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A B S T R A C T  
 

 

Installation of Shunt Capacitor Banks (SCBs) and Voltage Regulators (VRs) within distribution system 
is one of the most effective solutions in reactive power control for improving the voltage profile and 

reducing power losses along the feeder. However, the presence of the VRs can deteriorate the Voltage 

Stability Margin (VSM) in distribution feeders. To address this issue, this paper proposes a multi-
objective programming model for the simultaneous optimal allocation of VRs and SCBs in the 

distribution network to improve the voltage profile and to minimize power losses and installation costs. 

In the proposed model, a Voltage Stability Index (VSI) is considered to prevent voltage instability during 
SCBs/VRs allocation. A new Modified Multi-Objective Particle Swarm Optimization (MMOPSO) 

algorithm which includes a dynamic inertia weight and mutation operator is proposed to obtain the 

optimal solutions as a Pareto set. Thereinafter, a Fuzzy Satisfaction Method (FSM) determines the 
optimal solution. A practical long radial distribution feeder has been employed to demonstrate the 

efficiency and efficacy of the proposed model along with a comparison between the proposed MMOPSO 

and the original MOPSO. 

doi: 10.5829/ije.2021.34.04a.14 
 

 
1. INTRODUCTION1 
 
Long feeders are prevalent in practical distribution grids 

as they deliver energy to scattered consumers and, 

mainly, areas with low population density. Considerable 

voltage sag and power losses are common issues of such 

feeders. Voltage drop is one of the major contributors to 

increases in network losses and feeders' operation at full 

load capacity is often impossible due to the voltage drop. 

In some cases, this issue leads to reducing feeder loading 

to less than 10% of feeder rated capacity [1]. In contrast, 

the design and construction of new HV substations and 

MV networks close to the demand side are not feasible 

for reasons such as low demand or due to economic limits 

of investment. Therefore, it is necessary to find 

alternative solutions to tackle these problems and ensure 

stability, reliability, and quality of the electric power 

supply [2]. 

 

*Corresponding Author Institutional Email: 
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To date, many different approaches have been 

proposed to resolve the issues mentioned above. 

Installing Shunt Capacitor Banks (SCB), as the reactive 

power compensators, is a well-known and common 

solution [3-5]. Further, voltage control can be effectively 

achieved using in-line automatic voltage regulators (VR), 

which consists of an autotransformer fitted with a tap-

changing mechanism [6-8]. VR's advantages, such as 

controlling the voltage magnitude within standard 

ranges, have persuaded utilities to utilize it in distribution 

grids [9]. These methods each have their own advantages 

and disadvantages. For example, the main advantage of 

utilizing SCB is its simplicity and low implementation 

cost. However, in the case of overvoltage situations, 

which may occur in feeders with a high penetration level 

of Distributed Generation (DG) or light-load conditions, 

VRs are more capable of controlling conditions 

compared to SCB [10-12] . Although, inappropriate 
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installation of VRs in long distribution feeders might 

have devastating effects on voltage stability, and it may 

lead to voltage collapse.  

The benefits of voltage control and loss reduction can 

best be realised with the optimal allocation of this type of 

equipment. In fact, inappropriate placing of SCBs or VRs 

along with improper sizing, may lead to even higher 

system losses or voltage violations.  

Due to the complexity of the problem of locating 

voltage control devices, like SCBs or VRs, the use of 

optimization techniques, with goals such as loss 

reduction and voltage improvement, is widespread in the 

literature [6, 11-16]. Articles published in this field can 

be easily divided into two general categories: 

The first group discusses the allocation of various 

control devices, such as SCBs, VRs, DGs, and the goals 

that must be met in the allocation (such as reducing losses 

and emission and improving network voltage) [17]. 

Further, in the second category, different optimization 

algorithms are presented, knowing that the optimal 

allocation problem with different objectives is a complex 

problem. For example, extensive literature [4, 18-21] 

address SCBs allocation in the distribution network for 

voltage control and energy losses minimization. The 

optimal allocation of SCBs based on two optimization 

techniques, i.e., water cycle algorithm (WCA) and grey 

wolf optimizer (GWO) have been addressed [22]. Hocks 

et al. [8] have described in detail the performance of the 

VR in improving the power quality of the network. 

