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Effective electricity use can be an option which enables to achieve significant
economy while generating and transmitting of electricity. One of the most
important things is to improve the electricity quality through reactive power
correction up to optimum values. The current article presents the solution to
compensate the reactive power in the distribution networks, in Gorno-
Badakhshan Autonomous Oblast (GBAO) with the use of the advanced
technologies based on the data collection within real time. The article
describes the methodology of fuzzy logic application and bio-heuristic
algorithms for the suggested solution effectiveness to be determined. Fuzzy
logic application to specify the node priority for compensating devices based
on the linguistic matrix power loss and voltage gives the possibility to the
expert to take appropriate solutions for compensating devices installation
location to be determined. The appropriate (correct) determination of the
compensating devices installation location in the electric power system
ensures the effective regulation of the reactive power with the least economic
costs. Optimization problems related to the active power loss minimization
are solved as well as the cost minimization with compensating devices to
ensure the values tan(p) not exceeding 0.35 through reducing multi-objective
problem to the single-objective one using linear convolution.
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1. INTRODUCTION

One of the widely used mathematical devices is models based on the fuzzy logic to resolve current
problems of safety evaluation, system rehabilitation and planning and mode operation control of electricity
network today. The fuzzy logic field of application is broadened in the repair planning and electrical failures,
load predicting and electrical failures detection. Traditional mathematical models are based on the knowledge
containing set of rules defining corresponding actions for given system modes [1]-[3]. If the information is
fuzzy, the expert systems cannot operate well with this data. Fuzzy expert system application allows
improving the abovementioned traditional systems failures based on the knowledge and accurate data.
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A thematic review of the work on expert systems for reactive power compensation and bus voltage
maintenance at consumers is presented in some publications. The work [4] considers the control of reactive
power in distribution systems using advanced technologies. Based on the artificial intelligence method, some
computation systems, such as expert systems, fuzzy systems, artificial neural networks, and hybrid systems
for voltage control in distribution systems, have been considered. The work [5] presents an optimization of
reactive power compensation and voltage regulation using an artificial immune algorithm for radial electrical
networks. In the work [6] an optimization of the load voltage and reactive power in the power system using
fuzzy logic is presented. The authors have proposed an original method of optimizing the reactive power
flow, which leads to an improvement in the voltage level in the power system and a reduction in the loss of
active power. The work [7] considers the use of fuzzy logic with a complete search for the arrangement of
distributed generation in order to reduce losses and improve the voltage level. In the work [8] a filter with
fuzzy logic and active power to compensate reactive power and eliminate harmonics is investigated. The
invention relates to a three-phase shunting active filter with fuzzy logic for improving the electric power
quality by compensating the reactive power and harmonic current required by a non-linear load. Fuzzy logic
approach for coordination of reactive power in grid-connected wind power plants to increase stability of
voltage in the installed mode is considered in [9]. The realization of fuzzy logic for controlling the reactive
power in a communal system is presented in [10]. It is noted that the reactive power requirements calculated
using the fuzzy logic approach are much lower than the traditional method, which is more economical and
requires fewer capacitors or reactive compensation devices.

A new strategy for optimum reactive power compensation based on the mining algorithm and ant
colony analyzed in [11]. The results show that the application of the new algorithm proposed in the work can
increase the efficiency of the system and reduce losses, which is of great economic importance for voltage
control. In [12], the application of the particle swarm optimization method to optimize reactive power is
considered. The paper presents a new reactive power optimization algorithm using the Particle Swarm
algorithm, the task of which is to minimize active power losses in the system. Optimization of reactive power
based on hybrid particle processing is considered in [13]. The work uses the approach of two-phase
optimization of hybrid particles in order to solve the problem of optimal distribution of reactive power in the
network.

In this article to determine the location of the damage, network configuration as well as the load
prediction, the membership function was successfully applied. To regulate the reactive power and to control
the voltage level in the network as well as the adequate determining of compensating devices installation
location the fuzzy logic can be applied.

2. OBJECT STUDY DESCRIPTION

The power sector in Tajikistan is managed by the open joint stock holding company (OJSHC)
«BarqiTojik» being one of the state ownerships. There are all large power stations and regional networks
owned by the enterprise and, correspondingly it controls the electricity generation, transmission and
distribution throughout the entire territory of the country except GBAO. Since December 2002, the electricity
grid shifted from BarkiTochik Company to the private-owned power utility “Pamir Energy” on the basis of
the Concession Agreement for the period of 25 years and started operating in isolation, i.e. without any
connection with the main country electricity grid.

