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Abstract: In this work, a new technique is introduced for optimal incorporation of shunt capacitors (SCs) 
in distribution networks. This technique has been compared to other sensitivity-based approaches such 
as loss sensitivity factor, index vector method, power loss index, and index of voltage stability. In the 
proposed technique, the optimal positions as well as the ratings of SCs are identified through an opti-
mization algorithm. In sensitivity-based approaches, the positions of SCs are determined through a sen-
sitivity approach and the optimal ratings of SCs are computed through an optimization algorithm. The 
main target of this study is to minimize the total annual cost and power loss of the network under load 
growth. This has been done through the population-based Gbest-guided artificial bee colony (GABC) opti-
mization technique. Furthermore, the outcomes obtained through the GABC algorithm are compared to 
those from the iteration particle swarm optimization algorithm. The whole work along with the proposed 
methodology has been demonstrated on standard 34-bus and 118-bus distribution networks for SC place-
ment. The results show that it reduces the total annual expense of the network to a great value. Conse-
quently, it improves the total power loss reduction, enhances the voltage profile and power factor, and 
reduces the total voltage deviation. The obtained numerical outcomes through the proposed technique 
have been compared with the published literature outcomes to show the viability and superiority of the 
algorithm.
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1  �Introduction
Shunt capacitors (SCs) are mainly used for providing reactive power compensation in distribution networks 
to diminish power loss, enhance the voltage profile and power factor, and also to improve the network stabil-
ity and reliability [15]. In the optimal SC placement (OSCsP) problem, the target of electrical power utility is to 
determine the optimal positions and ratings of SCs for achieving the above-mentioned objectives. However, 
some studies available in the literature indicate that if the locations and sizes are not identified correctly, it 
may increase the power loss as well as deteriorate the voltage level of the system.

In the past, many researchers have worked on combined schemes of sensitivity approaches and opti-
mization algorithms for solving the SC placement problem. The locations of SCs are identified through a 
sensitivity-based approach, and the ratings are determined via any one of the optimization techniques. Refs. 
[2, 17, 31] presented the influence of SC placement on power loss, voltage profile, total annual cost, and power 
factor of distribution networks. Recently, population-based heuristic and meta-heuristic optimization tech-
niques have been broadly employed to solve the SC installation problem. Refs. [7, 16, 31, 32] implemented a 
genetic algorithm (GA) to identify the optimal allocations and ratings of SCs simultaneously for minimization 
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of active power loss and increment in net savings. Refs. [12, 22, 26] applied the particle swarm optimization 
(PSO) algorithm and its variant for solving the SC placement task. Refs. [11, 13] applied a loss sensitivity factor 
(LSF) technique to find SC allocations, and the optimal ratings of these were evaluated using the artificial 
bee colony (ABC) algorithm to reduce the total cost of the network. Fuzzy-based GA has been demonstrated 
to determine the optimal ratings of SCs for reduction of total power loss and voltage level improvement  
[1, 18]. In Ref. [29], the optimal locations and ratings of SCs have been recognized through the LSF approach 
and gravitational search algorithm (GSA), respectively. Refs. [4, 20] implemented the ant colony optimization 
(ACO) algorithm for solving the OSCsP problem. In Ref. [28], the LSF approach was utilized for location iden-
tification, and the ratings of SCs were determined using the plant growth simulation algorithm (PGSA). Ref. 
[27] introduced a direct search algorithm for providing optimal SC compensation in distribution networks 
at different loading conditions. Ref. [10] applied an LSF and power loss index (PLI) approach to evaluate 
optimal allocations as well as ratings of SCs through an evolutionary algorithm (EA). In Ref. [30], the authors 
implemented a teaching-learning-based optimization algorithm for optimal incorporation of SCs in distri-
bution networks at different load levels. Similarly, Ref. [8] utilized a bacterial foraging optimization (BFO) 
algorithm to the solve capacitor placement problem. In the present research work, the Gbest-guided artificial 
bee colony (GABC) optimization algorithm is utilized. This algorithm is already implemented for well-known 
power system problems, i.e. optimal power flow, unit commitment, and economical load dispatch. In addi-
tion, the solution search equations of the algorithm are also better in exploration and exploitation. They are 
capable of finding the most optimal solution to the problem. These features encouraged the authors to imple-
ment the algorithm for solving the OSCsP problem. Hence, this technique has been selected as the preferred 
method.

In this study, various sensitivity-based approaches, i.e. LSF, index vector method (IVM), PLI, and index of 
voltage stability (IVS), are utilized for identifying the optimal allocations of SCs, and the respective sizes of SCs 
are determined through an optimization algorithm. The obtained numerical outcomes of these approaches 
are compared to the numerical results of the proposed methodology. For checking the performance of the 
GABC algorithm in terms of optimal solution, the numerical outcomes are compared to those of the iteration 
PSO (IPSO) algorithm. This typical task has been demonstrated on 34-bus and 118-bus distribution networks 
with and without including load growth. In addition, the numerical outcomes obtained through the proposed 
methodology are compared with those of the other intelligent techniques that are available in the published 
literature.

The contributions of this work were as follows:
–– A backward/forward load flow program is formulated for determining the power loss, voltages, and 

currents of distribution networks.
–– A new methodology is introduced for identifying capacitor allocation as well as size through the GABC 

algorithm under load growth.
–– The impact of SCs on the total power loss, voltage profile, and total voltage deviation is analyzed/exam-

ined year wise under load growth.