Optimal placement and sizing of VRs in a radial 

distribution network have been discussed in literature 

[13, 14]. The literature [7, 23, 24] have suggested the 

simultaneous allocation of SCBs/VRs in order to take 

advantage of both devices. Further, in some research, 

hybrid placement and sizing of SCBs/DGs to improve 

power losses and voltage profile of the distribution 

network and minimization of investment cost have been 

considered [11, 25-27]. To enhance the real Egyptian 

distribution system's performance, optimal placement of 

the combined SCBs, DGs, and VRs has been introduced 

in literature [28-30] based on the PSO algorithm. 

Although literature [28] provides a comprehensive 

overview of system performance improvement 

techniques, it has not examined the impact of placement 

on network stability. 
Although the methods presented in the articles 

mentioned above for SCBs/VRs allocation lead to grid 

performance improvement, one of their drawbacks is 

ignoring the network voltage stability during the optimal 

allocation. The voltage collapse phenomenon is critical 

in long feeders, which has been the subject of many 

papers [1, 31-33]. It is a fact that VRs increase injected 

reactive power to the feeder, which results into lower lag 

power factor, and consequently, lower Voltage Stability 

Margin (VSM). In contrast, SCBs as reactive power 

sources, can improve the VSM. Due to the different 

effects of these two elements on the VSM, the voltage 

stability studies should be factored in the simultaneous 

installation of VRs and SCBs. Given the above 

shortcoming, this paper introduces a voltage stability 

index to prevent the feeder's voltage collapse while 

optimal allocating of the SCB/VRs.  
Franco et al. [7] have carried out research by using 

the Mixed Integer Linear Programming (MILP) model 

for optimal placement of SCBs/VRs in a distribution 

system. Tolba et al. [19] hybridization of Particle Swarm 

Optimization besides a Gravitational Search Algorithm 

(PSOGSA) is suggested for solving the optimal 

allocation of SCBs. Oliveira et al. [34] have applied 

Mixed Integer Non-Linear Programming (MINLP) 

model to obtain the optimum size of the SCBs. 

Evolutionary and nature inspired techniques, like Genetic 

Algorithm [24, 35] or Particle swarm optimization (PSO) 

[23], Harmony Search Algorithm (HSA) [36], Water 

Cycle Algorithm [11], have also extensively used for 

solving allocation problems due to their specificity in 

solving the optimization problem.  

As already discussed, the problem of SCBs/VRs is a 

complicated multi-objective problem, which due to being 

trapped in local optima and the possibility of premature 

convergence, the simple or original class of heuristic 

methods may not be sufficient to find the optimal 

solution. In this regard and as the second contribution, a 

novel Modified Multi-Objective PSO (MMOPSO) is 

proposed, which obtains optimal Pareto set as optimal 

solutions. Thereinafter, the Fuzzy Satisfaction Method 

(FSM) is employed to determine the best optimum 

solution. The main features and contributions of this 

research study are highlighted as follows: 

• Optimal allocation of the SCBs/VRs to enhance 

technical and economic issues of distribution systems. 

• Introducing a voltage stability index (VSI) as one of 

the objective functions during allocation, in addition to 

power losses, voltage deviation, and SCBs/VRs 

installation costs. The advantage of considering VSI is to 

prevent the voltage collapse of long feeders after the VRs 

installation. 

• Proposing a Modified Multi-Objective PSO 

(MMOPSO) algorithm to find optimal solutions for 

optimal allocation of SCBs/VRs program. 

• Applying a Fuzzy Satisfaction Method (FSM) for 

determining the optimum solution among the non-

dominated Pareto set. 

• Applying the proposed method to a real radial 

distribution system. 
 
 

2. PROBLEM FORMULATION 
 

This paper introduces a multi-objective programming 

model to optimally allocate the SCBs/VRs within a long 

feeder. According to the model presented, SCBs/VRs are 
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positioned along the feeder to optimally improve all 

operating criteria such as losses and voltage indices. In 

this section, the objective functions (OFs) and related 

constraints are introduced. 

 

2. 1. Power Losses              Minimization of the total 

feeder losses after installation of SCBs/VRs is 

technically considered as an objective function in optimal 

allocation of SCBs/VRs [37, 38] 

min PLoss = ∑ Rij × Iij
2NL

ij=1     (1) 

where Rij stands for the resistance of each line section 

within the feeder, and Iij indicates current flow through 

them. 