Currently, “Pamir Energy” utility supplies electricity to 213000 customers in GBAO. The GBAO
area makes 64000 km? and consists of 8 districts. Throughout GBAO the power utility has on its balance
sheet 11 hydro power plants (HPP) with total electrical power 43.5 MW and located in different districts of
the region. The total length of electric transmission lines (ETL) throughout GBAO makes 2.609 km (voltage
35/10/0.4 kV). Geographic location of electric power system (EPS) is given in Figure 1.

To date, the EPS, GBAO, is experiencing serious difficulties related not only to sustainable
electricity deficit within winter period but to the low quality of electric power supplied to its customers. The
root causes of the irregular GBAO EPS operation are as follows:

— Due to GBAO specific geographic locality, the electrical networks have radial circuit with a large electric
ETLlength with voltage 35 kV about 100 km resulting in profound voltage reduction at ETL endpoints;

— As power plants are of low power, the power network loss occurs while regulating the voltage at these
power plants generators.

Thus, the relevance of the work is specified by the research conducted and solutions searched to
reduce the risk of power failures and, also with the possibility of reactive power regulation using
compensating devices optimal location as well as to meet the technical and economic requirements taking
into account the current power plants capacity [1]-[3].
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Figure 1. Map of EPS, GBAO, Tajikistan

3. PROBLEM STATEMENT

Medium and low voltage distribution networks represent the local electrical network systems basis
not always connected with the depleted power system. The challenge for such networks and local power
centers is the necessity of voltage level sustaining and active and reactive power loss reduction. The reactive
power network mode optimization is achieved by two ways. The first way includes the need to determine the
installation location and reactive power source location principles as compensating devices (CD) or static
synchronous compensator (STATCOM). The second one assumes the installed reactive power optimization
in the locations by using corresponding mathematical apparatus.

The compensating devices location selection methodology is developed and proposed in the present
article. The methodology is based on the number of heuristic rules being simulated as a fuzzy membership
function. Such rules allow defining the nodes of electrical network with high sensitivity index towards
reactive power source installation. These nodes are selected as basic areas for CD locations. The article deals
with swarm intelligence algorithms due to what the reactive power optimization is implemented in one of the
nodes considered. Swarm optimization algorithms were proved themselves well in a global optimization
problem solution [14]. A study of the relative characteristics of the firefly method was carried out. Due to the
fuzzy set of fuzzy logic the swarm intelligence algorithms applicability is significantly widened in the
optimization problems of the local electric networks modes with the reactive power, voltage, and power
factor and active power loss.

4, COMPENSATING DEVICES ALGORITHM SELECTION USING FUZZY LOGIC

To determine the CDs location on the basis of fuzzy logic model it is necessary to specify the
membership functions solutions classification per voltage levels in the nodes and power losses in the
branches. The location of compensating devices (CD) installation is planned upon active power loss defining
and voltage reducing in the electrical network. CDs installation in the nodes allows increasing the voltage
level in this network. After calculations made in the nodes where the low voltage level occurs, the CDs are
located and it is not recommended to install CDs at high voltage nodes. Linguistic terms such as high,
medium and low power loss cannot be used for the rules formulation in their common, clear understanding.
And with this understanding, the fuzzy model of fuzzy relationship can be set up to determine the appropriate
location for CDs installation into power supply system or into electricity power distribution system [15]-[18].
Fuzzy set theory is based on some notions and definitions part of which is taken a priori and the other one is
on convectional basis. One of the important things is a notion of linguistic variable and membership function.
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Fuzzy set is such a set being on some universal scale for which the set of pairs can be written down
representing the membership relation of the element of the set to a fuzzy set. Number and properties selecting
of fuzzy variables is referred to the author’s art. Fuzzy variables quantity is determined by so called syntax of
a linguistic variable and their pragmatic meaning-by semantic linguistic variable [19]-[23]. The second
important component is a membership function. It is a sort of the description model (object-deputy) in a
fuzzy world. This basic variable (for example-voltage and power loses) can have some shades of meaning,
semantics which can be expressed by a membership function.