2  �Mathematical Problem Formulation
Optimal reactive power compensation in distribution networks is essential. If there is improper alloca-
tion and size selection, it may increase the total annual cost and power loss, and deteriorate the voltage 
level. Moreover, the target of this work is to minimize the total annual expense of the system by incorpo-
rating SCs at optimal allocations. As a result, it reduces the power loss and improves the voltage profile 
and increment in net saving. In many studies, most of the authors used the traditional objective func-
tion, which is indicated in Eq. (1). However, in this paper, this objective function has been modified by 
incorporating the capacitor installation cost, operation cost, and maintenance cost, as defined using 
Eq. (2).
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2.1  �Objective Functions

2.1.1  �Traditional Total Annual Cost Fitness Function

The traditional fitness function of the total annual cost is associated with the cost of power loss and capacitor 
incorporation [19]. It is defined using Eq. (1):
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2.1.2  �Modified Total Annual Cost Fitness Function

The above traditional fitness function [Eq. (1)] has been modified by introducing the capacitor fixed cost and 
capacitor operations and maintenance cost. This objective function can be expressed as follows:
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2.2  �Operating Constraints

2.2.1  �Power Flow Calculations

The equivalent single line diagram of a radial distribution network is shown in Figure 1. The basic backward/
forward load flow program has been utilized for calculating real and reactive power flow between the buses 
and terminating bus voltage using Eqs. (3), (4), and (5), respectively:
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Figure 1: Equivalent Branch of an Electrical Distribution Network.
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2.2.2  �Voltage Limit

In order to maintain system stability, the voltage level of each bus should lie within the minimum and 
maximum range. It can be defined using Eq. (6):

	 min max| | .iV V V≤ ≤ � (6)

2.2.3  �Line Current Limit

The line current limit of each branch should not exceed the rated value of current.

	 rated
, 1 , 1 Br .i i i iI I i S+ +≤ ∀ ∈ � (7)

2.2.4  �Reactive Power Compensation Limit

The maximum capacitive compensation limit provided through SCs should not be beyond the total reactive 
demand of the network, and it is expressed as follows:

	 .c
j LQ Q≤ � (8)

Some assumptions have been considered in the above analysis.
–– It is assumed that the test network is balanced and free from harmonics.
–– In a distribution network, the first bus is assumed as a slack/substation bus and its voltage is 1 pu.
–– SCs cannot be placed at the substation bus because there is no load connected across it.

3  �Various Approaches for Capacitor Placement

3.1  �Proposed Approach

A new approach is introduced to identify candidate buses as well as the sizes of SCs in distribution networks 
simultaneously for capacitor installation. The load flow calculations are required to evaluate the total power 
loss, bus voltage, and branch current of the network, and these are associated with the fitness function. The 
SC locations and sizes are considered as decision variables in the optimization algorithm. Therefore, these 
are defined in the available search space of the optimization algorithm using Eq. (9). The optimal fitness 
function value totally depends upon the random selection of decision variables within the specified upper 
and lower limits. Out of several combinations, one combination shows the minimum function value, which 
would be the optimal location for capacitor placement. For obtaining the optimal solution, the optimization 
algorithm should be run multiple times. An optimal topology that has been used in this study can be repre-
sented as follows:

	 Location Size

Dim.= Cap_Location Cap_Size . 
  
������� �����

�
(9)

Here, Cap_Location and Cap_Size are the capacitor location and capacitor size, respectively. The capacitor 
locations and sizes are defined in a 1 × 2 column matrix.
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3.2  �IVM

This method has been implemented to identify optimal buses for SC placement in distribution networks.  
A load flow program is necessary to evaluate the real and imaginary components of current across each 
branch. The IVM value for the ith bus can be evaluated using Eq. (10). Based on the values, this method identi-
fies candidate buses for SC installation [24].
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The following are the steps for implementation of the IVM approach to find candidate buses for SC placement:
–– Step 1: Run the load flow program without SC installation.
–– Step 2: Store the values of voltages of each bus as well as the real and imaginary components of the 

current of each branch.
–– Step 3: Then, calculate the IVM values of all buses using Eq. (10) and sort these in a decreasing manner.
–– Step 4: Evaluate the normalized voltage, norm(i) = Vi/0.95, for all buses. Those buses that have higher IVM 

values and least normalized voltage <1.01 are picked up as candidate buses for SC integration.

3.3  �LSF

This technique has been employed to find the sensitivity of each bus of the distribution network [28]. It is 
helpful for mitigating the search space of the algorithm during the optimization process. The LSF values for 
real and reactive power support is determined using Eqs. (11) and (12), respectively:
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The steps for implementation of the LSF approach are as follows:
–– Step I: Calculate the LSF for all buses from base case load flow using Eq. (13):

	 line loss
, 1 effLSF d / d ( ).i iP Q i+= � (13)

–– Step II: Sort the LSF values of all buses in descending order and store them in bus position vector.
–– Step III: Then, evaluate the normalized voltage for each bus, norm(i) = Vi/0.95.
–– Step IV: Choose those buses with normalized voltage <1.01 as candidate buses for SC installation.

The possible standard sizes of SCs with cost in $/kVAr are available in Ref. [23], which have been utilized to 
determine the total annual cost of the network.

3.4  �PLI

The PLI approach has been implemented to determine candidate buses for capacitor installation. The load 
flow is required to find loss reduction (LR) values by compensating the total reactive load across each bus, 
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considering one bus at a time excluding the slack bus [14]. The PLI value for the ith bus is evaluated using  
Eq. (14):
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i
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−

�
(14)

Those buses having higher PLI values are chosen as candidate buses for SC installation. The procedure for 
implementation of the PLI approach is as follows:

–– Step 1: Run the load flow program of base case and evaluate real power losses.
–– Step 2: Provide reactive power compensation across each bus, which is equal to the entire reactive load 

of the network.
–– Step 3: Run the load flow and calculate the real power loss and store these values.
–– Step 4: Calculate LR = (base case real power loss  −  real power loss of each bus after compensation) and 

store the value.
–– Step 5: Evaluate the maximum and minimum LR. Then, compute the PLI values of each bus using  

Eq. (14).
–– Step 6: Sort these PLI values in descending order. Those buses with voltage <0.95 pu are selected as can-

didate buses for capacitor installation.