 

2. 2. Voltage Deviation           In the second OF, 

minimization of total voltage deviation in 20kV feeders 

is considered as follows: 

min ∑ |Vref − Vn|Nb
n=1   (2) 

In this paper, the desired and reference voltage (Vref) has 

not been considered a constant value, e.g., 1 p.u.; in 

contrast, it has been assumed to be a range of standard 

voltages. In other words, the voltage magnitude at each 

terminal must be maintained within specified limits as 

follows: 

0.95 ≤ Vref ≤ 1.05  (3) 

As per the above constraint, voltage deviation happens 

whenever the voltage of any terminal (Vn) along the 

feeder is out of this allowable range. One of the benefits 

of using such a function is to avoid unnecessary 

installation of SCBs/VRs to reduce the total costs. In 

other words, by considering 1 p.u. for Vref, the 

optimization method would result in higher capacity or 

number of SCBs/VRs as it tries to reduce deviated 

voltage from Vref. 

 
2. 3. Installation Cost of SCBs/VRs                  Due to 

the limited budget of distribution companies, allocating 

SCBs/VRs are not possible without considering the 

economic parameters. Thus, one of the essential 

objective functions that are generally considered in the 

optimization problem is an economic OF. This OF aims 

to optimally determine the number of allocated 

SCBs/VRs from the viewpoint of cost.   

min C = ∑ Cap_Kvari × Costcap +
Ncap

i=1 NVR × CostVR  (4) 

As stated in Equation (4), the total cost imposed by the 

SCBs/VRs installation depends on their 

capacity/number. According to price inquiry from 

different suppliers, two values of 4.5 US$/kVAR and 

US$45000 have been considered, respectively, for 

evaluation of Costcapand CostVR terms in Equation (4). 

In this paper, the capacity of each SCB is considered 

200KVAR. Due to the limited budget in implementing 

SCBs/VRs, the maximum number of SCBs is limited to 

10 and 20 (In two different studied scenarios in 

simulation results), and the number of VRs is limited to 

3. 

 

2. 4. Voltage Stability Index                 Unlike during 

normal operating conditions where a slight increase in 

load causes a slight decrease in voltage, if the feeder 

loading exceeds a certain value, then an increase in load 

will result in a rapid decrease in voltage and, eventually, 

voltage collapse. Installing the SCBs/VRs without 

consideration of this issue, despite its other advantages, 

can bring the network closer to the voltage instability 

point. Conversely, properly installation of SCBs/VRs can 

save the network from voltage collapse by changing the 

flow of active/reactive power. 

Given the above description, and considering the 

ever-growing load demand in distribution networks, it is 

imperative to consider the stability issue along the feeder 

while allocating the SCBs/VRs.  This issue, to the best of 

the authors' knowledge, has been overlooked in the 

literature. Hence, a voltage stability index (VSI), which 

has been derived based on the research reported in 

literature [32], is presented that should be minimized in 

the optimal allocation problem.   

min  VSI = 4 [(xeqPDeq − reqQDeq)
2

+ xeqQDeq +

reqPDeq]  
(5) 

Since the practical distribution network consists of many 

lines and laterals, the stability index is obtained based on 

the single-line method for reducing a distribution 

network and extraction of the equivalent Thevenin's 

parameters.  

In this equation, PDeq and QDeq are total real and 

reactive loads in the distribution network. Also, 

equivalent resistance (req) and equivalent reactance (xeq) 

for a single line are defined as follows: 

(6) req =
∑ PLoss

{(PDeq+∑ Ploss)
2

+(QDeq+∑ Qloss)
2

}
  

(7) xeq =
∑ QLoss

{(PDeq+∑ Ploss)
2

+(QDeq+∑ Qloss)
2

}
  

where 

PLoss = Rij
Pij

2+Qij
2

Vn
2   (8) 

QLoss = Xij
Pij

2+Qij
2

Vn
2   (9) 

where (Pij, Qij) are the active/reactive power of each line, 

which are altered by utilizing SCBs/VRs along the 

feeder.  

It should be noted that theoretically, in a stable 

system, the VSI index has to be below 1. If the feeder is 
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loaded beyond the critical limit, at this circumstance, the 

voltage will collapse.  

In addition to the mentioned objective functions, 

distribution system constraints such as a line’s loading 

capacity are considered in the problem. 

