/28/EU to increase 

the share of RES in the gross Lithuania’s final energy 

consumption to 23% in 2020. In order to reach this 

objective the district heating systems have to play the 

largest role. As a result about 60% or more of district 

heat should be produced from RES in 2020. All these 

factors will have a decisive influence on decline of 

natural gas consumption in the district heating sector. 

Natural gas demand corresponding to the above-

mentioned structural changes in the electricity and 

district heating sectors are summarized in Figure 1. 

The data shows that during the period analysed 

maximum demand of natural gas is associated with the 

commissioning of new CCGT unit at Elektrėnai in 2012 

(Fig.1). Annual gas demand is estimated about 4.1 - 4.2 

billion m
3
 in 2013. For the year 2017-2020 the natural 

gas demand will decrease because of the restructuring 

the Lithuanian energy sector in the direction of wider 

use of RES, as well as because of outdated gas-fired 

power and heat generation technologies will be changed 

with new efficient technologies. In the case if new NPP 

in Visaginas is not built, natural gas consumption at the 

end of the decade could be reduced to 3.1 - 3.3 billion 

m
3
 per year, if Visaginas plant would be built to 2.6-2.8 

billion m
3
 per year. In both these cases, it is assumed 

that AB Achema annual gas demand is 1 billion m
3
. 
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Depending on the situation in the fertilizers market, a 

annual gas demand of AB Achema could vary from 0.5 

to 1.5 billion m
3
, so the total natural gas demand of the 

country may fluctuate by the volume of 0.5 billion m
3
. 

Thus, the demand for natural gas after commissioning of 

CCGT unit could rise to 3.6-4.7 billion m
3
 per year, and 

at the end of the decade could fall to 2.1-3.8 billion m
3
 

per year. Natural gas demand in Lithuania could be 2.6-

4.3 billion m
3
 per year in 2025, depending on the AB 

Achema demand fluctuation. If for any reason, the 

program of wider RES use would be not implemented, 

the electricity import wouldn’t be possible and the 

volume of natural gas for heat and electricity would be 

the same as predicted for year 2013, natural gas demand 

could reach 5.0-5.1 billion m
3
 per year in 2025 

(assuming that the Achema demand is 1.5 billion m
3
 of 

gas per year). This natural gas consumption level could 

be considered as the absolute maximum, but the 

probability of this scenario is very low. 
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a) Visaginas NPP is not constructed     b) Visaginas NPP is constructed 

 

Fig. 1. Gas consumption dynamics in Lithuania (AB „Achema“ demand is 1 billion m3 gas per year and RES utilization is increased 

according to the EU directive 2009/28/EU requirements) 

 

The boundary limits of natural gas demand during the 

period analysed are presented in Figure 2. The results of 

calculations were summarized and a very unlikely 

scenario was rejected, so the countable natural gas 

demand in the following calculations was assumed of 

4.33 billion m
3
 per year (Figure 2). So, the above-

mentioned demand for natural gas was applied 

calculating LNG terminal operating modes and for the 

gas supply pipelines development analysis. 
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Fig. 2. The natural gas demand boundaries 

 

In the calculations the change in natural gas 

consumption during the year was also assessed. The 

total gas consumption in individual gas distribution 

stations has been estimated and using this result loads 

change in the gas supply system during the year was 

calculated. The maximum loads typical for December 

month, minimum loads for the month of July. 

 

 

4. Operating regimes of LNG terminals and natural 

gas networks 

 

Government have initiated the preparatory work for 

construction of LNG terminal. But is not explicitly 

stated what will be the capacity and the planned annual 

load of this terminal. Describing the key design 

parameters of LNG terminal in its Development Plan [7] 

it is indicated that the planned volume of imported gas 

could reach 2-3 billion m
3
 per year and 7 million m

3
 per 

day. Nominal capacity could reach 0.23 million m
3
 gas 

per hour (5.5 million. m
3
 per day), and maximum 

capacity - 0.46 million m
3
 per hour or 11 million m

3
 per 

day. It also highlights the "critical demand for natural 

gas" - 6 million m
3
 per day during the peak consumption 

or 1.2 billion m
3
 per year. 

Despite what quantities of gas will be supplied through 

the terminal, it is logical to assume that the remaining 

gas infrastructure (networks) must be adjusted for 

maximum potential LNG terminal output capacity. So it 

is important to estimate the impact of gas supply system 

on the operation of potential LNG terminals as well as 

the required development of gas transmission networks. 

In order to determine the potential loads of LNG 

terminals and gas supply system operating regimes a 

number of possible scenarios, network development and 

operation modes variations have been examined. 

Analysed variations of gas supply system operation 

could be summarized by three possible development 

scenarios: 

• Without network reinforcements; 

• Reinforcement of Gargždai-Kuršėnai pipeline; 

• Reinforcement of Jurbarkas-Klaipėda pipeline. 
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All analysed variations of scenario “Without network 

reinforcements” are designed to identify possible 

operation regimes of transmission pipelines in a case 

pipeline Jurbarkas-Klaipeda with diameter of 400 mm 

would be built, the terminals would be connected to gas 

network with pipeline of 700 mm diameter and the rest 

configuration of the transmission network would 

remained unchanged. 

All analysed variations of scenario “reinforcement of 

Gargždai-Kuršėnai pipeline” are designed to determine 

the potential LNG terminal loads and operation regimes 

of transmission networks in normal and emergency 

situations with additional pipeline Gargždai-Kuršėnai of 

500 mm diameter. 

All analysed variations of scenario “reinforcement of 

Jurbarkas-Klaipėda” pipeline are designed to determine 

the potential LNG terminal loads and operation regimes 

of transmission networks in case the diameter of 

pipeline Jurbarkas-Klaipėda is 700 or 800 mm (instead 

of pipeline with 400 mm diameter).  

The calculations of gas network operation regimes and 

possible operation of LNG terminal were carried out. 

Results showed that in a case of scenario “Without 

network reinforcements” the maximum winter load of 

LNG terminals ranges from 5.044 million m
3
 per day to 

6.287 million m
3
 per day. The maximum load of LNG 

terminals is observed during normal operation when the 

compressor station in Minsk operates with reduced 

pressure (44-46 bar). The demand changes in AB 

Achema have only a negligible influence on the load of 

terminal. In a case the gas supplies from Russia are 

interrupted and the Kaliningrad region and AB Achema 

are cut off, winter maximum demand could be satisfied 

in Lithuania only with import about 9 million m
3
 of gas 

from Latvia. If only the guaranteed supply of 1 million 

m
3
 per day is supplied, it is not possible to balance the 

Lithuanian gas supply system. 

The pressure is higher than 42 bars in all nodes of the 

main Lithuanian gas transmission ring LNG terminal – 

Klaipeda – Šiauliai – Panevėžys – Kaunas - Jauniūnai – 

Šakiai – LNG terminal, in all options of this scenario 

with normal LNG terminal and Minsk compressor 

station operating regimes. If pressure in Minsk 

compressor station is reduced (to take as much gas from 

LNG terminal as possible) or gas supply from Russia is 

interrupted, the gas pressure drops to 26 bar. Thus, it is 

not possible to further reduce the pressure in Minsk 

compressor station and increase the load of LNG 

terminal because the pressure at Šakiai gas metering 

station have to be maintained at level of 25 bar or more. 

The maximum instantaneous load of LNG terminals in 

all options of scenario “without network reinforcements” 

is significantly lower than the countries’ gas demand 

during the maximum load time. This is partly the case 

even for those variations in which gas for AB Achema is 

not supplied. This allows to use the LNG terminals in 

the base or partly base regimes and to achieve a 

relatively high utilization rate. Using LNG terminals in 

such operation regimes, the annual output of analysed 

options is ranging from 1.82 to 2.29 billion m
3
 per year. 

However, in this case the remaining natural gas 

suppliers have to supply gas at the peak regime. Most 

part of gas in this way should be supplied during the 

winter maximum load and the lowest part - in the 

summer. This is a very unfavourable supply regime 

because the installed gas supply infrastructure is fully 

utilized for a very short time. The other gas suppliers 

such as Gazprom may refuse to supply gas in such 

regime or will require for higher gas price. Thus, it 

could be impossible to operate the LNG terminal in a 

base or partly base operating regime. Their operation 

regimes have to be adjusted to the gas consumption 

regime. If the LNG terminal would follow load demand 

changes in the country during the year, the output in this 

case could be 1.15-1.47 billion m
3
 per year. The 

investments in gas supply network development in case 

of this scenario are estimated at about 185 million Lt. 