If the statement is a cause, the conclusion is a consequence. To determine the location of
compensating devices installation in a certain node, the sets of numerous antecedents fuzzy rules are
developed. Entry into the rules is a voltage level, a power and loss factor and exit (consequences) is a node
suitability to locate CDs. The solution technique to install CDs in the specific node is carried out on the basis
of accumulating rules in the fuzzy relationship matrix. Fuzzy linguistic variables of the voltage in the nodes
are described by the following membership functions: low, below average, average, above average and high.
The solution of the problem set is based on the suggested approach for the fragment of the electric power
system distribution network in GBAO, given in Figure 2.
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Figure 2. GBAO radial circuit

The circuit consists of 46 nodes and with calculation of the normal mode is divided into the nodes
classes of the following voltage level: low, below normal, normal, normal high, and high. Voltage nodes
(linguistic variable nodes (low voltage)) are marked with a red color. These nodes are: 13, 14, 15, 16, 17, 20,
22,24, 25, 28, 30, 33, 41, 46. Total nodes are 14. The Table 1 shows the nodes voltage obtained as a result of
the normal mode calculations made in the distribution electrical network using RastrWin3 software package
(SP).

RastrWin3 software package (SP) is designed to solve problems related to the calculation, analysis
and modes optimization in electrical networks and systems. The original modification of the full Newton
method with optimal step selection was developed in the software used for calculating EPS modes set, taking
into account equation peculiarities of nodes voltage given in the rectangular coordinates. The nodes of
appropriate linguistic variable with voltage “below normal” is circled with a blue color and these nodes are:
3,4,9,10,11,12,37,38,40,42,43,44. Total nodes are 12.
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Table 1. Voltage value in nodes of the GBAO electric network model

Type Number Name Pn, MW Qn, MVAr Py MW Qg, MVAr U, kV
Base 1 Pamir 1 13.3 3.0 6.60
Load 2 1 34.93
Load 3 2 33.49
Load 4 3 2.7 0.9 33.49
Load 5 4 33.05
Load 6 Roshtkala 1.7 0.6 32.27
Load 7 Khorog 9.0 6.6 6.30
Load 8 Navobod 0.8 0.3 34.54
Load 9 Vid 1.0 0.3 34.06
Load 10 Branch line 33.16
Load 11 Jomi 1.0 0.3 33.11
Load 12 Bizmich 5.2 1.7 32.96
Load 13 Pornishev 15 0.6 31.27
Load 14 Buni 0.4 0.1 30.57
Load 15 Pastbaju 0.1 0.0 29.54
Load 16 Pastkhuf 0.3 0.1 29.22
Load 17 Rushan 2.1 11 28.52
Load 18 5 0,1 0,0 32,25
Load 19 Virujak 0.8 0.5 32.10
Load 20 Gojak 0.6 04 31.92
Load 21 Pish 0.5 0.2 31.70
Load 22 Nishusp 0.2 0.1 31.46
Load 23 Andarob 0.3 0.1 31.19
Load 24 Qal’ailal 0.6 0.4 31.05
Load 25 Expedition 13 0.7 31.04
Load 26 Sist 0.1 0.0 31.16
Load 27 Vogz 0.0 0.0 31.20
Load 28 Shanbedeh 0.1 0.0 31.26
Load 29 Bagush 0.0 0.0 31.51
Load 30 Qozideh 0.1 0.0 31.73
Load 31 Barshor 0.0 0.0 31.77
Load 32 Avj 0.0 0.0 31.89
Load 33 Mulvog 0.1 0.0 32.01
Load 34 Yakhshvol 0.0 0.0 32.08
Load 35 Sumchin 0.0 0.0 32.18
Load 36 Tamoznnya 0.0 0.0 32.44
Load 37 Ishkoshim 0.7 0.2 32.56
Load 38 Namadgud 0.2 0.1 33.14
Load 39 Ishkoshim HPP 25 2.1 6.30
Load 40 6 33.23
Load 41 Darshay 0.0 0.0 32.87
Load 42 Shitkharv 0.1 0.0 32.73
Load 43 Zumudg 0.0 0.0 32.56
Load 44 Navobod 0.0 0.0 32.47
Load 45 Pitup 0.3 0.1 32.43
Load 46 Vrang 0.3 0.1 32.33

The nodes complying with linguistic variable with voltage “normal” is circled with a green color
(nodes: 1, 2, 7, 8, 39). The number of nodes is 5. If voltage classes are “above normal” and “high”, the nodes
are missing. The following range of functions was taken:

— «Normal» 34.5 < X < 35.5 kV,
— «Below normal» 32.5 < X < 34.5 kV,
— «Low» 28 < X < 32.5kV.