 

 
3. SOLUTION APPROACH 
 
The problem of SCBs/VRs allocation is a complicated 

multi-objective problem that should be solved via a 

multi-objective optimization algorithm. Therefore, 

heuristic methods, like PSO and GA, have been 

commonly used in the literature [8, 13, 36, 38]. However, 

the original or simple class of these kinds of methods are 

susceptible of being trapped into local optimum and also 

premature convergence and may not be sufficient to find 

the optimum solution, especially within practical 

distribution networks that have numerous long feeders.  

In this regard, a novel modified Multi-Objective PSO for 

finding an optimal Pareto set of non-dominated solutions 

is proposed as the paper's second contribution. Moreover, 

the FSM technique for determining the optimum solution 

among the Pareto set is presented. 

 

3. 1. Modified Multi-objective PSO (MMOPSO)           
Multi-objective problem optimization is a class of 

complex problems with objective functions, which can be 

incomparable or contradictory. In these problems, it is 

impossible to find a single global optimum solution. 

Contrary to the single-objective optimization scenario, 

there is an optimal set of solutions or alternatives, called 

the Pareto optimal set. Expert analysis and trade-off can, 

therefore, describe the optimal solution among the Pareto 

set. The aim of the multi-objective model proposed in the 

present research is to find the optimal size and site of 

SCBs and the location of VRs along the distribution 

feeders.  

However, solving the MOPs with mathematical or 

linear programming methods is difficult due to the 

necessity of optimizing several objective functions. 

Metaheuristic algorithms, such as PSO, are therefore 

suitable because of their ability to synchronously search 

for multiple Pareto optimal solutions and perform better 

global exploration and local exploitation of the search 

space. PSO is a population-based optimization strategy 

inspired by bird flocking or fish schooling social 

behaviour [39] and extended by authors of  [40, 41] as 

multi objective PSO. Consider Xi (Xi,1, Xi,2 , … , Xi,d) 

denotes an n-dimensional decision variable vector which 

moves with a velocity Vi (Vi,1 , Vi,2, … , Vi,d). The particles 

positions are restored as nondominated vectors in the 

repository (REP). The historical record of a particle's best 

solutions is used for storing non-dominated solutions. 

Each particle is associated with its best solution achieved, 

Xbest−i (Xbest−i,1 , Xbest−i,2 , … Xbest−i,d), which is 

defined by its own best performance in the swarm. 

Further, each particle in its movement selects a member 

of REP randomly as its leader (Xi
REP). In this paper, the 

selection of the leader from the RES is done based on the 

hypercube method and applying the Boltzmann and 

roulette-wheel selection algorithm [41].  

The particle's new position is controlled by updating 

its position attributes and velocity (10 and 11). A 

modified version of the classical PSO (MPSO) based on 

literature [42] has been used in this paper to ensure the 

optimal solution in the allocation problem. The third term 

of the Equation (10) is a randomly applied intermediate 

crossover in the MPSO to prevent particles from 

becoming lazy in the swarm after a while. 

Vi
iter+1 = W × Vi

iter + c1 × rand × (Xbest−i
iter −

Xi
iter) + c2 × rand × (Xi

REP − Xi
iter) + c1c ×

rand × (Xi
iter − Xinot−best

iter )  

(10) 

Xi
iter+1 = Xi

iter + Vi
iter+1 (11) 

where W is the inertia weight, c1 and c2 are cognitive and 

social acceleration coefficients, and Xinot−best

iter  reflects the 

worst particle experience.  

Two modifications are implemented in this paper to 

solve the proposed multi-objective model and to improve 

the MPSO 's efficiency in finding the global optimum. 

These modifications improve the algorithm's 

convergence capability and searchability. The following 

describes these modifications, respectively. 

 

3. 1. 1. Dynamic Inertia Weight                The particles 

inertial behaviour causes a partial restriction of the 

particle velocity variations so that the particles from the 

search space don't change their direction quickly to the 

best swarm experience; thus, fast convergence of the 

algorithm is prevented. At the start of random search 

algorithms, such as PSO, an exploration or global search 

is required to find the optimal search space, so the 

diversity of the population in the initial iterations should 

be preserved. The particles should also explore the entire 

search space that is met by selecting a relatively high 

value for inertia weight. Setting too high values for 

inertial weight causes a problem in that the algorithm in 

the final iterations cannot correctly converge to the 

XGbest experience. Thus, the inertia weight should be 

selected as a balance between exploration and 

exploitation so that the algorithm addresses both issues. 

