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This study introduces a new long term scheduling for optimal allocation of capacitor bank in radial
distribution system with the objective of minimizing power loss of the system subjected to equality
and in equality constraints. In the proposed method the new integrated approach of Loss Sensitivity
Factor (LSF) and Voltage Stability Index (VSI) are implemented to determine the optimal location for
installation of capacitor banks. Bacterial Foraging optimization algorithm (BFOA) is proposed to find
the optimal size of the capacitor banks. The proposed method is applied on IEEE 34-bus and 85-bus radial
distribution system with all possible load changes. The load is varied from light load (50%) to peak load
(160%) with a step size of 1% and optimization procedure is followed to entire period. The generalized
equation obtained from the curve fitting technique is very much helpful for the Distribution Network
Operators (DNOs) to adjust the capacitor size according to the load changes. The simulated results
demonstrate well the performance and effectiveness of the proposed method.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

It is estimated that 13% of the total power generation is lost as
I2R loss in the distribution level. Capacitor installation has proved
that it has significantly reduced the power loss and improved the
voltage profile. Hence it will help to decrease the intake of power
from the feeder [1]. Improper placement of the capacitor will lead
to reduce the benefits of the system and even endanger the entire
system operation control [2–4]. In order to locate the shunt capaci-
tor in the distribution system, one has to find the optimal location,
size and number of capacitor to be installed, such that maximum
benefits of the system can be achieved at the same time satisfying
all the constraints. There are a number of methods available to solve
the capacitor installation in distribution system. The main problem
in installation of shunt capacitor on radial distribution system lies
in how to determine the optimal location and size of the shunt
capacitor. Recently many methods and optimization algorithm
have been proposed in order to find the optimal capacitor place-
ment problem [5]. Plant growth optimization was introduced for
optimal allocation of capacitor with the objective of improving volt-
age profile and reduction of power loss. [6]. Genetic Algorithm was
used to find the optimal sizing of fixed and switched capacitor at
different load levels [7–10]. Fuzzy based GA was used to determine
the optimal size with the multi objective of minimizing the energy
cost and to enhance voltage profile of the system [11]. Direct search
algorithm was introduced to find the optimal location and size of
fixed and switched capacitor and it was tested on IEEE 22, 69, 85
bus radial distribution system with the objective of maximizing
net savings and minimizing the power loss [12]. Ant colony
optimization algorithm was proposed to solve capacitor placement
in radial distribution system [13]. Taher and Bagherpour proposed
the hybrid honey bee colony optimization algorithm to place the
shunt capacitor in IEEE 25, 37 bus radial distribution system to
minimize power loss and maintains total harmonic distortion
[14]. Antunes et al. proposed the non-dominated sorting genetic
algorithm to solve the optimal capacitor placement in radial dis-
tribution system for reactive power compensation [15]. Baran and
Wu introduced mixed integer programming for the capacitor place-
ment [16]. Chis et al. have chosen more sensitivity nodes for opti-
mal location and sizing by heuristic search strategies to maximize
the net savings [17]. Mohammad et al. introduced the supervisory
control and data acquisition system (SCADA) with fuzzy based deci-
sion maker to calculate the suitable capacitor required to enhance
the power factor according to the measured parameters [18].
Prakash and Sydulu introduced the particle swarm optimization
to determine the optimal size of the capacitor bank to minimize
the power loss [19]. Sayyad Nojavan et al. proposed mixed integer
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Nomenclature

PLm real power load at bus m
Pm real power flowing out of bus m
Pmþ1;eff total effective real power load fed through the bus m + 1
Im equivalent current injected at node m
Rm resistance of the line section between buses m and

m + 1
Plossðm;mþ 1Þ real power loss in the line connecting buses m and

m + 1
n total number of buses
nb total number of the branches
QLm reactive power load at bus m
Qm reactive power flowing out of bus m

Qmþ1;eff total effective reactive power load fed through the bus
m + 1

Vm voltage magnitude at bus m
Xm reactance of the line section between m and m + 1
PT;Loss total power loss of the system
Pcap;m reactive power supplied by capacitor
Vm;min minimum voltage limits at bus m
Vm;max maximum voltage limits at bus m

Qmin
cm minimum reactive power limits of compensated bus m

Qmax
cm maximum reactive power limits of compensated bus m

QNthLoc
Optimal optimal size of capacitor at nth location
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nonlinear programming approach to determine the optimal loca-
tion and size of the capacitor to minimize the power loss and
increased the net benefits [20].