The LNG terminals could reach a maximum 11 million 

m
3
 per day capacity in case additional pipeline 

Gargždai-Kuršėnai of 500 mm diameter could be 

constructed. In a case when gas from Russia is not 

supplied and the Kaliningrad region and AB Achema are 

cut off, terminals could supply an average of 12.03 

million m
3
 gas per day in December. But, in order to 

maintain the proper gas supply regime, the small amount 

of gas import from Latvia would be required. Otherwise, 

it would be impossible to balance the operating regime 

of gas supply system. In this case, LNG terminals could 

almost completely satisfy the country’s gas demand on 

the average December day (if AB Achema at that time 

would be disconnected from the network). The required 

gas supply from Latvia is low. However, if AB Achema 

is connected to the network, the necessary gas supply 

from Latvia is increasing considerably, especially at the 

maximum load time. The annual load of LNG terminals 

would be about 2.5-3.3 billion m
3
 per year. 

During normal operation, i.e. in the case when gas is 

supplied from Russia and the pressure at Minsk 

compressor station is maintained at the level of 55 bars, 

the average instantaneous load of LNG terminals is 6.65 

million m
3
 per day in December (in this case AB 

Achema consumes 1 billion m
3
 of gas per year), and 

maximum instantaneous load is 7.67 million m
3
 per day 

(in this case annual demand of AB Achema reaches 1.5 

billion m
3
). The annual capacity of LNG terminals in 

these cases is 1.72-2.43 and 1.82-2.8 billion m
3
 per year. 

However, if necessary (in a case of the favourable 

situation in the gas market) the annual capacity of LNG 

terminals could be increased to 3-3.6 and 2.5-3.35 

billion m
3
 per year. In this case the pressure of the 

Minsk compressor station must be significantly reduced. 

The investments in gas supply network development in 

case of this scenario are estimated at about 333 million 

Lt. 

The possibilities to use LNG terminals and the operating 

regimes of gas transmission network could be 

significantly improved if pipeline Klaipeda-Jurbarkas 

with diameter of 700 mm or 800 mm constructed 

(instead of the planned 400 mm diameter) compared to 

the “reinforcement of Gargždai-Kuršėnai” scenario. In 

this case, even maintaining the nominal pressure at 

Minsk compressor station the maximum load of LNG 
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terminal could reach 10.6 million m
3
 per day. This 

would allow much greater flexibility of LNG terminals 

during the changing situation in the gas market. The 

annual output of the terminal in this case would be about 

2.5-3.35 billion m
3
. 

The reduction of gas pressure in Minsk compressor 

station would allow even more flexible responding to 

market conditions. Even supply of 19.5 million m
3
 per 

day could be possible in the gas network, and an annual 

output of LNG terminals could reach 4.6 billion m
3
, i.e. 

gas could be even exported to the neighbouring 

countries (for example to the Kaliningrad region). 

Moreover, the country’s gas consumers could be almost 

fully supplied from the LNG terminals. Calculations 

show that without the gas supply from Russia, only in a 

few segment of the network pressure could fall to a 

critical threshold. But even in this case, applying modest 

restrictions for some consumers or supplying a small 

share of the gas from Latvia, the situation in the network 

could be improved. 

It is also worth to point out that the investments in 

network development (335 million Lt) are exactly the 

same as in “reinforcement of Gargždai-Kuršėnai” 

scenario, especially if pipeline with 700 mm diameter is 

constructed. However, even a case of pipeline with 800 

mm diameter the investments are larger only by 45 

million Lt. 

The results of above described scenarios are 

summarized in Table 1 (see next page). 

 

5. Conclusions 

 

1. Possible construction of LNG terminals in Lithuania 

fully complies with EU energy policy to reduce the 

vulnerability of Member States because of natural 

gas import and supply disturbances. 

2. Construction of LNG import terminal would be one 

of the most rational investments planed in the 

country's energy sector, seeking to reduce the gas 

sector dependence on one supplier. 

3. The calculation results show that new Visaginas NPP 

and increased use of RES in the district heat supply 

sector will have the main impact on natural gas 

consumption in the country and its future demand. 

4. Maximum demand of natural gas is associated with 

the commissioning of new CCGT unit at Elektrėnai 

in 2013, when annual gas demand is estimated about 

4.1 - 4.2 billion m
3
. 

5. In the case when new NPP in Visaginas is not built, 

natural gas consumption could be about to 3.1 - 3.3 

billion m
3
 per year in 2020. In the case when 

Visaginas plant is built, natural gas consumption 

could be about 2.6-2.8 billion m
3
 per year. 

6. When constructing the 400 mm diameter pipeline 

Jurbarkas-Kaipėda, LNG terminals working in the 

base regime could supply only 2.3 billion m
3
 gas per 

year. If the gas supply from LNG terminals would 

follow variations of country’s gas consumption 

during the year its annual supply could be only 1.15-

1.47 billion m
3
. Gas transmission network capacity 

would limit higher utilization possibilities of 

terminals. 

7. LNG terminals output could be increased up to 3.6 

billion m
3
 per year after reinforcement of Gargždai-

Kuršėnai pipeline. However, without gas supply 

from Russia the country's maximum demand of 

natural could not be satisfied only from LNG 

terminals. The additional investments in 

development of gas supply network in case of this 

scenario are estimated at 150 million Lt. 

8. The LNG terminals output could be increased up to 

4.2-4.6 billion m
3
 per year if pipeline Klaipėda-

Jurbarkas with diameter of 700 mm or 800 mm is 

constructed (instead of the planned 400 mm 

diameter). LNG terminals could meet the demand of 

all consumers even without gas supply from Russia. 

Low gas consumption limitations at Elektrėnai - 

Jonava gas distribution stations may be needed only 

during the winter maximum loads. The investments 

for the development of gas transmission network 

would be similar as in case of making reinforcements 

of Gargždai-Kuršėnai pipeline. Constructing pipeline 

with 800 mm diameter the investments are larger 

only by 45 million Lt. 
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Table 1. Possible load of LNG terminals 
 

 

Scenari

o 
Variations 

Load year, 

regime* 

AB 

"Achema" 

annual gas 

demand, 

billion m3 

Supply volume 

from Minsk, 

pressure at the 

Minsk node, 

bar 

Supply 

volume 

from 

Latvia, 

pressure 

at the 

Kiemėnai 

node, bar 

Load of 

LNG 

terminals in 

winter 

maximum 

load period, 

million m3 

per day 

Maximum 

annual LNG 

terminal 

capacity 

without 

observing the 

consumption 

regime, 

billion m3per 

year 

Annual LNG 

terminal 

capacity 

observing the 

consumption 

regime, 

billion m3per 

year 

W
it

h
o

u
t 

n
et

w
o

rk
 r

ei
n

fo
rc

em
en

ts
 

 

S-1 2015 Achema 1   

ZM 

2015, 

W.M. 1 Required, 55 

Not 

supplied 5,04 1,84 1,15 

S-1 2015 Achema 1 

ZM_m 

2015, 

W.M. 1 Required, 55 

Not 

supplied 5,07 1,85 1,15 

S-2 2015 Achema 1 

ZM_m 

2015, 

W.M. 1 Required, 44 

Not 

supplied 6,25 2,28 1,42 

S-3 2015 Achema 1.5 

ZM_m 

2015, 

W.M. 1.5 Required, 46 

Not 

supplied 6,18 2,25 1,46 

S-4 2025 Achema 1 

ZM_m 

2025, 

W.M. 1 Required, 45 

Not 

supplied 6,29 2,29 1,43 

S-5 2025 Achema 1.5 

ZM_m 

2025, 

W.M. 1.5 Required, 46 

Not 

supplied 6,20 2,26 1,47 

S-6 Achema 0 ZM_m  W.M. 0 Not supplied 

1 million 

m3 per 

day 

Regime don’t exist 

S-7 Achema 0 ZM_m W.M 0 Not supplied 40 bar 6,01 1,82 1,22 

R
ei

n
fo

rc
em

en
t 

o
f 

G
ar

g
žd

ai
-K

u
rš

ėn
ai

 

p
ip

el
in

e 

P-1 Achema 0 ZV_m W.A. 0 Not supplied 

Not 

supplied 
Regime don’t exist 

P-2 Achema 0 ZV_m W.A. 0 Not supplied 

1 million 

m3 per 

day 12,03 2,94 2,86 

P-3 2015 Achema 1 

ZV_m 

2015, 

W.A. 1 Required, 55 

Not 

supplied 6,65 2,43 1,72 

P-4 2015 Achema 1 

ZV_m 

2015, 

W.A. 1 Required, 35 

Not 

supplied 11,57 3,57 3,00 

P-5 2025 Achema 1.5 

ZM_m 

2025, 

W.M. 1.5 Required, 55 

Not 

supplied 7,68 2,80 1,82 

P-6 2025 Achema 1.5 

ZM_m 

2025, 

W.M. 1.5 Required, 44 

Not 

supplied 10,59 3,35 2,51 

P-7 Achema 1 ZM_m W.M 1 Not supplied 38 bar 10,96 3,19 2,50 

P-8 Achema 1 ZM_m W.M 1 Not supplied 30 bar 11,65 3,32 2,65 

R
ei

n
fo

rc
em

en
t 

o
f 

Ju
rb

ar
k

as
-K

la
ip

ėd
a 

p
ip

el
in

e 

J-1 2015 Achema 1 

ZV_m 

2015, 

W.A. 1 Required, 35 

Not 

supplied 14,16 3,90 3,77 

J-2 Achema 1 ZV_m W.A. 1 Not supplied 

1 million 

m3 per 

day 14,24 3,91 3,91 

J-3 Achema 1 ZM_m W.M. 1 Not supplied 25 bar 14,51 3,76 3,31 

J-4 2025 Achema 1.5 

ZM_m 

2025, 

W.M. 1,5 Required, 55 

Not 

supplied 10,59 3,35 2,51 

J-5 2025 Achema 1.5 

ZM_m 

2025, 

W.M. 1,5 Required, 30 

Not 

supplied 15,86 4,25 3,76 

J-6 2025 Achema 1.5 

ZM_m 

2025, 

W.M. 1,5 Required, 30 

Not 

supplied 19,53 4,62 4,62 

J-7 Achema 1.5 ZM_m W.M. 1 Not supplied 

Not 

supplied 18,03 3,94 3,94 

* W.M. – Maximal daily load of winter period, W.A. – Average daily load of winter period. 
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Abstract: A different field specialist meets lightning 

discharge spatial distribution and lightning protection. 