In this paper, a dynamic inertia weight factor is 

introduced as follows to resolve these issues and to 

maintain the balance between exploration and 

exploitation:  

W = (
itermax−iter

itermax
)  (12) 

As per (12), with increasing repetitions, gradually and 

dynamically, the weight of inertia decreases as the 
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algorithm converges to the optimal point and the best 

group experience. Besides, the inertia weight has 

characteristic randomness to maximize the particle 

variety. 

 

3. 1. 2. The Proposed Mutation Mechanism                In 

a problem with a vast search space, like the problem of 

optimal SCBs/VRs allocation, in which every node along 

the feeder could be a candidate, it is possible that the 

initial population is far from the optimum solution. Under 

such a case, the MPSO 's exploration capability degrades, 

and therefore the particles move rapidly to a false Pareto 

front, which may be a local optimum under global 

optimization, leading to premature convergence. A 

mutation operator (Equation (13)) is introduced to tackle 

this issue, which causes particles to move in different 

directions during the optimization process and enhance 

the algorithm's exploration.  

Xi
iter = Xi

iter + W ×
1

πγ
[

γ2

(Xi
iter−θ)

2
+γ2

]  (13) 

The proposed operator is multiplied by the inertia weight 

(W), which in the beginning increases the step size of the 

mutation and thus increases the opportunity to search for 

new areas. In this way, the explorative behaviour of the 

algorithm is improved. By comparison, as the current 

best solution reaches an optimum solution in subsequent 

iterations, the mutation's step size is reduced to improve 

the accuracy of convergence. The mutation, on the other 

hand, should be done at random; thus, when a particle is 

selected for mutation, a random disturbance is applied to 

its current position. The probability in this paper is 

determined on the basis of the Cauchy distribution 

function, which is multiplied by W. The scale parameter 

(γ) and location parameter (θ) are set to 0.5 and 0, 

respectively, in the distribution function. 

 
3. 2. Fuzzy Satisfaction Method (FSM)              The 

equations called membership functions are used to define 

the fuzzy sets. These functions show membership level 

in certain fuzzy sets using values from 0 to 1 [43]. The 

membership value '1' presents compatibility totally, 

while the number '0' means full incompatibility with the 

set.  

In this study, fuzzy sets are defined for all the 

objective functions discussed in section 2. We assume 

that all objective functions' maximum and minimum 

values can be defined based on the base case scenario and 

other aforementioned technical constraints. By taking 

account of the individual minimum and maximum values 

of each objective function, the membership function 

μ(Ri) for each objective function in section 2 can be 

determined in a subjectively manner as expersion (14), 

Where Rmin
i  and Rmax

i  are the minimum and maximum 

values of ith objective function in which the solution is 

expected.  

 

(14) 

For calculating the membership functions, the minimum 

and maximum values of objective functions must be 

defined first. The maximum values of losses and total 

voltage deviation are set according to the data resulting 

from the base case simulation at the test case feeder. This 

is because the values for losses and total voltage 

deviation in the base case are the worst between Pareto 

solutions, and the optimization methods are aimed to 

reduce these values. The minimum values for these two 

objective functions theoretically could reach the value '0'. 

In a stable system, the VSI index has to be below 1, thus 

the maximum and minimum values of this objective 

function are defined '1' and '0', respectively. Due to the 

limited budget in implementing SCBs/VRs, the 

maximum numbers of these elements are limited to the 

mentioned values in section 2. Therefore, the maximum 

values of the installation cost of SCBs/VRs are calculated 

as the maximum number of SCBs/VRs multiplied by the 

stated prices in section 2. The minimum values of the 

installation cost for SCBs/VRs are zero. 

The membership functions' value indicates how much 

(in scale from 0 to 1) a solution is satisfying the objective. 

The minimum value of all membership functions for a 

specific combination represents the optimality value of 

the combination. Therefore, a combination with a larger 

minimum value of membership functions is more 

favourable since it can lead to more objective functions 

tending to their individual optimum values. Thus among 

all possible optimum solutions, one should seek a 

combination for which the minimum value of all the 

membership functions is maximum. Hence for a multi-

objective optimization problem with N objective 

functions, the following index (φ) can be calculated for 

every Pareto solution in the repository.  

