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Abstract

In this paper, the location and the size of capacitors to be installed in radial distribution systems are determined by using the Symbiotic Organism Search
(S0S) algorithm which is a new and powerful metaheuristic optimization technique in order to increase the efficiency by reducing the power losses in
distribution systems and to deliver energy more economically with high quality by improving the voltage profile. In the process of determining the
capacitor value, the value of the capacitors is taken as commercially available discrete values not as continuous values. The power flow analysis is
performed using Forward and Backward Sweep (FBS) algorithm. IEEE 9 bus radial distribution system is used as test system. Performance of the proposed
approach is evaluated by comparing the obtained results with the other studies found in the literature for the optimal capacitor placement and sizing
(OCPS) problem and the superiority and effectiveness of the method by reducing the power losses in the system and annual cost to the optimum level is
shown.
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SiMBiYOTiK ORGANIiZMALAR ARAMA ALGORITMASI iLE DAGITIM
SEBEKELERINDE GUC KAYIPLARININ AZALTILMASI

0z

Bu ¢alismada, dagitim sebekesindeki gii¢ kayiplarini azaltarak verimliligi arttirmak ve gerilimi diizenleyerek enerjiyi yiiksek kalite ile daha ekonomik
olarak iletebilmek icin dagitim sebekesine yerlestirilecek sént kapasitérlerin optimum yeri ve degeri, yeni ve etkili bir list sezgisel optimizasyon yéntemi
olan simbiyotik organizmalar arama algoritmast kullanilarak belirlenmistir. Kapasitér degerini belirleme isleminde, kapasitdrlerin degeri stirekli deger
olarak degil de ticari olarak mevcut olan ayrik degerler olarak goz éniine alinmistir. Gii¢ dagitim sistemindeki yiik akis analizi icin ise Forward and
Backward Sweep (FBS) algoritmas! kullanimistir. Onerilen yéntem 9 baral standart IEEE dagitim sebekesinde test edilmistir. Elde edilen sonuclar
literatiirdeki bazi ¢calismalarla karsilastirilarak énerilen yéntemin performansi degerlendirilmis ve sistemdeki giic kayiplari ve yillik maliyet optimum
diizeye indirgenerek yéntemin uygulanabilirligi ve tistiinliikleri gosterilmistir.

Anahtar Kelimeler: Simbiyotik Organizmalar Arama Algoritmasi, S6nt Kapasitorler, Gii¢ Kayiplarini Azaltma, Radyal Dagitim Sebekeleri

1 Introduction capacitors. If the reactive power optimization can be performed
correctly, the system acquires a longer operating life and an

The power quality is always one of the priority topics in power :
increased performance.

systems. One of the most important factor affecting power

quality is the power losses. The distribution system is the In order to solve OCPS problem in distribution system, a wide
mainly responsible for the losses. Studies have demonstrated range of methodologies have been proposed and reported in
that approximately 13% of total power generated is wasted as the literature over the last decades. These techniques can be
losses at the distribution level [1]. The reactive component of classified into four categories as analytical, numerical
the current causes the power losses and voltage drops in an programming, artificial intelligence (AI) based and heuristic
electrical line. Reduction of losses to meet power demand is techniques [2]. Among them, the analytical methods were used
more charming than increasing generation because of more in the earliest works for optimal capacitor location [3].
economical. However, it is not possible to reduce power losses Although analytical methods are easy to understand and
to zero in a power system, only they can be kept to a minimum. practice, obtained results may not guarantee an optimal
The capacitor placement is one of the most effective and useful solution because of the modelling of the capacitor locations and
method in reducing the power losses produced by the sizes as continuous variables. Moreover, some non-realistic
unnecessary reactive power flow because capacitor has assumptions such as radial feeder without any laterals and
economic advantages such as lower installation and operating uniform loading are deficiencies of analytical methods.
costs despite of technical limits. Capacitor placement in radial However, the latter analytical methods modelled radial
distribution feeders ensures some benefits like total power loss distribution feeders more realistically by considering non-
reduction, voltage profile enhancement, power factor uniformly distributed loads [4]. As a result of these studies,
correction and feeder capacity release. Nevertheless, capacitors analytical methods present more accurate results but require
must be optimally placed to achieve these benefits. Optimal more distribution system data and time to implement. With the
placement means choosing the proper location and sizing of the developed computing ability and increased memory of
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computer, numerical programming methods began to improve
and are used to maximize or minimize an objective function in
optimal capacitor location problems [5]. Despite the fact that
some of the numerical programming methods are superior to
analytical methods by virtue of considering capacitor locations
and sizes as discrete variables, numerical techniques require
more time than analytical methods in the data preparation. In
time, expanding size of optimization problem caused to
increase the complication of the programming methods.
Therefore, Al based techniques have been investigated by many
researchers in OCPS problem to overcome the difficulties [6-
11]. The results obtained using these techniques are usually
near optimal solution. Especially in recent years, many
researches have focused on various types of heuristic and
metaheuristic optimization techniques to find the optimal
solution for capacitor allocation problem. Heuristic algorithms
minimize search space using fast and practical strategies and so
better solution is achieved. Genetic algorithm [12], tabu search
[13], particle swarm optimization algorithm [14], ant colony
search [15,16], artificial bees colony based algorithm [17], plant
growth simulation algorithm [18], harmony search algorithm
[19, 20], cuckoo search algorithm [21] and group search
algorithm [22] are some of the heuristic techniques used in
OCPS problem. Although there are considerable amount
research work in the area of optimal capacitor placement, more
suitable and effective methods are still required for
determining the best location and sizing of capacitor.