The suitable grounding of sensitive electronic equipment 

cases in the building objects is one of the measures to 

reduce the effect of the disturbances which arise due to 

the lightning impact or various commutations in the 

power supply network. The data registration and 

analysis is essential when characterizing such 

disturbances. Registration demonstrates the real 

statistical parameters in the particular objects. 

This work describes the requirements for 

electromagnetic environmental damage in power 

stations, which do not require special detection 

measurements. Connections between such disturbances 

and possible negative outcomes for electronic devices 

are indicated. Practical examples of determining the 

electromagnetic environment are provided. 

 

Keywords: substation, lightning, grounding contour, 

lightning surge, electromagnetic environment. 

 

1. Introduction 

 

Electromagnetic compatibility of technical means 

(EMC TM) – a problem that compulsorily drew 

attention of professionals of power systems. When the 

old electromechanical relays were replaced by 

microprocessor the most acute problem in the power 

systems become EMC growth. Attempts to introduce 

microprocessor-based devices on the traditional 

substation led to problems like malfunction, damage, 

incorrect interpretations of the signals. 

The problem was a bad ground loop and application of 

technical means that do not meet the requirements of the 

EMC. Thus the provision of EMC is relevant and 

decision directly affects the reliability of electricity 

supply and most importantly the safety of the people. 

 

 

 

2. Baseline data of EMC TM at different stages of 

"life" of an object 

 

EMC TM should be ensured at all stages of the "life" of 

the object – from the project, then when entering the 

facility, during operation and during reconstructions. 

Layout decisions, the choice of methods and routes of 

secondary circuit cables, the performance of the 

grounding device, lightning directly impacts the EMC. It 

is difficult to reorganize EMC during operation. 

The device can not work or could be damaged if the 

interference value exceeds the level of interference 

immunity. To avoid this it is necessary to determine the 

possible level of the EMC influence. 

The main input data required for EMC influence are: 

- the main circuit wiring diagram; 

- plan of the substation; 

- cabling plan of the secondary devices; 

- information on the grounding system; 

- information on lightning protection system; 

- level and time of short-circuited current 

disconnection, etc. 

Most often in practice we can only get the information 

like the scheme of electrical connections, level and time 

of short-circuited current disconnection. 

The information about grounding system is gathered in 

several stages, including: 

- resistance measurement of current spreading of 

grounded object in substation; 

- measurement of equipment grounding 

connection quality with the grounding system; 

- measuring soil resistivity; 

- visual inspection of grounding conductors and 

earth electrodes; 

- substation grounding system recovery circuit. 
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3. Types of obvious violations 

 

Visual inspection of grounding conductors and ground 

electrodes allows us to establish their cross sections, the 

physical condition and corrosive wear. 

There are such violations of the requirements of 

electromagnetic compatibility (EMC) on high-voltage 

electrical substations: 

1. Improper grounding of the power equipment. 

Improper grounding of power equipment in case of 

accidents can lead to higher potential values, which 

is dangerous for both the equipment and for staff 

due to increasing stress step and touch. 

2. Improper grounding lightning design concept. 

Improper design concept can cause the following 

negative consequences: 

• uncontrolled spreading of the current path 

and, consequently, to unexpected influences, 

among which may be damaged grounding 

electrodes from the thermal and 

electrodynamics effects of current; 

• improve the sparking zone in the soil, or soil 

samples at the surface, which can damage the 

insulation of data cables passing near; 

• high-rise potential on the grounding and 

lightning uneven distribution of potential on 

the object, which can cause damage to data 

cables and equipment connected to them; 

large values of currents flowing through the 

screens of cables increase the stress step and 

touch. 

3. Failure to comply with allowable distance from the 

lightning grounding cables to the secondary 

circuits. Failure to comply with allowable distance 

between the lightning and grounding cables of the 

secondary circuit may cause damage to cable 

insulation, or damage to or failure of equipment 

connected to them. 

4. Failure to comply with allowable distance from the 

grounding surge arresters and dischargers to data 

cable circuits. Failure to do so may cause damage 

to cable insulation or to damage or malfunction the 

equipment connected to them. 

5. Failure to comply with allowable distance from the 

lightning rod to the ttiing of EBS (electronic 

equipment). When lightning strikes a lightning rod 

around it may have a high intensity 

electromagnetic field. When you install a lightning 

rod near the buildings with ETS acting on their 

electromagnetic field will be particularly high. 

6. Joint installation of power and control cables. 

Joint installation of power and control cables can 

lead to high levels of interference in the control 

cables and as a result – a malfunction of equipment 

connected to them. 

7. Grounding elements corrosive wear. Steel 

elements that are in earth subject to corrosion 

under the action of which they are destroyed. 

Corrosion leads to a decrease in the effective 

radius of grounding which may cause it to 

mechanical or thermal damage. 

8. Small depth of grounding electrodes. If grounding 

lays too deep – an uneven distribution of potentials 

in building will increase the stress step and touch. 

9. Wiring secondary circuit cables along the high-

voltage buses. Wiring secondary circuits cables at 

a great distance along the high-voltage switching 

devices can cause a high noise level in the 

secondary circuits. 

 

4. Survey of EMC 

 

Restoration of the grounding scheme is carried out using 

a sinusoidal current generator and measuring the 

magnetic field. 

The current from the generator is spread out in all 

conductive elements, so that the resulting scheme 

includes in addition to grounding themselves grounded 

cable shields, passing pipes and the other associated 

with the conductive circuit elements. 

Trails of secondary cable circuits are made 

simultaneously with the plan of substation. Type of 

cable used, the method of their installation, as well as 

other information is determined by visual inspection. 

To identify apparent inconsistencies the collected data 

allow us to establish a particular object from the 

perspective of EMI. 

Levels of short-circuit surge are investigated by 

specialized software. Final conclusions are made on the 

basis of analysis of both – experimental and program 

calculated results. 

Effect of lightning currents is determined by calculation 

and experimental methods. 

The voltage across lightning-arrester electrodes is 

experimentally determined by the aperiodic pulse 

generator (APG) and pulse voltmeter (PV) (Fig. 1). 

Generator is connected between the lightning-arrester 

grounding point and grounding point grounded at a 

distance of 50 m. Pulse voltmeter measures potential 

between lightning-arrester grounding point and point 

grounded at a distance of 50 m. 

 

 
 

Fig. 1. Measurement scheme of surge impulse 
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Lightning current flow level is determined by applying 

the potential between lightning rod of real value and 

resistance to lightning impulse. 

The EMI field of secondary cable laying is also 

determined by aperiodic pulse generator and pulse 

voltmeter (Fig. 2). 

 
 

Fig. 2. Scheme for measuring the distribution of the pulse 

potential 

 

Generator is connected in the same way as in the 

previous scheme. The difference lies in the capacity of 

the measuring points, which is examined in substation 

equipment. 

The lightning pulse voltage in the secondary circuits can 

be measured experimentally by the scheme obtained in 

Figure 3. 

 
 

Fig. 3. Scheme for measuring surge in secondary circuits 

 

Measurements of pulse voltages are held indoor relay 

board, to which are attached power cables and control 

cables from the equipment near the selected lightning-

arrester. The voltage measured between the grounded 

body panels and residential selected cable. According to 

the results of measurement and conversions are the real 

values of the stresses arising in the lead of cables from 

the MPD – microprocessor devices. The final 

conclusion of the voltage levels that occur when 

lightning strikes is carried out after the software 

calculations. 

Thermal resistance of the conductors, the admissibility 

of grounding secondary circuit cable shields on both 

sides, the magnetic field strength in the field installation 

of MPD is determined by calculations. 