All the above researchers have achieved encouraging results in
solving the capacitor placement in radial distribution system.
However, they also have shortcomings in some respects such as
computational time in solving capacitor and especially all the
researchers are implemented only light, medium and peak load of
distribution system. It is well known that the optimal size of capaci-
tor will vary with respect to each and every slight load change.

The present work aims to develop a fast and new technique to
determine the optimal location and size of the capacitor bank for
power loss minimization in the radial distribution system. In this
paper, the optimal location is determined by using the new
integrated approach of combination of loss sensitivity factor and
voltage stability index. BFOA has been proposed to minimize the
objective function by determining the optimal size of capacitor
bank at candidate location. It is very clear that the optimal size of
capacitor will change with respect to load changes. The load
changes from light load (0.5) to peak load (1.6) with step size of
1% has not been done so far for the capacitor placement. Hence
the system load is changed linearly with a step size of 1% from
the light load to peak load and the results are obtained. The
proposed method is tested on a well-known 34-bus and 85-bus system
and the results obtained by the proposed method is compared with the
heuristic based algorithm, PSO, PGS, and MINLP methods.

Problem formulation

Load flow analysis

The direct approach for distribution system load flow solution is
used to find the power loss and also the voltage at each branch
[21]. The single line diagram of a sample distribution system is
shown in Fig. 1.

The voltage at node m + 1 is given by

Vmþ1 ¼ Vm � Jm � ðRm þ jXmÞ ð1Þ

The branch current at each line can be calculated in a matrix form as
follows

J ¼ ½BIBC� � ½I� ð2Þ
PLm+1+jQLm+1

Rm+jXm

Pm+jQmm m+1

Vm
Vm+1

Jm

PLm+jQLm

Fig. 1. Sample distribution system.
where BIBC is the Bus current Injection to Branch Current matrix.

im ¼
ðPLm þ jQ LmÞ

�

Vm
ð3Þ

The real and reactive power loss in the line section between buses
m and m + 1 is calculated by using the following equation

Plossðm;mþ 1Þ ¼ P2
m þ Q 2

m

Vmj j2

 !
� Rm ð4Þ

Qlossðm;mþ 1Þ ¼ P2
m þ Q2

m

Vmj j2

 !
� Xm ð5Þ

The total real and reactive power loss of the system can be easily
found by summing of all the branch power loss and it is expressed
in Eq. (6).

PT;Loss ¼
Xnb

m¼1

PLossðm;mþ 1Þ ð6Þ
Objective function

The objective function of the proposed work is to minimize the
power loss of the system.

The mathematical formulation of the objective function is given
by.

Minimize ðFÞ ¼ minðPLossÞ

Subject to the following operating constraints.
Power balance

Pss ¼
Xn

m¼2

PLm þ
Xnb

m¼1

PLoss m;mþ 1ð Þ �
Xnb

m¼1

Pcap;m

Voltage deviation limit

Vm;min 6 Vmj j 6 Vm;max

Reactive power compensation

Qmin
cm 6 Q cm 6 Q max

cm ; m ¼ 1; . . . . . . ;NB
Optimal location of the capacitor

The Loss sensitivity factor and voltage stability index are used
to identify the optimal location of the capacitor. The first location
of the capacitor placement is chosen from the busses which have
the highest value of the loss sensitivity factor. The second location
of the capacitor placement is chosen from the bus which has more
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chance of voltage collapse and it is identified using voltage stability
index. The third location of the capacitor is chosen from the buses
which gives less power loss among all the buses.
Loss sensitivity factor