In this paper, a new metaheuristic algorithm called symbiotic
organism search (SOS) developed by inspiration from
symbiotic interaction among organisms in the ecosystem is
preferred for solving the OCPS problem because it requires no
specific algorithm parameters and is easy to implement, unlike
most other metaheuristic algorithms. The used objective
function aims to maximize the annual net saving from the loss
reduction with the proper capacitor installation by minimizing
capacitor costs while keeping the voltage profile within
required limits. Although the commercially available capacitors
are discrete, the capacitors are usually assumed as continuous
variables. Selecting integer capacitor sizes closest to the
optimal values found by the continuous variable approach may
not guarantee an optimal solution [23]. For this reason, discrete
capacitors are considered in this paper. The Forward and
Backward Sweep (FBS) load flow algorithm is used for
computing power losses and bus voltages due to its suitability
for radial distribution systems and effectiveness in speeding up
the computing time without difficulties in getting converged
solutions. The proposed approach is applied to IEEE 9 bus
radial distribution system and the results are compared with
previous method in literature and the contribution in terms of
the quality of solution is reported.

2 Symbiotic Organism Search Algorithm

The SOS algorithm is a new and effective metaheuristic method
developed by Cheng and Prayago in 2014 and based on the
symbiotic interaction strategies that organisms use to survive
in the ecosystem [24]. The algorithm simulates the symbiotic
interactions between two organisms in order to search for the
most suitable organism that an organism might be in relation.
As in other population-based algorithms, SOS uses iteratively
the candidate solutions forming search space when searching
for the optimal global solution and begins with a randomly
generated initial population called the ecosystem. Each
organism in the ecosystem represents a candidate solution and
has a certain fitness value reflecting degree of adaptation to the
desired objective.
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In SOS, new solutions are produced by simulating the biological
interaction between two organisms in the ecosystem. The
algorithm using biological interactions in the real world as a
model consists of three steps. These are mutualism phase,
commensalism phase, and parasitism phase. Each phase
operates by considering the character of interaction and each
organism interacts with another organism randomly chosen in
all phases. The procedure is repeated until termination criteria
are met.

2.1 Mutualism Phase

Mutualism is a symbiotic relationship between two different
species where both organisms benefit from the association. In
this phase, X; is considered as ith organism in the ecosystem
and X; is the another organism selected randomly from the
ecosystem to interact with X;. These two organisms engage
with each other to increase mutual survival advantage in the
ecosystem. New candidate solutions for X; and X; are calculated
using Equation (1) and Equation (2) modelled according to
mutualistic relationship between two organisms.

X, = X; + rand(0,1) * (Xpesc — MV * BF;) (1)

X;' = X; + rand(0,1) * (Xpese — MV * BF,) (2)
Xi+X

MV = % (3)

BF; and BF, parameters in the equations are called the benefit
factors and used to determine level of benefit of each organism
from the association. In the algorithm, the benefit factors are
selected randomly as 1 or 2. The Xj,,; also reflects the highest
degree of adaptation. MV called as mutual vector is a vector
representing characteristic of relation between organisms
X; and X; and calculated as shown in Equation (3).

The fitness value is calculated for each new candidate solutions
and if their fitness values is better than the previous fitness
values, the old organisms replace with the new solutions.