φ ≡ Max{min(μ(Ri))}              i = 1, … , N  (15) 

According to the relation (15), the Pareto set's optimal 

solution would be the Pareto solution for which φ is the 

maximum. 

 

 
4. SIMULATION RESULTS 
 
To verify the performance of the proposed algorithm in 

obtaining the optimal placement and capacity of 

SCBs/VRs, a practical 20 kV distribution network 

located in Semnan (Figure 1) is used as a test system. For 

verification of the proposed approach's efficacy, a long 

feeder (about 180 km) is selected for the allocation of 

SCBs/VRs. Feeder information in the base case (where 
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there are no SCBs/VRs within the feeder) are shown in 

Table 1. In Figure 1, all feeders are shown in different 

colours. The main advantage of choosing a practical test 

system includes:  

A large and vast power system is more complex, so if 

the proposed algorithm could obtain suitable solutions, it 

can be assured that it also works for smaller systems. 

It was possible to access hourly load information of 

the test system over the past year, which is one of the 

algorithm implementation requirements. 

The proposed MMOPSO starts optimizing the problem 

with a population of 60 particles, a repository size of 15 

particles; and finally, the algorithm stops after 100 

iterations. It should be noted that, in the proposed 

MMOPSO, the related parameters are set based on the 

values obtained in the literature [44, 45]. To evaluate the 

effectiveness of the simultaneous allocation of 

SCBs/VRs, two scenarios are studied for the purpose of 

discussion. 

In the first scenario, the optimal simultaneous 

allocation of SCBs/VRs based on the proposed 

formulation is obtained, while, in the second one, the 

optimum allocation of SCBs without considering the 

VRs is done to evaluate the effect of the VRs on the 

network operation. In both scenarios, the implementation 

 

 
TABLE 1. Power flow data of studied feeder in the base case 

Active 

Power 

(MW) 

Reactive 

Power 

(Mvar) 

Nominal 

Voltage 

(KV) 

Input 

Current 

(A) 

Losses 

(MW) 

3.53 1.85 20 115 0.796 

 

 

 
Figure 1. Location of SCBs/VRs in scenario 1 in Semnan 

distribution network in DIgSILENT 

of the proposed MMOPSO in finding optimum solutions 

is evaluated in contrast to the original multi-objective 

PSO. 

 
4. 1. Scenario 1. Simultaneous Allocation of 
SCBs/VRs               As already mentioned, in this scenario, 

the optimal allocation of SCBs/VRs and their impacts on 

improving the operation of the grid is assessed. The 

repository consists of 5 Pareto optimal solutions for 

solving the problem, which are reported in Table 2. The 

optimal location of the allocated VRs and SCBs based on 

the obtained results (for the solution with the maximum 

φ  in Pareto set - solution 4 in Table 2) are also depicted 

in Figure 1. For the sake of comparison, some operating 

indices and objective functions in the base case are also 

inserted in this table. In all Pareto solutions, the optimum 

number of VRs was 2. So, the number and capacity of 

SCBs, as the difference between Pareto solutions, have 

been inserted in this table instead of installation cost. 

As per the results of Table 2, in the simultaneous 

allocation of SCBs/VRs, the maximum number of SCBs 

that can be placed is 10. Nevertheless, all five reported 

solutions improve network performance in terms of 

voltage improvement and loss reduction compared to the 

base case. However, none of the solutions is dominated. 

The FSM method is employed to determine the best 

solution in this table. By calculating index φ, it can be 

found that solution 4 satisfies Equation (15), and it is the 

best solution in the Pareto set. The value of φ in this 

solution is 0.2977. 

The obtained results verify the performance and 

effectiveness of the proposed method, as follows: 

• In all of the Pareto solutions, all of the objective 

functions' values are more optimal than the base case. 

• The individual values of objective functions (except 

voltage deviation index) in solution 4 are not the best 

between all solutions, but calculating index φ shows that 

solution 4 is the best. In fact, there is a compromise 

between different objective functions in this solution. 

• The losses amount in solution 4 is decreased to 0.559 

MW, as given in Table 2. However, it is not the minimum 

value in all solutions, which indicates the non-

domination of different solutions in the Pareto set. The 

best solution from this viewpoint is solution 3.  