The loss sensitivity analysis is used to identify the optimal
location for the capacitor placement. The node which has highest
value of LSF has more chance to install capacitor [19]. Another
advantage of using this method is lead to reduce the search space
of the optimization process. The Eq. (4) is partially differentiate
with respect to reactive power and it is given by

@Plossðm;nÞ
@Q mn

¼
2Q mþ1;eff Rm;mþ1

Vmþ1j j2
ð8Þ

The LSF values are sorted in descending order for all the lines and
the buses which have the highest value of LSF have more chance
for selecting candidate location to install capacitor.
Voltage stability index

There are many indices used to check the power system
security level. In this section a new steady state voltage stability
index is used in order to identify the node which has more chance
to voltage collapse [22]. The voltage stability at each node is
calculated using Eq. (9). The node which has the low value of VSI
has more chance to install capacitor. Hence the VSI should be
maximized to prevent the possibilities of voltage collapse.

VSIðmþ 1Þ ¼ Vmj j4 � 4 Pmþ1;eff � Xm � Qmþ1;eff � Rm
� �2

� 4 Pmþ1;eff � Rm þ Q mþ1 � Xm
� �

Vmj j2 ð9Þ
Bacterial foraging Optimization algorithm

BFOA is an efficient swarm intelligence based stochastic search
technique developed by Passino [23]. Recently, BFOA has been
applied to solve numerous optimization problems in power
systems. Any natural evolutionary process is based on the their
fitness criteria namely

1. Food searching ability.
2. Mobile behavior (self-charging).

The law of evolution will support the species which have better
food searching ability. These species are capable of producing
better species in future generations and hence propagation in
evolutionary chain is facilitated. This property of evolution is
foraging optimization.
Foraging strategy of Escherichia coli

i Chemotaxis
Chemotaxis means movement of bacteria involving swim-
ming and tumbling. If the movement is in a predefined
way then it is called swimming and if in random direction
it is known as tumbling.
Tumble ¼ ðUnite length of random direction

� step length of that bacteriaÞ:

If swimming, it is already predefined.
ii Swarming
It means the margining of many bacteria towards the richest
food source in a concentric pattern with high bacterial
density.

iii Reproduction
The original set of bacterium undergo the various stages of
Chemotaxis and reaches the reproduction stage. Then they
get divided into two groups. The healthier group survives
and the other group gets eliminated.

iv Elimination and dispersal

It is an adverse reaction which may sometimes take place
even after the smooth event of evolution, which causes the
elimination and dispersal process of the bacteria in the nearest
environment.

The Uniqueness of BFOA lies in the Chemotaxis process in
which the bacterium moves by an amount of cD if the objective
function value is reduced for new location. Otherwise, it remains
in the same position. This unique characteristic of BFOA leads to
achieve good convergence behavior and also very near global
optima solution can be achieved.

The steps involved in the BFOA is.

Step 1: Initialization.
� P: The number of variables to be optimized (p = 3).
� S: The number of bacteria is used for searching the total

area (100).
� Ns: The number of iteration (50).
� Nc: The number of chemotactic steps (4).
� Nre: The maximum number of reproduction steps (4).
� Ned: The maximum number of elimination-dispersal

events (2).
� Ped: The probability of elimination-dispersal process (0.5).
� C ið Þ: The step change of size in the random direction

0:05 � ones S;1ð Þð Þ.
� hi: Assign the location, minimum and maximum limits of

the capacitor bank.
hi ¼ ðhi
1; h

i
2; h

i
3Þ 8i ¼ 1;2; . . . ; S
where h1; h2 and h3 are the sizes of the capacitor at corresponding
buses.