2.2 Commensalism Phase

This phase of SOS is modelled according to commensalism
which is a symbiotic relationship between two different species
in which one benefits from the other without affecting it. As in
the mutualism phase, X; is an organism selected randomly from
the ecosystem to interact with X;. While only X; is benefited
from the interaction, X; is not affected. The new candidate
solution of X; is calculated using Equation (4) modelled
according to the commensalism relation between organism
Xi and X] [24]

X' = X; + rand(=1,1) * (Xpese — X;) (4)

Finally, organism X; is updated if the new fitness value is better
than the previous fitness value.

2.3 Parasitism Phase

Parasitism is a symbiotic relationship in which one of the two
different species benefits from the other by damaging it. In this
phase, X; is used to create an artificial parasite called parasite
vector. While the parasite vector is creating, firstly X;is
duplicated and then modified randomly in the search space.
Similar to previous phases, X; is selected randomly from the
ecosystem and used to serve as a host to the parasite vector.
Parasite vector tries to replace X; in the ecosystem.

The fitness value of both organisms is evaluated and if the
fitness value of parasite vector is better, it takes over position
of X; in the ecosystem by Kkilling it. Otherwise, X; develops
immunity to the parasite vector and the parasite can no longer
live in the ecosystem.
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3 Objective Function Formulation
The objective function used in this study is a saving function
formulated mathematically in Equation (5). The saving is
maximized by minimizing power loss and capacitor costs.

S =KplAp — KcQc (5)

where S is obtained net annual saving ($), Kp is the yearly cost
of power loss reduction ($/ kW), 4, is the power loss reduction
(kW), K¢ is the cost of the installed capacitor ($/kVar) and Q.
is the size of the installed capacitor (kVar).

After the capacitor installation, the voltage magnitude at each
bus must be kept within permissible limits to provide quality
electrical supply as expressed in Equation (6).

Viin < Vi < Vpax i=1,..,N
where N is the bus number and V; is the voltage at bus i.

4 Implementation of SOS for OCPS Problem
In the solution of OCPS problem using SOS algorithm, at first the
total power loss (P,,ss) and bus voltages are calculated by
performing the load flow program [11] and n random
organisms with dimension n, are generated as in Equation (7)
according to the commercially available capacitor values given
in Table 1 between the upper and lower bounds. Therefore, the
search space is an ecosystem matrix with dimensions of n x ny4
as shown in Equation (8). While each row of the matrix

(6)

represents an organism (solution), each element of the row
vector represents a capacitor value (Q.) to be installed the bus.

organizma = 150 * round(L,+ (U, — Lp).* rand) (7)
(@' @n,'

Qc = : : (8
Qo)™ Q)ny"

The reactive power values at each buses are updated by using
the generated organisms in Equation (7) and new total power
loss (P,ss) ' and bus voltages are calculated again with the
updated Q. Then the fitness value for each organism is
evaluated by using the objective function. While the fitness
value is determining, bus voltages in the distribution system
are considered. If the bus voltages are within limits for each
organism, fitness value of the organism is determined as
objective function, otherwise, it is determined as zero.
Afterwards, the organism (solution) which has maximum
fitness value is determined as the best organism (Qps¢) and by
beginning from the first organism in the ecosystem, three
phases of SOS are performed respectively for each organism.
The process is repeated until iteration number reach maximum
value. If not, the best organism is updated and SOS phases are
repeated with updated organisms.

Table 1. Commercially available capacitor sizes and their costs.

1 2
Capacitor size (kVar) 150 300 4
Capacitor cost ($/kVar) 0.500 0350 0.2
10 11
Capacitor size (kVar) 1500 1650 18
Capacitor cost ($/kVar) 0.201 0.193 0.1
19 20
Capacitor size (kVar) 2850 3000 31
Capacitor cost ($/kVar) 0.183 0.180 0.1

3
50
53
12
00
87
21
50
95

4 5 6 7 8 9
600 750 900 1050 1200 1350
0.220 0.276 0.183 0.228 0.170 0.207
13 14 15 16 17 18
1950 2100 2250 2400 2550 2700
0.211 0.176 0.197 0.170 0.189 0.187
22 23 24 25 26 27
3300 3450 3600 3750 3900 4050
0.174 0.188 0.170 0.183 0.182 0.179

5 Determining the Parameter

The initial parameters of the algorithm are set as follows. The
parameters are summarized in Table 2.

e The dimension of the problem is determined as 9 because
there are 9 candidate bus where capacitor can be placed.

e There is not a general rule in determining the number of
organisms in the ecosystem. Therefore, the parameter is set
to 27 in this study.

e The maximum iteration number is empirically determined
as 5000 by considering its effect on the problem solving.