Corrective actions taken on the results of calculation and 

experimental analysis of the effects of lightning currents 

can help to protect the equipment from the following 

actions: 

- surge, acting on the insulation of cables; 

- surge, acting on the hardware; 

- thermal damage of grounding conductors; 

- thermal damage of cable shields grounded on 

both sides; 

- electromagnetic fields acting on hardware; 

- electromagnetic interference induced in the 

secondary circuit cable. 

For the reliable lightning impulse current diverting into 

the ground without any damages and other negative 

effects, the minimum distance D between the soil of 

earth electrodes and other conductive parts which can 

not be connected to the protective grounding rod must 

be: 

 5,04,0
ckbD   ; (1) 

here b – a parameter, corresponding to the protective 

category (0.4, 0.3 or 0.25 respectively I, II, III, IV 

protection category); kc – coefficient, which depends 

upon grounding rod construction; ρ – averaged specific 

resistance of soil. 

Constructively lightning impulse current success 

diverting into the ground is realized by laid steel cable 

or wire rope between the lightning conductor and cable 

(barrier grounding), whose ends are connected to 

existing or specially installed grounding elements. As 

soon as streamer reaches the lightning takeover system it 

reduces the overall impulse lightning conductor 

resistance, impulsive lightning potential and impulsive 

potential of the area where cable lays. Lightning current 

takeover system is shown in Figure 4. 
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Fig. 4. Lightning current takeover system 

 

In marginal condition, when it is hard to mount lightning 

current takeover system, protection of data cables is 

realised by laying them in conduits or troughs. For 

strengthen the protection of lightning current takeover in 

some cases it is advisable to lay data cables in conduits 

or troughs. Laying in conduits (troughs) helps to 

enhance impulsive cable protection and at a high 

sufficiently resistance for impulse – to reduce till an 

acceptable for cable value of the potential. 

The length of conduits (trough) lv must satisfy the 

condition: 

 drlv  2
12 ; (2) 

here r1 – radius of streamer zone; d – distance between 

cable and lightning conductor. 

Two characteristic zones of the increased pulse potential 

form in the ground: spark and streamer. Spark half-

sphere zone is an area of a high conductivity, related to 

the highest dielectric strength of the soil E0, and its 

radius is [2] 

 Gm EIr   000 2/ ; (3) 

here I0m – the amplitude of the lightning current, kA; E0 

– the dielectric strength of the soil, kV/m; σG – the 

specific conductivity of the soil, S/m. 

The streamer zone is defined by the presence of the 

conductive streamers, directed to all sides from the 

spark zone. The radius of the streamer zone 

  vidEErr /1 001  ; (4) 

here Evid – the average electrical strength of the soil, 

kV/m. 

For this reason the new models which evaluate the 

peculiarities of the physical processes are needed in 

order to describe the phenomena taking place in the 

grounding system during the flow of the pulse current. 

 

 

 

 

5. Magnetic field 

 

Electromagnetic interference, that affects the equipment, 

not only occurs as a result of abnormal phenomena, but 

also during normal operation of the facility. Damage to 

equipment or circuits suitable as a result of such 

interference is unlikely, but possible distortion of the 

transmitted signal and the failures in the hardware. One 

source of such interference is the power equipment and 

conductors that generate a magnetic field. Experimental 

setup to determine the pulse interference when the lightning 

strike is shown in Figure 5.   
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Fig. 5. Experimental setup to determine the pulse interference 

when the lightning strikes 

  

Summary results of the calculation is shown in Table 1 

and  Figure 6. 

 
Table 1. Summary results of the calculation the influence of 

lightning currents 

 

Measuring 

place 

Shield grounded on  

one side 

Shield grounded on both 

sides 

Current 

on cable 

screen, 

Iscr, A 

Voltage on 

the screen 

relative to 

the ground, 

Uscr, V 

Current 

on cable 

screen, 

Iscr, A 

Voltage on 

the screen 

relative to 

the ground, 

Uscr, V 

Lightning stike to lightning rod No.1 

OVP 16 150000 6000 1800 

Lightning stike to lightning rod No. 2 

OVP 16 35000 1600 250 

Lightning stike to lightning rod No. 3 

OVP 16 16000 200 750 

Lightning stike to lightning rod No. 4 

OVP 15 20000 900 230 

Lightning stike to lightning rod No. 5 

OVP 15 19000 820 210 

Lightning stike to lightning rod No. 6 

OVP 15 20000 850 220 

Lightning stike to lightning rod No. 7 

OVP 15 23000 1000 240 
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Fig. 6. Dependence of the intensity of the electromagnetic 

field of lightning from a distance 

 

6. Conclusion 

 

Results of calculations show that the level of stress, 

acting on LPA for two-sided grounding screen is much 

lower than the single-sided. However, when two-sided 

grounding screen it takes a considerable part of the 

lightning current. It is necessary that the lightning 

current flowing across the screen did not cause it 

damage. For the aluminum shield cable of 1.5 mm
2
 with 

PVC or rubber insulation and plastic, permissible 

amplitude of lightning current is 6 kA. In our case, the 

maximum amplitude of the lightning current at the two-

sided cable shield grounding is 6 kA. Consequently, the 

grounding of the cable screen on both sides is possible 

with additional means to protect it from excess current. 
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Abstract: proper energy conservation in the buildings 

by means of thermal insulation paves the way for 

successful renewable energy systems’ implementation 

for space heating.  The paper substantiates possibility to 

use active solar heating system applying the loggia of 

apartment building in parallel with already existing 

space heating system, which has to be automatically 

controlled. Analysis of experimental data of necessary 

capacities for the flat’s space heating, solar irradiation 

feasible to utilize and functional scheme of the proposed 

solar space heating system are presented in the paper. 

 

Keywords: energy conservation, hybrid space heating, 

active solar heating system. 

 

1. Introduction 

 

Solar energy for space heating can be used in many 

ways [1, 2, 3]. Many apartment buildings in Lithuania 

and other countries have loggias, which can be used 

cost-effectively as solar collectors for air heating during 

the heating season in parallel with the main already 

existing heating system, which usually is running on the 

fossil fuels. The proposed active solar heating system 

operates only in sunny days of the heating season. 

Glazed loggias of apartment buildings during sunny 

days of the space heating season generate rather 

considerable amounts of heat energy, especially at the 

beginning and end of the season. Temperature of air in 

the glazed loggia can increase up to 40-50 °C in sunny 

days even in coldest months, if building is renovated 

and well enough insulated including loggia‘s floor, 

ceiling and walls. Considerable amounts of solar heat 

having capacity up to a few kilowatts can be received in 

the loggias for free – without using any fuel and 

producing any pollution of environment. It would be 

expedient to utilize the heat energy generated in the 

loggia for partial space heating in the flat, which is 

connected with the loggia [4]. Technically it can be 

done easily. The best case for installation of this partial 

space heating system is when the loggia is oriented 

southward. Some deviations from the southward 

direction up to ± 45° can be tolerated. So, orientation of 

the glazed loggia’s window has to be in the sector of 

90° angle between the directions of south-east and 

south-west. All new apartment buildings have to be 

built with loggias oriented to south in order to gain more 

free solar energy. 

There are two preconditions for successful operation of 

the proposed additional solar space heating system: the 

main flat’s space heating system has to be automatically 

(or at least manually) controlled and the heat energy 

consumed in the flat from the main heat supplying 

source has to be measured by heat energy meters in 

order to motivate flat owners installing of the proposed 

active solar space heating system. Heat energy taken 

from the district heat supply system for the flat heating 

can be reduced in this case. Correspondingly it allows 

cutting the bills for space heating due to the partial 

substitution of the traditionally used energy by the free 

solar energy.  

 

2. Object and goals of the research 

 

Object of this paper is solar-assisted partial flat space 

heating system installed in the loggia of apartment 

building. A flat having floor area 79 m
2
 in a newly 

renovated apartment building located in Kaunas city 

was chosen for the case study. Goal of the study was to 

measure consumption of heat energy in the 

experimental flat in order to calculate the necessary 

capacities for the flat’s space heating.  Another goal was 

to determine available solar energy resources in the 

locality over the months of heating season and 

especially solar irradiation feasible to utilize for the 

flat’s space heating. Analysis of the mentioned above 

data will allow evaluating how reasonable could be the 

proposed active solar heating system. 

 

3. Necessary capacities of the space heating system 

 

Heating season in Kaunas city usually begins in the 

middle of October and terminates in the middle of April. 

However, renovation of the experimental apartment 

building (Topoliu 2) by the proper insulating of external 

walls and modernization of the heating system changed 

the situation significantly: presently the heating season 

can be shortened approximately by one month at the 

beginning and one month at the end of heating season.  