Step 2: iteration loop: q ¼ qþ 1.
Step 3: Elimination-dispersal loop: l ¼ lþ 1.
Step 4: Reproduction loop: k ¼ kþ 1.
Step 5: Chemotaxis loop: j ¼ jþ 1.
For i = 1,2, . . . ,S, chemotactic step for bacterium I as follows.

a. Calculate the objective function, X i; j; k; lð Þ.
Let X i; j; k; lð Þ ¼ X i; j; k; lð Þ þ Xcc hi j; k; lð Þ; P j; k; lð Þ

� �
. Fcc is

calculated by
Xccðh;Pðj;k; lÞÞ¼
XS

i¼1

Xccðh;hiðj;k; lÞ

¼
XS

i¼1

�dattrac exp �wattract

Xp

m¼1

hm�hi
m

 !2
2
4

3
5

þ
XS

i¼1

hrepelent exp �wrepelent

Xp

m¼1

hm�hi
m

 !2
2
4

3
5
ð10Þ
b. Let Xlast ¼ X i; j; k; lð Þ and end for loop.
c. Tumble: It will generate a random vector D ið Þ for every

element DmðiÞ; m ¼ 1;2; . . . ; p.

http://www.tarjomehrooz.com/


600 Ploss
Qloss

386 K.R. Devabalaji et al. / Electrical Power and Energy Systems 71 (2015) 383–390
d. Move: Let
400

500

 o
r k

VA
r)
hiðjþ 1; k; lÞ ¼ hiðj; k; lÞ þ CðiÞ DðiÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTðiÞDðiÞ

q ð11Þ
0.6 0.8 1 1.2 1.4 1.6
0

100

200

300

Load factor

Po
w

er
 L

os
s 

(K
W

Fig. 2. Real and reactive power loss under different load variations of 34-bus
system (base case).
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Fig. 3. Voltage profile under different load variations of 34-bus system (base case).
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Fig. 4. Real and reactive power loss under different load variations of 85-bus (base
case).
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Fig. 5. Voltage profile under different load variations of 85-bus system (base case).
This will give the size of C(i) along the tumble direction for
bacterium i.

e. Calculate X ijþ 1; k; lð Þ.
f. Swim: Let m ¼ 0 (counter for swim length).
g. While m < Ns, Let m ¼ mþ 1.
h. If Xði; jþ 1;k; lÞ < Xlast; let Xlast ¼ Xði; jþ 1;k; lÞ and move hi

ðjþ 1;k; lÞ.
The Eq. (11) and hi is used to calculate new Xði; jþ 1; k; lÞ else, let
m ¼ Ns, termination of while statement.

Step 6: Go to next bacterium ðiþ 1Þ if i – S.
Sep 7: if j < Nc , go to step 5.
Step 8: Reproduction.
The S=2 bacteria with highest X values will die and the left over
S=2 bacteria with the best values divided and placed at the same
location as their parents.
Step 9: If k < Nre, then go to step 4.
Step 10: Elimination and dispersal:
Select a best bacterium which has low F and go to the step 5. For
i ¼ 1;2; . . . ; s� 1 with Ped, eliminate and disperse each bac-
terium such that the bacterium in the population remains con-
stant. The dispersal bacteria will give the new Capacitor size at
corresponding location.
Step 11: If l < Ned, then go to step 3.
Step 12: If q < N, go to step 2, or else end. Calculate the F for
final bacterium population. Find out the bacterium which gives
the minimum F and it gives the optimal sizes of capacitor bank.
Finally run the load flow analysis with obtained capacitor size
to corresponding location and display the result.