e The upper and lower bounds of the search space are
determined by the minimum and maximum values that the
capacitor can get. For the test system used in the article,
these values are setted as 0 and 4050, respectively.

e Since discrete capacitor values are used in the solving the
problem, the random organisms produced must be at these
values. When we look at Table 1, it is seen that capacitor
values increase at 150 intervals. For this reason, L, and U,
parameters in the Equation (7) should be determined 0 and
27, respectively. Therefore, the search space is produced
according to the commercially available capacitor values
between the upper and lower bounds.
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Table 2. The initial parameters of the algorithm.
Dimension of organism (ny) 9

Number of organism (n) 27
The upper and lower bounds of 0- 4050
the search space

Lb and Ub 0-27
Maximum iteration number 5000

6 Simulation Results

The test system used in this article is IEEE 9 bus radial
distribution system which has a radial structure as shown in
Fig.1. The rated voltage of the system is 23 kV. The load data
and the line data for the system are given in Table 3. Kp is
selected as 168 $/kW with the purpose of making better
comparison with other research works in this topic and voltage
limits are determined as V,,,;,= 0.9 and V},,,,,= 1.04 pu.

1 2 3 4 5 6 1 8 g

Pu P Py Py P Pis P Py Py
Ot Q2 Qu Qo 05 % Q7 Qg O
Figure 1. IEEE 9- bus distribution test system
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Table 3. Line and load data of the test system.

Bus no
1 2 3 4 5 6 7 8 9

Load

P(kW) 1840 980 1790 1598 1610 780 1150 980 1640

Q (kVar) 460 340 446 1840 600 110 60 130 200

Line

i. bus 0 1 2 3 4 5 6 7 8

+1. bus 1 2 3 4 5 6 7 8 9

R(Q) 0.1233 0.0140 0.7463 0.6984 1.9831 0.9053 2.0552 4.7953 5.3434

X(Q) 0.4127 0.6051 1.2050 0.6084 1.7276 0.7886 1.1640 2.7160 3.0264
Total power loss and annual cost before compensation are The voltage profile of the system before and after
783.8 kW and 131675 $, respectively. After the proposed compensation is shown in Fig. 2. As shown in the figure, the
method is applied to the test system, the values are reduced to voltage profile of the system is significantly improved after the
675.40 kW and 115101 $, respectively. Furthermore, the SOS algorithm is apphed to the system.
minimum voltage level at the buses is improved from 0.8375
pu to 0.9000 pu. The capacitor sizes to be installed to o i
determined buses and the obtained results are presented in 1 i:;f;r::;r:gﬁ::n
Table 4. From this table, it is seen that the bus voltages are 098

within the required limits.
0.96

Table 4. The obtained results for 9 bus radial distribution
system bus after the proposed method.

o
o
=

Voltage of the buses (pu)
o
7
b

Bus no Capacitor size Bus voltages
(kvar) (pu) oe b
1 1.0009 088
2 4050 1.0070 0.86
3 2100 0.9976 .
4 1800 0.9875 ‘ f
5 1200 0.9653 ey 1 2 3 4 5 6 7 8 E
6 150 0.9573 Bus number
7 150 0.9419 Fig. 2. Voltage profile versus bus number before and after
8 150 0.9169 compensation.
9 450 0.9000 The obtained results are compared with the results of the
Total losses Annual cost Net saving other methods applied to 9 bus system given in Table 5. From
(kW) ($) ($) the results, it is seen that the proposed method has
outperformed the other methods in terms of the power loss
675.40 115101 16574 and the annual cost.

Table 5. Comparison of results of the proposed method with the other works.
Reactive power of added capacitor in kVar

Bus no Before [11] [16] [8] Proposed
Compensation method
1 1800
2 1650 4050 4050
3 1200 1650 2100
4 4050 1800 2550 1800
5 1200 1200 1050 1200
6 450 150
7 150
8 450 450 300 150
9 450 450 450
Total losses(kW)  783.8 68497 67873 67564 675.40
Annual cost ($) 131675 116117 115768 115490 115101
Net Saving ($) 15557 15907 16185 16574
7 Conclusion discrete problem is investigated in this paper. It is shown that
The performance and applicability of the symbiotic organism .the quitg satisfactory simulation results are .obtained Yvith the
search algorithm for solving the optimal capacitor placement installation of capacitors at the. proper l.oc.atlons by using SOS.
and sizing problem in radial distribution systems which is a Moreover, when compared with the similar research works

found in the literature, the superiority of the SOS algorithm is
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clearly demonstrated in terms of achieving maximum net
saving and reducing power losses by keeping the bus voltages
within permissible limits.
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