The heating season now makes up about 120 days 
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instead of former 180 days. Besides, consumption of the 

heat energy per every month of heating seasons dropped 

few times. Data of the experimental measurements, 

calculations of heat energy consumption and heat 

capacity parameters for every month of heating season 

are presented in Table 1. The following symbols are 

used in this table: 
 

en – relative heat energy consumption in the building, 

Ebt – energy consumption in the flat (area 79 m
2
), 

ebt
 
– relative heat energy consumption in the flat, 

pbt – relative equivalent operating capacity in the flat, 

Pbt – equivalent constantly operating capacity in the flat. 

 
Table 1. Demand of heat energy and equivalent capacities for 

the flat‘s space heating during the months of heating season in 

2011/12 
 

M/D 
en Ebt ebt pbt Pbt 

kWh/m2 kWh kWh/m2 W/m2 kW 

10/00 0 0 0 0 0 

11/10 4.60 46.62 0.59 2.46 0.194 

12/31 8.45 139.31 1.77 2.38 0.188 

01/31 8.97 147.88 1.87 2.52 0.199 

02/29 11.35 177.82 2.25 3.23 0.255 

03/21 7.87 94.24 1.19 2.36 0.186 

04/00 0 0 0 0 0 

 

The values of parameters presented in the Table show 

low consumption of heat energy and low capacity 

necessary for the flat’s space heating even at the low 

outside temperatures up to minus 20÷30 ºC in January 

and February. It confirms that thermal insulation of the 

building was properly installed and therefore the 

equivalent constantly operating capacity for the space 

heating is low and can be easily covered by solar energy 

in sunny days. 

 

4. Available resources of solar energy 
 

Data of solar irradiation, sun shining duration (Table 2) 

and solar irradiance (Fig. 1) for Kaunas city were 

determined by using the methodology of Photovoltaic 

Geographical Information System – Interactive Maps 

[5].  

 
Table 2. Mean perennial solar energy resources and average 

outdoor temperature during the months of heating season for 

Kaunas city 
 

Month of  

the heating 

season 

Solar irradiation Sun 

shining 

duration 

Average  

outdoor 

temperature 

Per day Per month 

At inclination angle 60° 

kWh/m2/d kWh/m2/mn h °C 

October 2.11 65.41 99 7.7 

November  0.957 28.71 41 1.9 

December 0.595 18.44 30 -2.6 

January 0.847 26.26 40 -3.8 

February 1.69 47.32 68 -2.7 

March 3.52 109.12 128 0.1 

April 4.58 137.40 175 7.5 

 

 

Solar collectors for air heating are intended to install in 

the plane having inclination – 60 deg., orientation 

(azimuth) – 0 deg. Global solar clear-sky daily 

irradiances on this plane for every months of heating 

season are presented in Fig. 1. 
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Fig. 1. Global solar clear-sky daily irradiances on a fixed 

plane for Kaunas during the months of heating season: 

inclination of plane – 60 deg., orientation (azimuth) – 0 deg. 

 

Theoretical and technically feasible resources of solar 

energy available in the standard loggia of apartment 

building were determined on the basis of the 

information presented in Table 2 and Fig. 1. They are 

presented in Table 3 for the comparison with demands 

of energy for the flat heating per every month of heating 

season. Theoretical potential is considered as solar 

irradiation gained in the area of the loggia per month. 

This potential can be evaluated as the upper limit of the 

solar energy resources available in the loggia, because 

solar irradiances of low values in cloudy days have not 

enough capacity to heat the air in the loggia up to the 

usable values of temperatures. Therefore technically 

feasible solar energy resources in the loggia were also 

determined for every month of heating season on the 

basis of the sun shine duration.  

 
Table 3. Comparison of energy demands for the experimental 

flat space heating and technically feasible mean perennial 

solar energy resources in the loggia during the months of 

heating season  
 

Month of  

the heating 

season 

2011/12 

Potential of 

solar energy 

resources per 

month 

Technically 

feasible 

solar energy 

resources 

Demand of 

energy for 

heating per 

month 

kWh kWh kWh 

October 392.46 249.48 0 

November  172.26 92.99 46.61 

December 110.64 50.40 139.83 

January 157.56 67.20 147.73 

February 283.92 154.22 177.82 

March 654.72 322.56 94.24 

April 824.40 514.50 0 

 

Available solar irradiation gained in the loggia of 

apartment building over the month i was calculated in 

the usual way: 
 

 LiAi SeE  , (1) 
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here EAi is energy gained in loggia per month i, kWh, 

ei – solar irradiation in the selected fixed plane per 

 month i, kWh/m
2
, 

SL – the heated area of the loggia, m
2
 (6 m

2
). 

 

Technically feasible solar energy resources in the loggia 

were calculated in this way: 
 

 310 SsiLmiTi TSGE  , (2) 
 

here ETi is solar energy technically feasible to gain in 

 the loggia per month i, kWh, 

 Gmi – the mean solar irradiance of the shining sun 

 in the month i, W/m
2
, 

 Tsi – the sun shining duration per month i, h, 

 ηS – the efficiency of the heating system. 
 

Comparison of data presented Table 3 shows good 

possibilities to use the loggia of apartment for the active 

solar space heating system installation. The solar 

contribution could make up about 30 % of the energy 

demands for the flat heating even in the months with 

poor solar energy resources. It can be expected that 

proposed system will allow cutting of the bills for the 

heat energy consumed for the space heating up to 20-

30% and more depending on the type of the used solar 

heating system. 

 

5. Framework of the active solar space heating 

system 
 

Partial flat’s space solar heating system can be installed 

very simply and it does not require significant 

investments. Functional scheme of one possible version 

of such systems is presented in Fig. 2.  

 
 

Fig. 2. Functional scheme of flat’s space partial active solar 

heating system control 

 

As it is shown in Fig. 2, the power circuit of the flat’s 

space partial active solar heating system consists of the 

fan rotated by the small-scale asynchronous motor M, 

and contactor K, which serves for the switching on/out 

the fan drive.  

Simple and inexpensive control system can be used for 

the control of the space heating process in the flat. 

Circuit of the control system includes the sensors of 

temperature TT1.2 and TT1.1, the indicator and register 

of the air temperature in the loggia TIR1.2, the indicator 

of the heated space temperature TI1.2 and the two 

position controller FY performing function of control 

f(x), which can be described as follows: 
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here  TL – the temperature of air in the loggia,  

TA – the temperature of air in the apartment,  

ΔT1 – the difference of temperatures between the 

loggia and the apartment for switching on the fan,  

ΔT2 – the difference of temperatures between the 

loggia and the apartment for switching off the fan. 
 

The controller should be adjusted to meet the condition 

ΔT2<ΔT1 in order to have a smooth process of control 

without frequent commutation of contactor K. Therefore 

the difference between ΔT2 and ΔT1 have to make up at 

least 20 % (the more is better). The control system 

switches on the fan when the difference of temperatures 

in the loggia and in the heating space (TL-TA) exceeds 

the set value of ΔT1 and the heated air will be blown 

into the apartment. The apartment receives an input of 

the heat energy from the loggia and the main 

automatically controlled space heating system will 

reduce the heat supply into the flat or will shut down it. 

The heat energy supplied from the building’s central 

heating system will be saved in this case. 

Supply of the heat energy from the loggia will be 

terminated when the difference of temperatures between 

the loggia and the apartment (TL-TA) will drop below the 

value ΔT2 – the set difference for the switching off the 

fan drive. 

The described above control process can be also 

performed by up-to-date building management systems 

those have a smart microprocessor based control 

systems designed for industrial and commercial 

facilities. 

 

6. Further research and discussion 

 

A natural experiment is envisaged for future research of 

the partial solar-assisted flat‘s space heating system 

described in this paper. At first the system based on the 

two position controller (Fig. 2) will be installed because 

of its simplicity and low cost. The main shortage of this 

system can be anticipated: it has not accumulation of 

heat energy and therefore the installation is operating 

only when the sun is shining. Efficiency of this system 

will be limited. Later the system having heat storage 

equipment is intended to be installed and researched in 

the natural conditions. 

Apart from the solar energy, partial flat’s heating 

system in windy regions can be based on the small scale 

wind turbine installed on the roof of building [5]. Proper 

insulation of the building (see Table 1) makes possible 

to refuse from the district heat supply service altogether. 

Small heat capacity required for the flat’s space heating 

(200-250 W) can be generated by a small scale hybrid 
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solar-wind space heating system [7, 8] or another 

renewable energy system for heat generation. 

 

7. Conclusions 

 

1. Energy conservation in the buildings by means of 

proper thermal insulation makes possible the 

substantial energy savings and paves the way for 

implementation of non-fuel renewable energy 

systems for space heating. 

2. Analysis of local solar energy resources, 

experimental data of the heat energy amounts 

necessary for the space heating and calculated 

equivalent constantly operating heat capacities in 

the apartment of newly renovated building 

confirmed the expedience to use solar or/and 

wind energy systems for heating purposes. 

3. Analysis of the experimental data and local solar 

energy resources shows potential possibility of 

the proposed active solar heating system to cut 

the bills for heat energy consumed for the flat’s 

space heating up to 20-30 % and more depending 

on the type of used solar heating system. 