3.5  �IVS

The IVS is a numerical solution to compute the security level of the distribution system. The purpose of IVS is 
to calculate the stability of the buses and locate sensitive buses in the network [3]. Voltage collapse begins at 
the most sensitive bus and expand to other sensitive buses. IVS at bus i + 1 can be determined using Eq. (15):

	 4 2 2
( 1) 1 , 1 1 , 1 1 , 1 1 , 1IVS | | 4{ } 4{ } | | .i i i i i i i i i i i i i i iV P R Q X P R Q X V+ + + + + + + + += − − − + � (15)

The condition for stable operation of the network is IVS(i+1) ≥ 0, whereas i = 1, …, (NB − 1). Those buses having 
minimum IVS values are selected as the most sensitive buses for capacitor placement.

To determine the sensitive buses for capacitor allocation, the following steps are taken:
–– Step 1: Calculate IVS values for all buses through a base case load flow program.
–– Step 2: Sort these IVS values in ascending order. Those buses having the least IVS values are chosen as 

candidate buses for SC installation.

4  �Voltage Deviation
Bus voltage is one of the most important factors for maintaining power quality. The variation in voltage level 
results in poor performance of the electrical system. The voltage deviation can be calculated using Eq. (16):
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5  �Load Growth Modeling
Feeder load growth is a natural phenomenon, and this may be increased due to the addition of new load on 
the existing load. An increment in load demand may increase the whole network power loss and deteriorate 
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the voltage profile. For the future point of view, if the load increases beyond the feeder capacity, a new facility 
has to be created such as expansion of existing substation or addition of new feeders to maintain the power 
quality. In this work, the load growth concept is considered from Ref. [6]. The compensation increases with 
the load growth to fulfill the increased load demand. The load growth model for active and reactive load is 
expressed using Eqs. (17) and (18), respectively:
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where PLoad(i) and QLoad(i) are the active and reactive loads of the ith bus, respectively. PLoad(t) and QLoad(t) are the 
active and reactive loads of the tth year.

6  �Optimization Algorithms

6.1  �Conventional PSO

This algorithm was proposed by Eberhart and Kennedy in 1995 [9]. In this algorithm, the population is known 
as swarm and it is generated in a random manner, and the swarm consists of individuals named as particles. 
Each and every particle moves in the search space for finding an optimal solution. In this, the particles have 
two important parameters, such as position (xi) and velocity (vi). The position and velocity of the ith particle in 
available d-dimensional search space is defined as 1 2, , , k k k k

i i i idx x x x= …  and 1 2, , , ,k k k k
i i i idv v v v= …  respectively. 
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i i i idP P P P= …  Pbest,i is the 

best position that has been visited through the ith particle unto the current iteration (k). Moreover, the fitness 
position associated with the best particle (Pk

best-i) is considered as particle best position ( ).k
ix  The global 

best fitness value (Gbest-i) is the best solution among the best,
k

iP  in a group of ith particles at iteration (k). Thus, 
the new position of particles 1( )k

ix
+  is updated, given by Eq. (19) based on the velocity 1( )k

iv
+  values using  

Eq. (20):
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6.2  �IPSO

In the iteration-based PSO method, a new parameter Ibest is incorporated into the velocity equation for improv-
ing the solution quality. It was developed by Lee and Chen [21]. This Ibest value is the Pbest value that has been 
chosen in random manner among all particles in the current population. Moreover, another coefficient, “c3,” 
called dynamic accelerating constant, has also been introduced and is evaluated using Eq. (21). Hence, the 
final updated velocity equation can be defined using Eq. (22):

	 1
3 1(1 ).c kc c e= − � (21)

	 1 1
1 1 best, 2 2 best 3 best( ) ( ) ( ).k k k k k k k k

i i i i i iv v c r P x c r G x c I x+ += + − + − −+ � (22)
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6.3  �GABC Algorithm

The GABC algorithm is one of the prevalent meta-heuristic optimization techniques; it is inspired by the 
social nature of honeybees for searching a food source. This was developed by Zhu and Kwong [33] in 2010. 
It consists of a combination of three varieties of bees, namely employed bee, onlooker bee, and scout bee, 
where onlooker and scout bees are considered as unemployed bees. An employed bee searches and exploits 
a food source position while the onlooker bees wait in the hive. Employed bees distribute information with 
the onlooker bees regarding a food source position. As per the information received via the employed bees, 
the onlooker bees find a better food source location [33]. The probability to select a particular food source 
through the onlooker bee is evaluated using Eq. (23). The location of each food source indicates the feasible 
outcomes of the defined optimization task:

	
prob,

fit
,

fit
i

i N
kk

P =
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(23)

where fiti represents an objective function value of the ith position solution and k ε {1, 2, …, dv}. The term dv 
belongs to the total number of decision variables. The scout bees identify a better food source position in a 
random manner using Eq. (24):

	 min, max, min,rand( ),ij j j jγ γ γ γ= + − � (24)

where γmin,j and γmax,j indicate the maximum and minimum values of the jth variable at the ith solution, and rand 
indicates the random number, which lies between 0 and 1. The entire population has a solution. Equation (25) 
represents the solution of the ith food source:

	 1 2, , , .{ }i i i iDγ γ γγ = … � (25)

The searching process of the GABC algorithm is classified into four simple steps, as follows: (i) initialization 
of parameters, (ii) employed bee phase, (iii) onlooker bee phase, and (iv) scout bee phase. In the first step, 
the candidate solution is determined in a random manner using Eq. (24). Both employed and onlooker bees 
search a new food source position using Eq. (26):

	 new, ( ) ( ).ij ij ij ij kj j ijcγ γ φ γ γ γ γ= + − + + � (26)

Here, φij represents the uniform random number [−1, 1], γnew,ij indicates the updated food source position, γkj is 
a food source that is related to the employed bees or nearer to γij, c is a random number between [0, 2], and γj 
represents a global best solution of the present cycle.