• Voltage deviation happens whenever the voltage of 

any terminal (Vn) along the feeder is out of the allowable 

range. As stated in Equation (2), the total voltage 

deviation equals the summation of the voltage deviations 

at all feeder busses. As illustrated in Table 2,  the total 

voltage deviation of the feeder in scenario 4 considerably 

decreases from 253.53 p.u. to 0 p.u. In this regard, the 

minimum voltage value is increased to 0.954 p.u., which 

indicates that the voltage of all terminals is controlled 

within the permissible range, compared to the base case.   
To compare the network operation conditions, Figure 2 

and  Figure 3 illustrate the voltage profile of the test case 
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TABLE 2. The optimal allocation of SCBs/VRs (scenario 1) 

Optimum 

Solution 

MMOPSO Results Original MOPSO Results 

Losses 

(MW) 

Total Voltage 

Deviation 

(p.u) 

VSI 

Total 

installed 

SCBs (Mvar) 

Number of 

SCBs 

Losses 

(MW) 

Total Voltage 

Deviation 

(p.u) 

VSI 

Total 

installed 

SCBs (Mvar) 

Number of 

SCBs 

Base case 0.796 253.53 0.632 0 0 0.796 253.53 0.632 0 0 

1 0.549 0 0.563 1.67 10 0.541 6.98 0.554 1.95 10 

2 0.533 11.84 0.547 1.51 10 0.554 24.58 0.576 1.55 9 

3 0.531 19.00 0.589 1.46 10 0.569 12.25 0.561 2 10 

4 0.559 0 0.556 1.39 10 0.576 42.35 0.581 1.2 8 

5 0.589 66.70 0.567 1.1 8 0.552 5.23 0.572 1.8 10 

 

 
feeder in the base case and scenario 4, respectively. It is 

clear that the feeder voltage profile is improved under the 

simultaneous allocation of SCBs/VRs conditions.  

• Another salient feature of the proposed methodology 

is to increase the voltage stability criterion, following 

optimal SCBs/VRs allocation. The results show that the 

VSI index is strengthened relative to the base case, which 

allows for more loading of the feeder if needed. It should 

be noted that when the VSI approaches one, it indicates 

that the system is close to the voltage collapse condition. 

It is worth noting that although the power losses in 

solution 1 is lower than 4, but it is the VSI in scenario 4 

that is better than 1, resulting solution 4 is the best in this 

scenario.  

• In Table 2, the optimal solutions obtained by the 

original MOPSO are also reported, comparing them with 

the results of the proposed MMOPSO. The obtained 

results show that the value of φ in the original MOPSO 

is 0.2764, which is lower than the φ in MMOPSO case. 

It demonstrates the feasibility and efficiency of the 

MMOPSO algorithm in terms of allocation of 

SCBs/VRS, and so improved operating conditions. 

 
4. 2. Scenario 2- Allocation of SCBs               To examine 

the effect of the VRs on improving feeder performance, 

in the second scenario, only the optimal allocation of 

SCBs is discussed. In other words, in this case, the VRs 

are eliminated and the MMOPSO and original MOPSO 

methods are applied to optimize the site and size of SCBs 

only. The maximum number of allocated capacitors is 

increased from 10 to 20 in this scenario to distinguish the 

results better. 

The  5  Pareto  optimal  solutions  are  reported  in 

Table 3. The obtained results can be summarised as 

follows: 

• The MMOPSO allocates the SCBs along the feeder in 

order to satisfy the objective functions of the voltage 

control and loss reduction; however, it has not been able 

to adjust the feeder voltage compared to scenario 1 

optimally.  

• Depicted in Table 4, the φ values for discussed 

scenarios indicate that the φ values in scenario 1 for both 

algorithms are more optimal than the ones in scenario 2.  

• Based on statistics seen in Table 4, solution 1 in 

MMOPSO is the best in this scenario, where the total 

capacity of 2.61 MVar capacitors are allocated, and the 

minimum voltage of feeder terminals is obtained 0.922 

p.u., which is outside the permissible range. Also, in this 

case, the total voltage deviation is calculated by 140.54 

p.u., which is not acceptable. 