4. There are two preconditions for successful 

implementation of the partial solar space heating 

system: the main flat’s space heating system has 

to be automatically controlled and the heat 

energy consumed in the flat from the main heat 

source has to be measured by the heat energy 

meters in order to motivate the flat owners 

installing of the partial solar space heating 

system. 
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Abstract: This paper reviews the cross-border 
congestion management methods from the point of view 
of three layers of congestion management: capacity 
calculation, capacity assignment and market clearing. 
Different methods are analysed in the respect to 
efficiency, technical consistency and socio economic 
benefit. Possible solutions and implementation 
preconditions are represented also with solutions to be 
used in the future European electricity market. 
 
Keywords: European electricity market, cross-border, 
congestion management. 

 
1. Introduction 

 
The introduction of liberalised electricity markets in 
Europe has led to new targets for competition in the 
power supply industry to increase level of efficiency 
and introduce market-based electricity prices. Power 
exchanges were created in the local market areas to 
provide transparent and non-discriminatory environment 
to perform physical electricity trade. Due to historical 
reasons and locality individual countries has differently 
developed their power systems, the generation facilities 
and transmission infrastructure with respect to only 
internal purposes, while interconnections between 
power systems where used for system security and 
emergency support [1].  
 

Market Based methods

ImplicitExplicit ImplicitExplicit ImplicitExplicit

Contract based Flow based

Individual (bilateral) 
TSO‐by‐TSO

border‐by‐border

Regional coordination 
and optimization 

Contract based

 
 

Fig. 1. Structure of cross border congestion management 
methods 

Connection of separate electricity market and rapid 
growth of renewable generation sources have 
substantially increased cross-border electricity exchange 
while the construction of new interconnection capacities 
was aggravated by restrictions of environmental impact 
assessment. Transmission system operators (TSOs) who 
are owners of all transmission network infrastructures 
are obliged to maintain power system operation within 
security limits therefore have implemented cross-border 
congestion management methods. 
Recent regulation by the European Commission [2] 
prescribes that cross-border congestion management 
methods within EU countries should be market based.  
Possible market based congestion management methods 
that could be implemented in Europe are given in figure 
1. There are three main layers that define exact 
congestion management method: 
1. Capacity calculation – the way in which the 

available cross-border capacity is calculated; 
2. Capacity assignment  - the way in which the 

available cross-border capacity is assignment 
(allocated) to market parties; 

3. Market clearing – the way in which the market is 
cleared. 

In the highly meshed continental European transmission 
network today congestion is mostly managed through 
explicit auctions of cross-border transmission capacity 
[1]. It is based on evaluation of power system and 
determination of possible cross-border electricity trade 
amount. Such approach leads to inflexible and 
insufficient utilization of cross-border capacity that 
could be used for electricity trade between separate 
market areas. 
Due to development of electricity market more 
sophisticated congestion management methods are 
being analysed [4],[5],[6]. Flow-based allocation is 
considered as a possible stepwise approach from 
existing solutions. Its major innovation is its 
multinational approach.  
This paper reviews the cross-border congestion 
management methods, their differences, implementation 
preconditions and the most efficient solutions to be used 
in the future European electricity market.  
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2. Market clearing mechanisms 
 
The process of access to available transmission capacity 
and settlement of accessed capacity depends on market 
clearing mechanisms. Overall transmission capacity 
allocation process is highly dependent on what market 
clearing method is used. As described in [7], two kinds 
of market clearing methods are commonly used: 
1. Explicit auction. It is an auction where the 
transmission capacity on an interconnector is auctioned 
to the market separately and independently from the 
marketplaces (power exchanges) where electrical 
energy is auctioned. TSOs on both sides of the 
concerned interconnector organize common or separate 
explicit auctions to allocate the available transmission 
capacity. The capacity is normally auctioned at different 
timeframes through annual, monthly, weekly and daily 
auctions. Since transmission capacity is traded 
separately from the electrical energy and significant 
time period before internal marketplaces (power 
exchanges) takes place, there is a lack of information 
about the electrical energy prices.  
 

 
 

Fig. 2. Explicit auctioning of capacity of the interconnector   
 
Unavailability of the information can result in an 
inefficient utilization of transmission capacity that leads 
to less social welfare, less price convergence between 
neighbouring power systems and more frequent adverse 
flows. 
The economical part of explicit auction is represented in 
figure 2. There are two neighbouring power systems A 
and B interconnected with transmission capacity cAB. 
The willingness of producers in power system A and 
consumers in power system B is represented by the 
capacity bid curve that is submitted by one auction 
participant. The economic welfare of two power 
systems represents the area below the capacity bid curve 
(i.e. allocated volumes multiplied with respective bid 
prices). If the available transmission capacity is 
insufficient to meet the demand of explicit auction, the 
capacity price determines which participants of auction 
are willing to pay to access the available transmission 
capacity cAB. The area below the capacity price is 
auction income that is received by capacity owners 
(TSOs). The purchased capacity is equivalent to 
capacity reservations on interconnector therefore actor 

must utilize the capacity in marketplaces (power 
exchanges) of respective power systems.  
2. Implicit auction. It is an auction where the 
transmission capacity is used to integrate the spot 
markets in the different market areas in order to 
optimize utilization of interconnectors and maximize the 
overall social welfare in interconnected markets. The 
flow on an interconnector is calculated based on market 
data (demand and supply price curves) from the 
interconnected markets. Therefore the auctioning of 
transmission capacity is included (implicitly) in the 
auctions of electrical energy.  
 

 
 

Fig. 3. Implicit auctioning of capacity of the interconnector   
 
In implicit auctions, the transmission capacity between 
market areas (bidding areas) is made available to the 
spot price mechanism together with market offers per 
area, thus the resulting prices per area reflect both the 
cost of energy in each internal bidding area and the cost 
of capacity of interconnector. Implicit auctions ensure 
price convergence between interconnected markets, 
because electrical energy flows from the surplus areas 
(low price areas) towards the deficit areas (high price 
areas). 
The economical part of implicit auction is represented in 
Figure 3. There are two neighbouring power systems A 
and B interconnected with transmission capacity cAB. 
Producers from market A are willing to sell electricity 
which is represented with net export curve A while the 
market B is deficit area and consumers are willing to 
buy electricity that is represented with net import curve 
B. In implicit auction the welfare of interconnection of 
the markets represents the area between both curves. If 
the available transmission capacity is insufficient to 
meet the demand of exchange between interconnected 
markets, electrical energy flow is congested and 
different spot prices are settled in the two areas. The 
congested amount of electrical energy is being bought in 
lower price area and sold in high price area. This 
congestion income is received by capacity owners 
(TSOs).  
Implicit auction between markets can be realized in 
following methods [7]:  
1. Market splitting. In market splitting the implicit 
auction of transmission capacity is handled within the 
day ahead electrical energy auction by one single power 
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exchange that is operating in the interconnected 
markets. If the transmission capacity between the 
bidding areas is not enough to get the one price for all 
region, the joint market is split into areas with different 
spot prices with respect to congested cross-borders.  
2. Market coupling. In market coupling the implicit 
auction is performed by two or more power exchanges. 
Each power exchange provides the necessary market 
data (price curves) to a central coupling algorithm. The 
calculation delivers both flows between markets and 
spot prices. The flows between the coupled markets are 
at least used further in the internal bid matching of the 
power exchanges – volume market coupling.  
Implicit auction seems to have more advantages 
compared to the explicit auction, such as: 
a) higher correlation between prices and flows 
b) greater simplicity for the market participants 
c) higher efficiency 
d) elimination of the "market power" as nobody can 

purchase capacity rights before the electrical energy 
market takes place. 

 
3. Capacity assignment mechanisms  

 
Up to today, the assignment of available transmission 
capacity to the market is based on the “contract path” 
both for implicit and explicit auctions. Capacity of 
commercial exchange between two neighbouring 
market areas is predefined therefore it can be utilized by 
allocating commercial transactions on this path. Such 
method is simple and is efficient enough in radial power 
systems, where influence of third parties and loop flows 
is minimal. In highly meshed transmission network such 
approach is not efficient and can give misleading signals 
to the market. 
Another capacity assignment mechanism that can be 
implemented in market based congestion management 
method is a flow-based method that combines 
commercial transactions with physical reality. Based on 
the laws of physics, any commercial exchange between 
neighbouring electricity markets results in a physical 
power flow partly on the direct transmission lines and 
partly across all available parallel paths in the network. 
The flow based mechanism describes the 
interdependency of commercial cross-border flows 
between markets and the physical power flow those 
transactions cause on all cross-border in the region.  
The algorithm of flow based allocation [8] is based on 
maximising the social welfare in the region (1) with 
conditions (2) and security constrains (3): 
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where: 
bid

i
q  - accepted bids for the zone i; 

offer

i
q - accepted offers of the zone i; 

i
p  - price of the zone i; 

)(

)(

i

t
PDTF  - Power Transfer Distribution Factors, 

describe what physical flow on the branch t would be 
provoked by the balance position of power system i; 

tAMF - Available Maximum Flow on the branch t. 