6.4  �Implementation of the GABC Algorithm for the OSCsP Problem

This section indicates the application and implementation of GABC algorithm to solve the optimal SC instal-
lation problem in distribution networks. The necessary steps to solve this problem are as follows:

–– Step I: Initialize the power system data and the parameters of the GABC algorithm, i.e. load and line 
data, operating voltage and base MVA, number of employed bees, number of onlooker bees, limit, total 
number of iterations (MCN), etc.

–– Step II: Calculate the size of SCs using Eq. (24). These are the random sizes of SCs, γij. Then, convert them 
into standard ratings via the pseudo code below:
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Here, Cs1, Cs2, …, Cs(n−1) and Csn are the standard sizes of the capacitor.
–– Step III: Run the GABC optimization algorithm including load flow program, and evaluate fitness func-

tion value (2). Initially, the iteration count is set as 1 and is repeated till the MCN is reached.
–– Step IV: In this step (employed bee phase), modify the randomly generated solution in the above step 

using Eq. (26).
–– Step V: After the employed bee phase, modify the value and repeat step III.
–– Step VI: Apply a greedy search mechanism and memorize the best solution obtained from steps II and IV, 

and discard the worst one.
–– Step VII: Onlooker bee phase. In this step, the onlooker bee selects an employed bee food source location 

and evaluates the probability to find a better food source using Eq. (23).
–– Step VIII: After the onlooker bee phase, the values become modified. Using these modified capacitor 

values, execute step III. Apply the greedy mechanism and memorize the best solution obtained from 
steps VI and VIII, and discard the worst.

–– Step IX: In the scout bee phase, if the result quality is not mended in predefined trials, the values are 
discarded. Then, the scout bees find a better solution in a random manner using Eq. (24).

–– Step X: Memorize the best obtained solution and increment the iteration cycle: iter = iter + 1. If iter < MCN, 
go to step IV; otherwise, stop and display the best optimal solution.

The flowchart diagram of the GABC algorithm for solving the SC installation problem is illustrated  
in Figure 2.

7  �Numerical Results and Discussion
This methodology is demonstrated on 34-bus and 118-bus distribution networks for SC installation at optimal 
allocation for total annual cost minimization. Thereby, it reduces the network power loss and improves the 
voltage level simultaneously. In addition, the numerical outcomes obtained through the proposed method-
ology have been compared with the other intelligent algorithms available in the published literature. The 
adopted control parameters of the GABC and IPSO algorithms are indicated in Tables 1 and 2, respectively, 
for obtaining the optimal solution. The complete simulation has been carried out in MATLAB environment.
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Table 1: Adopted Control Parameters of the GABC Optimization Algorithm.

Parameters Colony size Employed bees Onlooker bees Food source Limit C MCN

Values 150 150 3 × employed bees 0.5 × employed bees 3 1.5 100

Table 2: Adopted Control Parameters of the IPSO Algorithm.

Parameters Population size c1 c2 MCN

Values 100 2.05 0.25 100

Generate initial random population for position and rating of SCs

Start

Run load flow program and evaluate objective function (2) value for optimal position and rating of SCs

Set the iter = 1

Modified the position using (26)

Memorize the optimal solution

If
iter = MCN

Yes

Initialize the system data & parameters of GABC algorithm
Line data, load data & population of bee colony, limit, C, max.
iteration (MCN), upper and lower limit of decision variables

Run load flow program and evaluate objective function (2) value

Apply greedy search mechanism and memorize the best solution

Calculate the probability values using (23) and again modified the position values using (26)

Run load flow program and evaluate objective function (2) value of change position values

Generates a new food sources and new position values in random manner using (24)

Run load flow program and evaluate objective function (2) value

iter = iter + 1

No

Employed
bee phase

Onlooker
bee phase

Scout bee
phase

Apply greedy search mechanism and memorize the best solution

Display optimal solution so far

Figure 2: Flowchart of the GABC Algorithm to Solve the OSCsP Problem.
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7.1  �Thirty-Four-Bus Radial Distribution System

This standard test network contains 34 buses and 33 branches, and has one main feeder and four laterals 
(subfeeder). The total network details, i.e. load and line data, have been taken from Ref. [5]. The total network 
load is 4.636 + 2.873 MVA, the rated voltage is 11 kV, and the base is 100 MVA.

Proposed Approach: In this, the optimal allocations and sizes of SCs are determined simultaneously through 
optimization algorithms for minimizing the total annual cost of the system. As a result, it improves the power 
loss reduction and enhances the voltage level significantly. The numerical outcomes obtained through opti-
mization algorithms with and without consideration of load growth are tabulated in Table 3. Between the two 
algorithms, the GABC algorithm generates better-quality solutions.

IVM: The IVM approach is applied for determining optimal buses for SC placement. Those buses with higher 
IVM values and lower normalized voltage are chosen as candidate buses for SC installation. These buses are 
{23, 24, 25, and 26} and the optimal sizes of SCs on these respective buses are evaluated using optimization 
algorithms. The detailed numerical outcomes obtained through different optimization algorithms with and 
without considering load growth are tabulated in Table 4. Between the two algorithms, GABC provides good-
quality solutions.

LSF: This methodology is applied to find the sensitivity of the buses of the distribution network. Those buses 
with higher LSF values and lower normalized voltage are chosen as candidate buses for SC placement. These 
buses are {19, 20, 21, and 22}, and the optimal sizes of SCs on these buses are evaluated through optimization 
algorithms. The obtained numerical outcomes via both optimization algorithms are tabulated in Table 5.

PLI: In this, the locations of SCs are determined through the PLI approach. Those buses with high PLI values 
and voltage <0.95 pu are chosen as candidate buses for SC installation, and these are {22, 25, 26, and 27}, 
and the respective size on these buses is evaluated through optimization algorithms. The numerical results 
obtained through various algorithms are mentioned in Table 6. From the numerical outcomes, it is noted that 
both optimization algorithms show the same results.