Numerical results

Base case

In the power system there are different types of load models
with respect to static characteristic. In this article the constant
power model is analyzed. In the proposed method the load has
to be varied between 0.5 (light load) to 1.6 (peak load) with a step
size of 0.01. The maximum limit of the capacitor bank is 100% of
the total kVAr loading of the network. The maximum limit of the
capacitor bank placement is limited to three. Beyond this limit,
there is no significant improvement in power loss reduction. The
parameters used to calculate net savings per year is the energy rate
Ce = $ 0.06/kW h, Installation cost of capacitor Ccl = $ 1600/location,
purchase cost of capacitor Ce = $ 25/kVAr, operating cost is $ 300/
year/location, depreciation factor (cÞ is 20%, operating hour per
year is 8760 [5]. An analytical software tool has been developed
in MATLAB to run load flow, calculate power loss and to determine
optimal location and size of capacitor banks. In order to avoid the
unnecessary incongruities, the result of other algorithms compared
are performed by the proposed load flow for the same data
obtained by their methodology. The base case active power loss
and voltage profile of 34-bus system are calculated using load flow
analysis and it is shown in Figs. 2 and 3 respectively. Similarly the
power loss and voltage profile of 85-bus system are shown in Fig. 4
and 5 respectively. The load variation from the light load to peak
load is given by

Pm;new þ jQ m;new ¼ aðPm þ jQ mÞ a ¼ 0:5;0:51;0:52; . . . ;1:6: ð12Þ

By using curve fitting technique the base case of approximate real
and reactive power loss of 34-bus system is given by
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Fig. 6. IEEE 34-bus radial distribution system.

Table 1
Simulation result of 34-bus system.

Base case Heuristic based [17] PSO [19] PGS [6] MINLP [20] Proposed Method (BFOA)

Optimal size and location – 1400 (26), 781 (19), 1200 (19), 300(4), 625(10),
750 (11), 803 (22), 639 (22), 600 (10), 940(20),
300 (17), 479 (20) 200 (20) 100(14), 610(25)
250 (4) 500(18),

300 (22),
1000 (27)

Total kVAr – 2700 2063 2039 2800 2150
Ploss (kW) 221.286 167 168.5 168.7 162.9 160.6
% reduction in Ploss – 24.53% 23.85% 23.76% 26.38% 27.42%
Qloss (kVAr) 65.09 48.3 48.90 48.9 47.3 47.1
% reduction in Qloss – 25.8% 24.88% 24.88% 27.34% 27.64%
Vmin (p.u) 0.9420 0.9515 0.9500 0.9496 0.9513 0.9505
Net savings/year ($) – 12553 15569 15584 12968 19187
Computation time (s) – NA NA NA NA 6.35

Table 2
Simulation results of different loading condition (34-bus system).

Light load Nominal load Peak load

Optimal size and location 335(10), 625(10), 1195(10),
390(20), 940(20), 1400(20),
280(25) 610(25) 1010(25)

Total kVAr 1005 2150 3605
Ploss (kW) 38.7 160.6 432.54
Qloss (kVAr) 11.4 47.1 126.96
Vmin (p.u) 0.9758 0.9505 0.9188
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Fig. 7. Real and reactive power loss of 34-bus system under different load
variations (with Capacitor).
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PlossðkWÞ ¼ ð273:2 � a2Þ � ð76:99 � aÞ þ 24:75 ð13Þ

Q lossðkVArÞ ¼ ð80:09 � a2Þ � ð22:22 � aÞ þ 7:14 ð14Þ

By using curve fitting technique the base case of approximate real
and reactive power loss of 85-bus system is given by

PlossðkWÞ ¼ ð557 � a2Þ � ð370 � aÞ þ 126:1 ð15Þ

Q lossðkWÞ ¼ ð348:5 � a2Þ � ð230:1 � aÞ þ 78:42 ð16Þ
IEEE 34-bus radial distribution system

In this case IEEE 34-bus radial distribution system is analyzed.
The data for this system are taken from [17]. The single line dia-
gram of this system is shown in Fig. 6. The total real and reactive
power loads of the system are 4636.5 kW and 2873.5 kVAr, the
base values are Sbase 100 MVA, Vbase 11 kV. The total real and reac-
tive power losses of the base case is 221.286 kW and 65.0980 kVAr
respectively. In the proposed method the optimal location for the
capacitor placement is 10, 20, 25 and the optimal size of this
locations are calculated using BFOA. In order to analyze the system
more realistically the loads are linearly varied from light load (50%)
to peak load (160%) and optimization is carried to entire period.
The optimal capacitor size at optimal location, total real and reac-
tive power loss, minimum voltage magnitude before and after
capacitor installation is shown in Table 1.The proposed method
results are compared with Heuristic method [17], PSO [19], PGS
[6], and MINLP [20]. The optimal size obtained using BFOA is dra-
matically small when compared to existing methods. It is found
that the real power loss and net savings using proposed method
is 160.6 kW and $ 19,187 which is better when compared to
162.9 kW and $ 12,968 by MINLP, 168.7 kW and $ 15,584 by
PGS, 168.5 kW and $ 15,569 by PSO, 167 kW and $ 12,553 by
Heuristic method.