By converting all cross-border commercial transactions 
into the physical power on the critical branches, the 
method chooses the most economically efficient 
transactions subject to transmission capacity constraints, 
i.e. in case of transmission congestion only those bids 
are selected with the highest market value regarding the 
congested interconnection. Furthermore, the location of 
the congestion in the transmission network is identified 
and price incentives for the investment in the 
transmission infrastructure are provided. The flow-
based method facilitates the integration of regional 
electricity markets to achieve a higher economic 
efficiency across the regions. 
Results of the study [5] of Central West Europe 
congestion management methods identifies the 
efficiency of the flow based capacity allocation method 
with increase of 25% of social welfare in comparison to 
the contract based method. Main benefits of flow based 
allocation method in comparison to the contract based 
method [6]: 
1. Coordinated allocation. Coordinated allocation leads 

to higher utilization of cross-borders and higher 
social welfare. 

2. Efficient capacity pricing. The prices of capacity 
depend solely on the most primary cause for 
congestion i.e. how much certain energy exchange 
contributes to a physical congestion.  

According to results of the study [9] the implementation 
of flow based capacity allocation method in whole 
Europe, excluding islands and Baltic region, would 
decrease system operation costs by 64,6 MEUR (0,1%) 
for each year and decrease electricity prices by 0,79 
EUR/MWh (1,5%). 
 

4. Capacity calculation 
 

Cooperation and coordination between TSO are the 
main factors to provide prerequisites for capacity 
allocation methods. In highly meshed grid and with 
bilateral TSO-TSO coordination only basic capacity 
allocation methods (i.e. explicit auction) can be 
implemented. The available capacity is determined per 
border without taking into account the interrelations of 
other commercial exchanges – each TSO uses its own 
assumptions. For contract based allocation capacity is 
calculated as follows: 
 

ttt TRMTTCNTC  ;  (4) 

 
where: 

tTTC  - Total Transfer Capacity is the amount of 

electric power that can be transferred reliably from one 
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area to another. Generation shift is performed between 
two neighbouring areas until the (n-1) security criterion 
is breached in either of the two areas; 

tNTC  - Net Transfer Capacity is the maximum total 

exchange program between two adjacent control areas 
compatible with security standards and taking into 
account the technical uncertainties on future network 
conditions; 

tTRM  - Transmission Reliability Margin is a security 

margin on the branch t that copes with uncertainties on 
the computed TTC values. In general TRM consists 
from: 
1. Load frequency unintentional deviations that evoke 

power flows on cross-border.  
2. Inaccuracies in data collection & measurement that 

is more or less constant.  
3. Inaccuracies due to hypothesis in capacity 

calculation process that is related with the 
description and forecast conditions of the power 
system. 

4. Emergency exchanges between TSOs to cope with 
unexpected unbalanced situations in real time. 

In order to increase efficiency of capacity calculation 
and to support electricity market development regional 
initiatives between TSO are essential. Tight cooperation 
and coordination of TSOs within interconnected market 
areas significantly increase available cross border 
capacities for the market and provides possibility to 
implement advanced contract based allocation 
mechanisms – implicit price market coupling. 
In order to introduce flow based capacity allocation 
higher level of coordination and cooperation between 
involved parties is necessary. Capacity calculation for 
flow based method is fundamentally different from 
contract based method: critical branches (tie lines) are 
assessed instead of cross-border capacities and 
uncertainties of loop flows and third parties impact is 
minimized. In general capacity for flow based method is 
calculated as follows:  
 

ttt FRMFAMF  max ;  (5) 

 
where: 

tFmax - is the maximum physical active power flow on 

the critical branch t between two areas, compatible with 
security standards; 

tFRM  - Flow Reliability Margin is defined in order to 

evaluate the uncertainties in Fmax calculations. 
According to [=3] FRM is considered to be 
approximately 10% of Fmax.  
Main benefits of capacity calculation for flow based 
method in comparison to the contract based method [6]: 
1. Coordinated calculation. The calculation is based on 

a common grid model constructed from individual 
power system models.  

2. Automated calculation performed by central entity 
while results are validated by all parties. 

3. Harmonized process and assumptions. The whole 
process which leads to the estimation of PTDF and 
Fmax values is fully harmonized between involved 
parties. 

4. Significant decrease of uncertainty caused by 
parallel flows. The parallel flows caused by non-
coordinated calculation and allocation is 
significantly reduced and therefore also 
uncertainties.  

Flow based capacity calculation could be improved 
further [5] by increasing the number of market areas 
that are participating in flow-based congestion 
management that leads to reduction of uncertainties of 
third party influence. Respective reliability margins 
could be reduced thus leading to further increase of 
AMF. 
 

5. Conclusions 
 

1. Implicit price coupling of the European electricity 
markets is considered to be the most efficient 
solution in the short term development. 

2. Contract based capacity allocation method is 
efficient enough in radial interconnected power 
systems, where influence of third parties and loop 
flows is minimal. 

3. Flow based capacity allocation method provides the 
most efficient utilization of the network, indicates 
investment incentives, increases socio economical 
welfare and can be implement in existing European 
market structure. 

4. Regional market integration requires high 
involvement of TSOs in the capacity determination 
process in order to define all critical elements of the 
transmission network for commercial exchanges and 
eliminate uncertainties arising from physical nature 
of electrical power systems. 
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Abstract: This paper analyses the possibility to use 
different sources of energy in the hybrid power systems. 
Storage technologies with supercapacitors, flywheels 
are those that technically better adapt to smooth the 
power fluctuations of wind turbines. This is mainly 
because these technologies have quick responses time, 
higher electrical efficiencies and greater lifetimes. 
Technologies of solar modules, wind power plants, 
flywheels, supercapacitors and fuel cells are 
investigated in the work. 

  
Keywords: solar modules, wind power, flywheel, fuel 
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1. Introduction 

  
The Microgrid concept assures a cluster of loads and 
microsources operating as a single controlable system 
that provides power to it‘s local area. 
In recent years, several forms of energy storage are 
studied intensely. These include electrochemical 
battery, supercapacitor, compressed air energy storage, 
superconducting magnetic energy storage, and flywheel 
energy storage. 

 
2. Selection criteria of  energy storage devices  

 

Restructuring of the electric power industry presents 
new opportunities for the application of energy storage 
devices for better energy management, particularly to 
increase the value of intermittent energy sources in the 
electric market [1], [2].  
Among the main criteria to be considered, the following 
can be mentioned: 
• Type of application 
• Feasibility 
• Reliability 
• Energy density 
• Power density 
Regarding the first of these issues, to mitigate problems 
introduced by wind power short-term fluctuations, a 
storage operating in a continue control mode of the 
output power is needed. In this operation mode, a 

storage system working actively with a very short 
response time is required [6]. 

 
3. Energy storage technologies 

 

3.1. Flow Batteries 
 
Flow batteries are basically composed by two 
electrolytic solutions stored in different tanks and an 
arrangement of batteries cells. One of the most 
important features of these storage devices is the 
independence between the power and energy values. 
The energy is determined by the size of the electrolyte 
tanks, while the power is determined by the size of the 
cells. There are different types of flow batteries, being 
vanadium redox the most convenient for application in 
power systems. These units are very robust, and have a 
fast speed of response. In addition, they support 
continuous operation at maximum load and total 
discharge without risk of damage [6], [8]. 
 
3.2. Fuel Cell 
 
A fuel cell consists of two electrodes, which are 
separated by an electrolyte. Fuel cells produce energy as 
electricity and heat as long as fuel (hydrogen) is 
supplied. They generate electricity chemically without 
any combustion and do not produce any pollutants. 
There exist different types of fuel cells; Molten 
Carbonate Fuel Cell (MCFC) has proved to be the most 
convenient for use in power systems . To store energy, 
water is split into hydrogen and oxygen in an 
electrolysis cell by supply of direct current to the 
electrodes. Usually, hydrogen is stored and oxygen is 
realized to the atmosphere [6].  
 
3.3. Supercapacitor (SC) 
 
Supercapacitors store energy through the conservation 
of an electric field between two electrically conducting 
plates. Supercapacitors have several great advantages, 
which make them almost unbeatable for a lot of 
applications. They have no moving parts, require 
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neither cooling nor heating, and undergo no internal 
chemical changes as part of their function. As a result, 
they are simple and robust, requiring practically no 
maintenance and they have a service lifetime measured 
in decades, with no lifetime degradation due to frequent 
and deep cycling. While energy density is relatively 
low, the power density of capacitors is extremely high; 
they can release all their power nearly instantly [6]. 
 