Table 3: Simulation Results of the 34-Bus Distribution Network after SC Placement Using the Proposed Approach.

Particulars Without load growth With load growth

Uncompensated Compensated Uncompensated Compensated

IPSO GABC IPSO GABC

Total losses (kW) 221.74 160.28 159.33 477.95 349.02 345.65
Loss reduction (%) – 27.72 28.14 – 26.98 27.68
Capacitor size (location) – 450 (8) 900 (5) – 450 (8) 900 (9)

900 (16) 600 (9) 1050 (16) 600 (18)
450 (21) 600 (20) 750 (21) 600 (21)
600 (24) 600 (24) 600 (24) 750 (24)

∑kVAr – 2400 2700 – 2850 2850
Total cost (US$) 116,548.18 89,966.36 89,506.47 251,208.91 189,339.02 187,509.99
Saving (%) – 22.81 23.20 – 24.63 25.36
Power factor 0.85 0.995 0.999 0.8500 0..98 0.98
Vmin (pu) 0.9417 0.9503 0.9506 0.9142 0.9251 0.9256
∑Voltage deviation (pu) 1.2044 1.0187 1.0169 1.7672 1.5060 1.5040
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Table 5: Simulation Results of the 34-Bus Distribution Network after SC Placement Using the LSF Approach.

Particulars  
 
 

Without load growth  
 
 

With load growth

Uncompensated  
 

Compensated Uncompensated  
 

Compensated

IPSO   GABC IPSO   GABC

Total losses (kW)   221.74  169.29  169.14  477.95  362.66  362.62
Loss reduction (%)   –  23.65  23.72  –  24.12  24.13
Capacitor size (location)  –  750 (19)  900 (19)  –  1500 (19)  1200 (19)

    300 (20)  300 (20)    150 (20)  300 (20)
    150 (21)  150 (21)    150 (21)  300 (21)
    600 (22)  600 (22)    900 (22)  900 (22)

∑kVAr   –  1800  1950  –  2700  2700
Total cost (US$)   116,548.18  94,698.27  94,577.01  251,208.91  196,428.19  196,372.27
Saving (%)   –  18.75  18.85  –  21.81  21.83
Power factor   0.85  0.9742  0.9807  0.8500  0.98  0.98
Vmin (pu)   0.9417  0.9493  0.9498  0.9142  0.9259  0.9261
∑Voltage deviation (pu)   1.2044  1.033  1.028  1.7672  1.509  1.508

Table 6: Simulation Results of the 34-Bus Distribution Network after SC Placement Using the PLI Approach.

Particulars Without load growth With load growth

Uncompensated Compensated Uncompensated Compensated

IPSO GABC IPSO GABC

Total losses (kW) 221.74 171.71 171.71 477.95 368.46 368.46
Loss reduction (%) – 22.56 22.56 – 22.91 22.91
Capacitor size (location) – 1200 (22) 1200 (22) – 1500 (22) 1500 (22)

150 (25) 150 (25) 450 (25) 450 (25)
150 (26) 150 (26) 150 (26) 150 (26)
150 (27) 150 (27) 150 (27) 150 (27)

∑kVAr – 1650 1650 – 2250 2250
Total cost (US$) 116,548.18 95,882.06 95,882.06 251,208.91 199,426.36 199,426.36
Saving (%) – 17.73 17.73 – 20.61 20.61
Power factor 0.85 0.9669 0.9669 0.8500 0.963 0.963
Vmin (pu) 0.9417 0.9497 0.9497 0.9142 0.9258 0.9258
∑Voltage deviation (pu) 1.2044 1.039 1.039 1.7672 1.527 1.527

Table 4: Simulation Results of the 34-Bus Distribution Network after SC Placement Using the IVM Approach.

Particulars Without load growth With load growth

Uncompensated Compensated Uncompensated Compensated

IPSO GABC IPSO GABC

Total losses (kW) 221.74 173.83 173.84 477.95 373.12 373.21
Loss reduction (%) – 21.61 21.60 – 21.93 21.91
Capacitor size (location) – 1050 (23) 900 (23) – 1350 (23) 1200 (23)

150 (24) 300 (24) 300 (24) 450 (24)
150 (25) 150 (25) 150 (25) 150 (25)
150 (26) 150 (26) 300 (26) 300 (26)

∑kVAr – 1500 1500 – 2100 2100
Total cost (US$) 116,548.18 97,032.02 96,993.22 251,208.91 201,876.30 201,857.97
Saving (%) – 16.74 16.78 – 19.64 19.64
Power factor 0.85 0.9588 0.9588 0.8500 0.957 0.957
Vmin (pu) 0.9417 0.9493 0.9424 0.9142 0.9255 0.9256
∑Voltage deviation (pu) 1.2044 1.0458 1.0456 1.7672 1.534 1.534
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IVS: In this, those buses with the least IVS values are chosen as candidate buses for SC placement. The 
candidate buses for SC installation are {24, 25, 26, and 27}, and the respective sizes of SCs on these buses are 
computed through optimization algorithms. From Table 7, it is observed that both optimization algorithms 
give the same solution including load growth.