The minimum voltage got from this method is 0.9505 p.u.
which is better when compared to base case of 0.9420 p.u. Also
Table 1 shows that the proposed method having significant
improvement in all aspects when compared to other existing
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methods. The light, medium, peak load results are also analyzed
and shown in Table 2. Fig. 7 shows the real and reactive power loss
with capacitor, Fig. 8 shows the voltage profile of the system after
the placement of capacitor and Fig. 9 shows the optimal size of the
capacitor with respect to load factor.

By using curve fitting technique the approximate real and reac-
tive power loss after capacitor placement is given by

PlossðkWÞ ¼ ð191:6 � a2Þ � ð46:32 � aÞ þ 15:04 ð17Þ

QlossðkVArÞ ¼ ð56:05 � a2Þ � ð13:26 � aÞ þ 4:32 ð18Þ

By using curve fitting technique the optimal size of the capaci-
tor for 10th, 20th, 25th location with different load changes are
given by

Q10thLoc
optimal ðkVArÞ ¼ 9:27 � a2� �

þ 763:8 � að Þ � 49:12 ð19Þ

Q20thLoc
optimal ðkVArÞ ¼ 23:56 � a2� �

þ 865:3 � að Þ � 47:79 ð20Þ

Q25thLoc
optimal ðkVArÞ ¼ �0:6865 � a2� �

þ 663:6 � að Þ � 50:43 ð21Þ
IEEE 85-bus radial distribution system

In this case IEEE 85-bus radial distribution system is analyzed.
The line data and bus data are available from [24] with a real
and reactive power loads of 2570.28 kW and 2621.936 kVAr. The
base values are Sbase 100 MVA, Vbase 11 kV. The single line diagram
of this system is shown in Fig. 10. The total real and reactive power
losses of the base case are 315.3278 kW and 198.1867 kVAr. The
optimal location of this system is chosen as 9, 34 and 60, then
the optimal size is obtained using BFOA. In this case also the load
is varied from light load to peak load with step size of 1%. The per-
formance analysis of this case such as optimal size of capacitor at
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Table 3
Simulation result of 85-bus system.

Base case PSO [19] PGS [6] MINLP [20] Proposed method (BFOA)

Optimal size and location – 324(7), 200(7), 300(7), 840(9),
796(8), 1200(8), 700(8), 660(34),
901(27), 908(58) 900(29), 650(60)
453(58) 500(58)

Total kVAr – 2474 2308 2400 2150
Ploss (kW) 315.3278 163.32 174.0048 159.87 152.25
% reduction in Ploss – 48.21% 44.82% 49.30% 51.71%
Qloss (kVAr) 198.18 98.9 103.76 97.10 94.56
% reduction in Qloss – 50.09% 47.64% 51.01% 52.28%
Vmin (p.u.) 0.8708 0.9153 0.9089 0.9171 0.9180
Net savings/year ($) – 65045 60879 67229 73104
Computation time (s) – NA NA NA 8.69

Table 4
Simulation results of different loading condition (85-bus system).