3.4. Flywheel 
 
Flywheels Energy Storage (FES) store electric energy 
as kinetic energy in a rotating mass. Stored energy of 
flywheels depends on the moment of inertia J and the 
square of the rotational speed of the rotor ω. Therefore, 
the stored energy in a flywheel can be increased rising 
any of these quantities. Based on this, the classification 
of two flywheel types arises: low-speed flywheels (LS-
FES) and high-speed flywheels (HS-FES). LS-FES use 
a steel mass with a large radius (high inertia), with 
rotational speeds up to approximately 10000 rpm. HS-
FES use lightweight rotor turning at very high rotational 
speeds (up to 100000 rpm). This approach results in 
compact, lightweight energy storage devices [6]. 
 
4. Mathematical models 
 
4.1. Wind turbine model 
 
From a physical point of view, the static characteristics 
of a wind turbine can be described by the relationship 
between the total power in the wind and the mechanical 
power of the wind turbine. The wind power Pwind within 
the rotor swept area of the wind turbine is defined as 

              32
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Fig. 1. The CP – λ characrestic curves 

  
The wind speed is reduced by the wind turbine, which 
extracts a fraction of the power at the wind. This 
fraction is denominated the power efficiency coefficient 
Cp, which is defined as a function of the tip speed ratio 
of the rotor blade λ and the blade pitch angle β, 
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where constants values c1…c6 are reported in the 
Appendix I. The Cp-λ characteristic curve of the wind 
turbine for different values of the pitch angle β is 
illustrated in Fig.1, where the maximum value of Cp 

(Cpmax =0.48) is achieved with β = 0º and λ = 8.1. 
The mechanical power Pmech delivered by the wind 
turbine is given by the total wind power Pwind using the 
following equation 
 

 windpmech PCP                               (4) 

 
or in terms of the mechanical torque, 
 

turb

mech
mech

P
T


                                  (5) 

 
where ωturb = ωr, since the wind turbine and the 
induction generation are coupled to the same shaft [5]. 
 
4.2. Solar module mathematical model 
 
A solar module typically consists of a number of solar 
cells in series. Each of these cells is basically a p-n 
junction capable of converting solar energy into 
electrical energy. The conventional technique to model 
solar cell is to establish mathematical expressions based 
on the equivalent circuits of the cell. Among these 
circuits, the circuit of a single diode model as shown in 
Fig. 3 is widely adopted. In this circuit, 

 
 

Fig. 2.  Equivalent circuit of a solar cell 
 
I ph is the light-generated current which is a function of 
solar radiation and cell temperature, I d is the current to 
combine the effects of the diffusion current from the 
base to emitter layers and the recombination current in 
the junction space charge region, Ip is the current 
flowing through the shunt resistance R p representing the 
effect of leakage current flowing across the junction 
between the n and p layers, R s is the series resistance 
representing the losses due to current flowing through 
the highly resistive emitter and contacts, V and I are 
terminal voltage and current of a solar cell, respectively. 
Based on this circuit, the cell current can be expressed 
in the one diode model 
 

pdph IIII                               (6) 

where 
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Iphref is the photocurrent at the standard testing 
conditions (STC), where the STC is referred to the 
conditions with the reference solar radiation S ref of 1000 
W / m2 at solar spectrum of AM1.5 and solar cell 
reference temperature Tcref  of 25°C. S is an 
instantaneous solar radiation,is the current 
temperature coefficient, T c is an instantaneous solar cell 
temperature [9]. 
 
4.3. Flywheel mathematical model 
 
A flywheel permanent magnets are attached on the 
surface of the disk-type rotor hence the flywheel can be 
analyzed as non-salient-rotor machine. Schematic of the 
flywheel device is shown in Fig. 4. The air-gaps 
between the stator and rotor (of upper and lower 
machine) are adjusted to obtain g1 = g2 by a mechanical 
supporting system. Motoring torque and axial force of 
the upper and lower machine are denoted as T1 ,T2 ,F1 

and F2 respectively. By assuming that the permanent 
magnets of the rotor are represented by a 
magnetomotive force value of N f i f , the flywheel is 
treated as a conventional permanent magnet 
synchronous machine. 

 
 

Fig. 3. Schematic of the flywheel 
 

 
 

Fig. 4. Coordinate axes of the magnetic flux 
 
The flywheel system is treated as composing of two 
separate single-sided axial flux permanent magnet 
machines. Firstly, one side of the flywheel is analyzed 
and then extended to the model of the whole flywheel 
system. The coordinate axes of the magnetic flux of a 
simple 2-pole axial flux permanent magnet machine are 

defined as shown in Fig. 5 which is then extended to 
2p-pole machine. The stator windings are denoted as a, 
b, and c. The phase difference between a-axis and d-
axis is defined as [3]. 
Atrractive force and rotating torque can be expressed as 
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The force F 1 and torque T 1 which are generated by the 
upper stator can be calculated by substituting g g10z , 
i di d1, i q i q1and N f i f N f 1i f 1into the equations, 
whereas force F2 and torque  T 2which are generated by 
the lower stator can be calculated by substituting 
g g 20z , i di d 2, i qi q2and N f i fN f 2i f 2. The total 
levitation force and rotating torque can be expressed as: 
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4.4. Supercapacitor mathematical model 
 
Energy in electric field, stored in a supercapacitor is 
given by expression: 
 

2

2UC
WSC


                                    (12) 

 

where C represents the capacitance value and U is the 
voltage across the capacitor [7]. 
Equation (12) represents the total energy accumulated 
in a capacitor. For practical application it is acceptable 
discharging on 50 % voltage drop from its nominal 
value. Therefore for capacitor with nominal voltage Ua 
decrease on U/2 level is acceptable. Therefore 
supercapacitor energy WSC , which is under this 
conditions to disposal, it will be: 
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5. Microgrid structure and modeling 

 
The Microgrid (MG) concept assumes a cluster of loads 
and microsources operating as a single controllable 
system that provides power to its local area. This 
concept provides a new paradigm for defining the 
operation of distributed generation. The MG study 

(11) 

(10) 
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architecture is shown in Fig. 6. It consists of a group of 
radial feeders, which could be part of a distribution 
system. There is a single point of connection to the 
utility called point of common coupling (PCC). The 
MG also has microsources consisting of a photovoltaic 
(PV) system, a wind turbine (WT) system, 
supercapacitor (SC), a fuel cell (FC), and an energy 
storage system (ESS). The upstream power system can 
also support the power in grid-connected MGs. 
Furthermore, the central controller (smart energy 
manager) is the main control interface between the 
upstream grid and the MG. A potential candidate 
solution to the identified problems is using ESS to store 
electrical renewable energy at the time of surplus and 
redispatch it appropriately later when needed. 
 

Fig. 5. Micro Grid architectural scheme 
 
Energy storage system plays an important role in the 
MG, which is desirable to shave the peak demand and 
store the surplus electrical/renewable energy. Battery 
storage is being used in conjunction with renewable 
energy resources, i.e., solar and wind, where they 
provide a means of converting these nondispatchable 
and highly variable resources into dispatchable ones [4]. 
 In Table 1 the main technical characteristics of the 
different storage technologies [6]. 
 
Table 1.  Technical characteristics of storages. 
 

 Flow 
Batteries 

Fuel Cell SC 
Flywheel

s 
Power (MW) 0 - 100 0.005 - 10 0.001 - 1 0.005 - 5 

StorageCapacit
y (MWh) 

10 - 
10000 

1 - 700 
0.0003 – 

0.003 
0.005 – 

1.5 

Discharge Time 
Min. - 
hours 

Min. - hours 
1 s – 1 
min 

15 s – 20 
min. 

Charge Time > 10 min. > 10 min. 
30 s - 

minutes 
60 s - 

minutes 
Response Time 

(ms) 
10 20 0.5 2 - 5 

Efficiency (%) 75 - 85 50 - 60 95 94 

Lifetime 
2000 – 
3000 
cycles 

10 years 
> 106 

cycles (20 
years) 

> 106 
cycles (20 

years) 

Availability Modest 
Under 

Developmen
t 

Available Available 

Enviromental 
Impact 

Toxic 
Material

s 
None 

Toxic 
Material

s 
None 

 
Taking into account the wind turbine considered for this 
application, storage technologies with Supercapacitors, 

Flywheels are those that technically better adapt to 
smooth the power fluctuations of wind turbines. This is 
mainly because these technologies have quick responses 
time, higher electrical efficiencies and greater lifetimes, 
which are key features for this application where 
continuing operation for loading and unloading the 
storage is required. 
 

6. Conclusions 
  

In this paper, a comparative analysis to determine the 
most suitable storage technology for mitigating wind 
power problems related to power quality is presented,  
and ability to ensure first category MG users 
unninterupted continious (stable) permanent power 
supply. Concerning the technical analysis, it was 
concluded that SC, Flywheel are the storage 
technologies that mostly adapt for this application. 
Supercapacitors are remarkable for their exceptional 
response, very low maintenance requirements and high 
robustness. Flywheel systems are also stand out for their 
exceptional response, very low maintenance and high 
efficiency. 
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