The obtained numerical outcomes through the proposed technique using the GABC algorithm are com-
pared with the other published intelligent algorithms available in the published literature, i.e. ABC, PGSA, 
heuristic search, mixed-integer non-linear program (MINLP), GA, BFO, and PSO, as tabulated in Table 8.  
These realized numerical results indicate that the proposed technique is superior to other computation 
techniques. The minimum system voltage is appreciably improved after optimal compensation. In addition, 
Table 9 indicates the simulation results comparison between various approaches after incorporating the SCs. 
The percentage loss reduction is 28.14% and the percentage annual saving is 23.20% without considera-
tion of load growth. In the presence of load growth, it becomes 27.68% and 25.36%, respectively. Among all 
approaches, the proposed approach shows better results. During load growth, the system draws more real 
and reactive power from the substation. As a result, the total network load increases, the power loss increases, 
and the voltage profile deteriorates. Year-wise load growth analysis and comparison without any compensa-
tion are mentioned in Table 10. In the same manner, year-wise load growth analysis and comparison after 
optimal compensation are mentioned in Table 11. Year-wise voltage profile comparisons without and with 
optimal capacitive compensation under load growth are depicted in Figure 3. The computation time of the 
CPU to find good-quality solution through the proposed methodology is nearly 43.02 s, including load flow. 
Furthermore, the simulation results of the 118-bus distribution system obtained through various approaches 
are indicated in Tables 12–16 after SC installation. Figure 4 indicates the performance comparison between 
the GABC and IPSO algorithms for the 34-bus and 118-bus distribution systems with and without considering 
load growth.

8  �Conclusion
In this paper, a new methodology is introduced to identify the optimal allocation and size of SCs simultane-
ously through optimization algorithms for minimizing the total annual cost of the system. From Tables 8  
and 9, it is noted that the proposed methodology shows better outcomes as compared to the other sensitiv-
ity-based approaches. In addition, after optimal SC installation, the total annual expense of the network 

Table 7: Simulation Results of the 34-Bus Distribution Network after SC Placement Using the IVS Approach.

Particulars   Without load growth 
 

With load growth

  Uncompensated 
 

Compensated Uncompensated 
 

Compensated

IPSO  GABC IPSO  GABC

Total losses (kW)   221.74  176.62  176.62  477.95  379.16  379.26
Loss reduction (%)   –  20.35  20.35  –  20.67  20.65
Capacitor size (location)  –  900 (24)  900 (24)  –  1500 (24)  1200 (24)

    150 (25)  150 (25)    150 (25)  450 (25)
    150 (26)  150 (26)    150 (26)  150 (26)
    150 (27)   150 (27)    150 (27)  150 (27)

∑kVAr   –  1350  1350  –  1950  1950
Total cost (US$)   116,548.18  98,423.16  98,423.16  251,208.91  205,015.38  205,007.43
Saving (%)   –  15.55  15.55  –  18.39  18.39
Power factor   0.85  0.95  0.95  0.8500  0.95  0.95
Vmin (pu)   0.9417  0.9491  0.9491  0.9142  0.9253  0.9254
∑Voltage deviation (pu)   1.2044    1.054  1.7672  1.543  1.543
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Table 9: Simulation Results Comparison among Various Approaches after SC Placement.

Particulars Proposed approach IVM LSF PLI IVS

Total losses (kW) 159.33 173.84 169.14 171.71 176.62
Loss reduction (%) 28.14 21.60 23.72 22.56 20.35
Total cost (US$) 89,506.47 96,993.22 94,577.01 95,882.06 98,423.16
Saving (%) 23.20 16.78 18.85 17.73 15.55
Power factor 0.999 0.9588 0.9807 0.9669 0.95
Vmin (pu) 0.9506 0.9424 0.9498 0.9497 0.9491
∑Voltage deviation (pu) 1.0169 1.0456 1.028 1.039 1.054

Table 10: Year-wise Analysis on the 34-Bus Distribution System without OSCsP.

Particulars Base year 1st year 2nd year 3rd year 4th year 5th year

Total real power load (kW) 4636.5 4984.24 5358.06 5759.91 6191.90 6656.29
Total reactive power load (kVAr) 2873.5 3089.01 3320.69 3569.74 3837.47 4125.28
Real power loss (kW) 221.74 258.17 300.79 350.70 409.22 477.95
Reactive power loss (kVAr) 65.12 75.81 88.31 102.95 120.11 140.25
Total cost (US$) 116,548.18 135,696.33 158,095.63 184,327.94 215,088.14 251,208.92
Vmin (pu) 0.9417 0.9371 0.9320 0.9266 0.9206 0.9142
∑Voltage deviation (pu) 1.2044 1.2994 1.4025 1.5142 1.6355 1.7672

Table 11: Year-wise Analysis on the 34-Bus Distribution System after OSCsP Using the GABC Algorithm.

Particulars Base year 1st year 2nd year 3rd year 4th year 5th year

Real power loss (kW) 159.33 185.29 215.86 251.90 294.78 345.65
Reactive power loss (kVAr) 46.70 54.30 63.28 73.91 86.54 101.58
Capacitor size (location) 900 (5) 900 (5) 750 (9) 750 (9) 900 (9) 900 (9)

600 (9) 600 (9) 900 (16) 900 (17) 600 (18) 600 (18)
600 (20) 750 (20) 600 (21) 600 (21) 600 (21) 600 (21)
600 (24) 600 (24) 600 (24) 600 (24) 750 (24) 750 (24)

∑kVAr 2700 2850 2850 2850 2850 2850
Total cost (US$) 89,506.47 103,226.78 119,291.30 138,234.72 160,769.99 187,509.99
Vmin (pu) 0.9506 0.9466 0.9421 0.9371 0.9319 0.9256
∑Voltage deviation (pu) 1.0169 1.0963 1.1856 1.2813 1.3880 1.5040
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Figure 3: Voltage Profile of the 34-Bus Distribution System.
(A) Before compensation considering load growth. (B) After compensation considering load growth.
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Table 12: Simulation Results of the 118-Bus Distribution Network after SC Placement Using the Proposed Approach.