Membership functions are given in the Figure 3. Likewise, the fuzzy classification of active power
loss index in the network was provided and was separated into classes using linguistic variables of power
loss: low, below, average, above average, and high that are shown in Figure 4.

To determine the location priority of CD installation, the linguistic matrix of fuzzy relationship was
used between two such fuzzy variables as a voltage and power loss. Linguistic matrix was given in Table 2.
Based on the parameters of normal mode as shown in Table 1 and fuzzy relationship matrix given in Table 2,
there will be 13 main nodes for the CD to be installed. The nodes priority is defined by their relation towards
the low voltage class and below average voltage [24]-[26]. The power selection for CDs in the nodes was
marked for the purpose of their location and implemented with swarm intelligence algorithm-using fire-fly
method.
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Table 2. Linguistic matrix of CD location feasibility
AP VoltageU
Low Below normal Normal Above normal High

@ Low below below low low low

38 Below average below below low low

5 Average aboveaverage average below low low

g Aboveaverage aboveaverage aboveaverage average below low

o High high aboveaverage average below below

5. CD LOCATION OPTIMIZATION USING FIRE-FLY ALGORITHM

Mathematical statement of optimization problem is active power loss minimization, CD costs
minimization and tan(¢) value ensuring that must be no more than 0.35. The simplest way to reduce multi-
objective problems to a single-objective one is a linear convolution. Active power loss and cost of CDs can
be combined into a single-objective of financial loss, taking into consideration per unit cost of power loss
(1 kw) and per unit of CDs power (KVAr). The price of ¢, power loss is defined by the tariff used by the
consumers. tan(¢) value was a criterion and transformed into the limitations. In addition, tan(¢) value was
limited from below because the low value tan(g) can result in a system stability loss [26]-[30].
Mathematical problem formulation of a single-objective optimization is defined as (1), (2), (3):

Expert system application for reactive power compensation in isolated electric power... (A. K. Kirgizov)
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W (Q)=C(Q)+E, (Q)—>min

@

Q:{ererQay---aQn}
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C(Q) = Ccu Zinlei (3)

Under constraints
Quini <Q < Qpaxi

where i —is the current index of the reactive power source,
0<Q,; <Q, i=123...,n
0.1< tan(e) <0.35

where C(Q) - is a capital cost for CD installation; E,. — is a value of active power loss; Q, —is a CD power
vector; Q,— is a CD power in i-node (if Q,,,; =0, CD installation is not required in i-node); n —is a number
of nodes which CD can be installed for the considered section of such nodes are 14; z — is a number of hours
of maximum loss; AP- is a total loss of active power in the network; Q,..;— is @ maximum installed

capacity of CD in i-node. As a result of optimization problem solution the optimal CDs power in the selected
priority nodes are determined and summarized in the Table 3. As CDs have discreteness regulated by
parameters and power discreteness of the produces electrical equipment, some values in Table 3 of the article
are rounded up to the nominal values.

Table 3. CD Power in the priority nodes
Compensating device

Compensating device

Node number Node number

power, MVAr power, MVAr
12 1.511 12 1.500
13 0.517 13 0.500
14 0.01 14 0
15 0.03 15 0
16 0.08 16 0.100
17 1.014 17 1.000
20 0 20 0
24 0.03 24 0
25 0.592 25 0.600
28 0.02 28 0
30 0 30 0
33 0 33 0
41 0.01 41 0
46 0.01 46 0

6. CONCLUSION

A new approach, towards the selection of CDs location in the electrical networks based on fuzzy
relationship matrix linking voltage level in the nodes, power loss in the branches and power factor of the
network, is suggested. Priority selection is carried out for the network nodes with low voltage and voltage
below normal and, correspondingly, with high loss. The calculations conducted confirmed the correctness of
the selection model suggested.

Optimal distribution of the reactive power sources in the distribution networks of GBAO is
conducted on the basis of swarm intelligence algorithms; in particular, fire-fly algorithm while searching
minimum target function covers entire area of possible solutions compared to widely-used gradient method.
A fire-fly method is suggested and tested enabling to solve a problem using two objectives with a possibility
of global minimum search. It should be noted that the algorithm can find the area of the global extremum, but
not the extremum itself, due to its diversification property, which allows it not to "get stuck" in local areas.

Int J Elec & Comp Eng, Vol. 11, No. 5, October 2021 : 3682 - 3691
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For a more accurate solution of the problem, the firefly method can be used and before optimization, by the
gradient method, which is the task of subsequent scientific works.
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