Light load Nominal load Peak load

Optimal size and location 400(9), 840(9), 1600(9),
280(34), 660(34), 1030(34),
270(60) 650(60) 990(60)

Total kVAr 950 2150 3650
Ploss (kW) 36.10 152.25 428.62
Qloss (kVAr) 22.39 94.56 265.62
Vmin (p.u) 0.9597 0.9186 0.8644
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Fig. 11. Real and Reactive power loss of 85-bus system under different load
variations (with Capacitor).
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Fig. 12. Voltage profile of 85-bus system under different load variations (with
Capacitor).
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Fig. 13. Optimal size of capacitor bank under different load variations of 85-bus
system (with Capacitor).
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optimal location, minimum voltage, power loss reduction before
and after capacitor placement is shown in Table 3. The total kVAr
used in the proposed method is less when compared with other
existing techniques at the same time the real and reactive power
reduction are also found to be better. The real and reactive power
loss obtained from the proposed method are 152.25 kW and
94.56 kVAr respectively which is less when compared to
159.87 kW, 97.10 kVAr by MINLP [20], 174.01 kW, 103.7681 kVAr
by PGS [6], 163.32 kW, 98.9 kVAr by PSO [19]. The net saving of
the proposed method is $ 73,104 which is better than the other
techniques compared in Table 3. Table 4 shows the numerical
results of light, medium, peak loads. Figs. 11 and 12 show the
power loss and voltage profile of the system with capacitor, also
it implies that there is significant improvement in power loss
reduction and voltage profile enhancement when compared with
base case and Fig. 13 shows the optimal size of the capacitor with
respect to load factor.

By using curve fitting technique the approximate real and reac-
tive power loss after capacitor placement is given by

PlossðkWÞ ¼ ð208:4 � a2Þ � ð84:39 � aÞ þ 28:21 ð22Þ

Q lossðkVArÞ ¼ ð129 � a2Þ � ð52:07 � aÞ þ 17:42 ð23Þ

By using curve fitting technique the optimal size of the capacitor for
9th, 34th, 60th locations with different load changes are given by

Q 9thLoc
optimalðkVArÞ ¼ 142:2 � a2� �

þ 788 � að Þ � 25:43 ð24Þ

Q 34thLoc
optimal ðkVArÞ ¼ 6:98 � a2� �

þ 664:8 � að Þ � 49:44 ð25Þ

Q 60thLoc
optimal ðkVArÞ ¼ 6:98 � a2� �

þ 641:7 � að Þ � 50:83 ð26Þ

In order to predict the superiority of the BFOA, the convergence
characteristic of BFOA for this test system is compared with other
existing algorithms and it is shown in Fig. 14. From the figure, it
is very clear that the BFOA takes only 14 iteration to converge the
best solution. In addition to that BFOA shows a stable and quick
convergence with a global searching ability to find the optimal
capacitor sizes. Since the existing method computational time is
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Fig. 14. Comparison of convergence characteristic of objective function for 85-bus
system.
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not available, the computational efficiency in terms of CPU time of
the BFOA method could not be compared with other methods.

Overall analysis
The equation derived using curve fitting technique for optimal

size of the capacitor will be very much useful to the DNOs to tune
the optimal size of the capacitor according to each and every load
change. From the simulation results, it is concluded that the
proposed method is very accurate in finding the optimal solutions
and this method can be easily adapted to any kind of distribution
system.
Conclusion

Capacitor placement in the distribution system is used to com-
pensate the reactive power which leads to minimize the power
loss, enhance the voltage profile, improve the overall system stabil-
ity, etc., It is necessary to place the capacitor in right location with
optimal size to ensure the maximum benefits of the system. In this
article, the new method of finding the optimal location is proposed
and the optimal size is determined by using BFOA. The proposed
method is applied on IEEE 34-bus and 85-bus radial distribution
system. Also implementation on these systems with all possible
load variations is an added advantage of the proposed method.
The simulated results are compared with the results of MINLP,
PGS, PSO, HS-based methods. The results obtained by the proposed
method is found to be better than the other existing techniques.
The equation got from the curve fitting tool is very much useful
to the DNOs to choose the optimal size of the capacitor according
to the load changes. Hence, the proposed method can be easily
applied to any kind of radial distribution system.
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