Particulars Without Load Growth With Load Growth

Uncompensated Compensated Uncompensated Compensated

IPSO GABC IPSO GABC

Total losses (kW) 1296.55 832.83 794.31 2932.34 1817.86 1746.16
Loss reduction (%) – 35.77 38.74 – 38.01 40.45
Capacitor size (location) – 600 (21) 900 (21) – 1800 (19) 1500 (19)

450 (30) 1350 (30) 150 (21) 1800 (30)
1050 (31) 750 (36) 1800 (30) 1650 (40)
1350 (36) 750 (40) 1800 (31) 1800 (47)

150 (40) 300 (42) 1800 (48) 1500 (51)
1050 (42) 600 (48) 1800 (58) 1050 (57)

300 (48) 1500 (49) 150 (70) 1800 (71)
1650 (49) 600 (58) 1800 (73) 600 (74)
1350 (73) 1350 (70) 1800 (77) 1050 (77)

600 (79) 450 (73) 1800 (78) 1650 (80)
600 (89) 1500 (79) 1800 (95) 1800 (90)

1200 (95) 900 (95) 1800 (100) 1800 (99)
300 (106) 1050 (100) 150 (106) 900 (106)

1650 (108) 1350 (106) 1800 (108) 1800 (108)
900 (110) 1350 (110) 1800 (110) 1200 (110)

∑kVAr – 13,200 14,700 – 22,050 21,900
Total cost (US$) 681,465.61 460,074.56 440,175.64 1,541,240.38 979,232.99 941,520.55
Saving (%) – 32.49 35.41 – 36.46 38.91
Power factor 0.80 0.986 0.99 0.8 0.99 0.99
Vmin (pu) 0.8688 0.9057 0.9097 0.7978 0.8613 0.8654
∑Voltage deviation (pu) 5.2429 4.1242 4.0677 7.8518 6.0175 6.0303

Table 13: Simulation Results of the 118-Bus Distribution Network after SC Placement Using the IVM Approach.

Particulars Without Load Growth With Load Growth

Uncompensated Compensated Uncompensated Compensated

IPSO GABC IPSO GABC

Total losses (kW) 1296.55 968.34 964.16 2932.34 2190.89 2177.04
Loss reduction (%) – 25.31 25.64 – 25.28 25.76
Capacitor size (location) – 150 (34) 900 (34) – 150 (34) 1500 (34)

150 (46) 150 (46) 150 (46) 150 (46)
150 (47) 150 (47) 1800 (47) 150 (47)
150 (48) 150 (48) 150 (48) 300 (48)

1800 (49) 1350 (49) 1800 (49) 1800 (49)
150 (52) 300 (52) 150 (52) 450 (52)
150 (55) 450 (55) 1200 (55) 600 (55)
150 (56) 600 (56) 150 (56) 900 (56)
150 (77) 900 (77) 1800 (77) 1500 (77)

1800 (78) 300 (78) 150 (78) 600 (78)
150 (79) 450 (79) 1800 (79) 600 (79)
150 (80) 600 (80) 150 (80) 900 (80)
600 (93) 900 (93) 1800 (93) 1500 (93)
150 (94) 150 (94) 150 (94) 150 (94)

1800 (110) 1500 (110) 1800 (110) 1800 (110)
∑kVAr – 7650 8850 – 13,200 12,900
Total cost (US$) 681,465.61 530,424.03 528,340.03 1,541,240.38 1,173,854.52 1,166,498.79
Saving (%) – 22.16 22.47 – 23.84 24.31
Power factor 0.80 0.9241 0.9407 0.8 0.9452 0.9425
Vmin (pu) 0.8688 0.8767 0.8776 0.7978 0.8154 0.8136
∑Voltage deviation (pu) 5.2429 4.3545 4.2868 7.8518 6.3287 6.3553
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Table 14: Simulation Results of the 118-Bus Distribution Network after SC Placement Using the LSF Approach.

Particulars Without load growth With load growth

Uncompensated Compensated Uncompensated Compensated

IPSO GABC IPSO GABC

Total losses (kW) 1296.55 859.55 833.59 2932.34 1866.29 1834.15
Loss reduction (%) – 35.71 – 37.45
Capacitor size (location) – 150 (33) 600 (33) – 600 (33) 1200 (33)

1800 (35) 1500 (35) 1500 (35) 1500 (35)
150 (45) 450 (45) 1050 (45) 750 (45)
150 (46) 600 (46) 1200 (46) 1500 (46)

1800 (49) 1500 (49) 1800 (49) 1500 (49)
1800 (54) 1200 (54) 1350 (54) 1500 (54)
1800 (71) 1200 (71) 1350 (71) 1500 (71)

150 (76) 450 (76) 300 (76) 900 (76)
1800 (86) 1350 (86) 1800 (86) 1500 (86)

150 (94) 750 (94) 1050 (94) 1050 (94)
1800 (101) 1500 (101) 1800 (101) 1500 (101)

150 (110) 1200 (110) 1500 (110) 1500 (110)
1800 (111) 900 (111) 1500 (111) 1500 (111)

150 (114) 150 (114) 600 (114) 450 (114)
150 (115) 150 (115) 450 (115) 150 (115)

∑kVAr – 13,800 13,350 – 17,850 18,000
Total cost (US$) 681,465.61 474,237.21 460,443.26 1,541,240.38 1,004,059.13 987,246.50
Saving (%) – 30.41 32.43 – 34.85 35.94
Power factor 0.80 0.99 0.99 0.80 0.98 0.98
Vmin (pu) 0.8688 0.9115 0.9086 0.7978 0.8457 0.8624
∑Voltage deviation (pu) 5.2429 4.1267 4.1197 7.8518 6.1737 6.1223

Table 15: Simulation Results of the 118-Bus Distribution Network after SC Placement Using the PLI Approach.

Particulars  
 
 

Without load growth  
 
 

With load growth

Uncompensated  
 

Compensated Uncompensated  
 

Compensated

IPSO   GABC IPSO   GABC

Total losses (kW)   1296.55  921.17  908.98  2932.34  2021.86  2009.19
Loss reduction (%)   –  28.95  29.89  –  31.05  31.48
Capacitor size (location)  –  1800 (52)  1800 (52)  –  1800 (52)  1800 (52)

    1050 (70)  750 (70)    1800 (70)  1200 (70)
    150 (71)  150 (71)    150 (71)  300 (71)
    150 (72)  150 (72)    150 (72)  150 (72)
    150 (73)  300 (73)    150 (73)  600 (73)
    150 (74)  150 (74)    150 (74)  150 (74)
    150 (75)  150 (75)    150 (75)  150 (75)
    150 (76)  150 (76)    150 (76)  150 (76)
    150 (97)  900 (97)    150 (97)  900 (97)
    150 (98)  150 (98)    1800 (98)  600 (98)
    1800 (109)  1200 (109)    150 (109)  1650 (109)
    150 (110)  900 (110)    1800 (110)  1350 (110)
    150 (111)  150 (111)    1050 (111)  150 (111)
    150 (112)  150 (112)    150 (112)  150 (112)
    150 (117)  150 (117)    150 (117)  300 (117)

∑kVAr   –  6450  7200  –  9750  9600
Total cost (US$)   681,465.61  505,481.88  499,114.88  1,541,240.38  1,084,528.37  1,077,756.89
Saving (%)   –  25.82  26.76  –  29.63  30.07
Power factor   0.80  0.91  0.92  0.8  0.91  0.91
Vmin (pu)   0.8688  0.9087  0.9091  0.7978  0.8637  0.8641
∑Voltage deviation (pu)   5.2429  4.3981  4.3595  7.8518  6.5039  6.5272
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Table 16: Simulation Results of the 118-Bus Distribution Network after SC Placement Using the IVS Approach.

Particulars Without load growth With load growth

Uncompensated Compensated Uncompensated Compensated

IPSO GABC IPSO GABC

Total losses (kW) 1296.55 937.30 911.02 2932.34 2006.97 1994.78
Loss reduction (%) – 27.71 29.73 – 31.56 31.97
Capacitor size (location) – 1800 (50) 1500 (50) – 1800 (50) 1500 (50)

150 (51) 150 (51) 1050 (51) 1200 (51)
150 (52) 150 (52) 150 (52) 150 (52)
150 (53) 600 (53) 150 (53) 450 (53)
150 (70) 900 (70) 1800 (70) 1500 (70)
150 (71) 300 (71) 150 (71) 150 (71)
150 (72) 150 (72) 150 (72) 150 (72)
150 (73) 150 (73) 150 (73) 600 (73)
150 (74) 150 (74) 150 (74) 150 (74)
150 (75) 150 (75) 150 (75) 150 (75)
150 (76) 150 (76) 150 (76) 150 (76)

1800 (109) 1200 (109) 1800 (109) 1500 (109)
150 (110) 900 (110) 1800 (110) 1350 (110)
150 (111) 150 (111) 150 (111) 300 (111)
150 (112) 150 (112) 150 (112) 150 (112)

∑kVAr – 5550 6750 – 9750 9450
Total cost (US$) 681,465.61 513,794.74 500,078.34 1,541,240.38 1,076,700.16 1,070,222.56
Saving (%) – 24.60 26.62 – 30.14 30.56
Power factor 0.80 0.89 0.91 0.8 0.92 0.91
Vmin (pu) 0.8688 0.8923 0.9079 0.7978 0.8572 0.8615
∑Voltage deviation (pu) 5.2429 4.4723 4.3515 7.8518 6.4728 6.4538
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Figure 4: Convergence Characteristic Performance of GABC and IPSO.
(A) For 34 buses without load growth. (B) For 34 buses with load growth. (C) For 118 buses without load growth. (D) For 118 buses 
with load growth.
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is reduced significantly and, thereby, it improves the voltage level and power factor, and reduces the total 
voltage deviation and increment in net annual saving with and without considering load growth. To check 
the viability and feasibility of the proposed methodology, it has been compared to other implemented opti-
mization algorithms. Moreover, the numerical outcomes also have been compared with those of the other 
intelligence techniques that are available in the published literature to show the effectiveness of the proposed 
technique.

Nomenclature
KPL	 Power loss constant (0.06 kWh)
Ploss	 Active power loss
Ti	 Annual load duration (8760 h)
NB	 Number of buses

c
jK 	 Capacitor purchase cost ($/kVAr)

br	 Number of distribution segments
c
jQ 	 Size of capacitor (kVAr)

Cinst	 Capacitor installation cost (US$1000)
Copr	 Capacitor operation and maintenance cost (US$300)
Pi+1 and Qi+1	 Active and reactive power flow at (i + 1)th bus
Ri,i+1	 Resistance between ith and (i + 1)th bus
Vi	 Voltage of ith bus
Xi, i+1′	 Reactance between ith and (i + 1)th bus
Vi+1	 Receiving end voltage of (i + 1)th bus
PL and QL	 Entire real (kW) and reactive (kVAr) network load
Ii, i+1	 Current flow between ith and (i + 1)th bus

rated
, 1i iI + 	 Rated value of current between ith and (i + 1)th bus

SBr	 Set of all branches
Ip(k) and Iq(k) 	 Real and imaginary current component for kth branch
Qeff(i) 	 Supply effective reactive power beyond bus i (pu)
norm(i) 	 Normalized voltage of ith bus (pu)

line loss line loss
, 1 , 1 and i i i iP Q+ + 	 Real and reactive power loss between ith and (i + 1)th bus

PLI(i) 	 Power loss index of ith bus (pu)
LR(i) 	 Loss reduction of ith bus
LRmin and LRmax	 Minimum and maximum value of loss reduction
IVS(i+1)	 Index of voltage stability of (i + 1)th bus (pu)
Vrated	 Nominal rated voltage 1 pu
Vmin and Vmax	 Minimum and maximum bus voltage limit
c1 and c2	 Constant parameters
r1, r2	 Random number
c3	 Dynamic acceleration constant
fitk	 Fitness value of every cycle
Pprob,i	 Probability of food source
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