 

 

 
Figure 2. Voltage profile of test case feeder in the base case 

 
 

 
Figure 3. Voltage profile of test case feeder in the scenario 1 
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TABLE 3. The optimal allocation of SCBs (scenario 2) 

Optimum 

Solution 

                                    MMOPSO Results               Original MOPSO Results 

Losses 

(MW) 

Total Voltage 

Deviation 

(p.u) 

VSI 

Total 

installed 

SCBs (Mvar) 

Number of 

SCBs 

Losses 

(MW) 

Total Voltage 

Deviation 

(p.u) 

VSI 

Total 

installed 

SCBs (Mvar) 

Number of 

SCBs 

Base case 0.796 253.53 0.632 0 0 0.796 253.53 0.632 0 0 

1 0.591 140.54 0.508 2.61 17 0.754 102.34 0.592 3.12 18 

2 0.788 87.72 0.601 3.46 19 0.651 194.76 0.536 0.98 13 

3 0.667 207.38 0.544 0.78 12 0.642 189.23 0.538 1.24 14 

4 0.636 191.78 0.530 1.16 10 0.602 153.75 0.522 2.85 19 

5 0.650 199.74 0.536 1.01 12 0.612 132.24 0.541 2.91 18 

 

 
• Analyzing the average values of VSI in both 

scenarios reveals that implementing VRs deteriorates the 

voltage stability status in distribution grids, especially in 

long feeders. Therefore, voltage stability indices should 

be taken into account as one of the critical objectives in 

allocating VRs. 

To conclude, it is clear that the allocation of 

capacitors alone cannot solve the problem of operating 

long feeders. On the other hand, it is not technically 

correct to install too many SCBs along the feeder as 

placing capacitors in a system could cause harmonic 

resonance and/or switching transients and may cause 

equipment damage due to high voltage, excessive 

thermal problems, and current circulation between the 

capacitor and the system. Finally, the results of Table 3 

confirm that the proposed MMOPSO algorithm is more 

successful and more reliable in finding the optimal 

solution than the original MOPSO. 

The main finding from the obtained results can be 

summarized as follows: 

In long feeders without use of VRs and only with the use 

of SCBs, it is not possible to adjust the voltage of the 

feeder properly. In fact, in the medium voltage networks, 

due to the predominance of R over X, increasing the 

capacitance of SCBs in the network can not fix the issue 

of network voltage drop. 

On the other hand, by comparing the VSI values in 

Tables 2 and 3, it can be seen that in general, in the first 

scenario and in the presence of VRs, the voltage stability  

 

 
TABLE 4. The 𝜑 Values for different scenarios 

Scenario 

No. 

MMOPSO Original MOPSO 

𝝋 Solution No. 𝝋 
Solution 

No. 

1 0.2977 4 0.2764 4 

2 0.2575 1 0.2437 4 

index has worse conditions than the second scenario 

(without the presence of VRs). This means that in 

allocating such equipment, it is very important to 

consider the voltage stability index as one of the decision 

criteria. Obviously, if these conditions are not taken into 

account, a soultion may be chosen that, despite 

improvements in other parameters, will bring the feeder 

closer to the voltage collapse condition. For example, a 

comparison of solutions 1 and 4 in Table 2 indicates that 

solution 1 is superior to solution 4 in terms of losses and 

has the same conditions in terms of voltage deviation. But 

in terms of voltage stability index, Solution 4 is superior 

to Solution one. 

 

 

5. CONCLUSION 
 
In this paper, a multi-objective programming model is 

presented to determine the optimal size and site of VRs 

and SCBs in long distribution feeders. In this regard, an 

MMOPSO is employed to solve the proposed model, and 

the obtained results have been compared with an original 

MOPSO. 

This paper's main aims are voltage level adjustment, 

loss reduction, voltage profile improvement, voltage 

stability enhancement, and installation cost 

minimization. Several important observations can be 

concluded as follows: 

• Utilizing shunt capacitors cannot address the voltage 

stability margin issues. As a result, the simultaneous 

implementation of VRs and SCBs is necessary . 

• The VSI index of the distribution system faces 

enormous difficulties by installing VRs, so it is vital to 

consider  the  VSI  criteria  in  an  optimal  allocation  of 

VRs  . 

• The power losses of the distribution system can be 

effectively reduced . 

• Using proposed MMOPSO leads to more optimal 

solutions than the original MOPSO. 
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Persian Abstract 

 چکیده 
و کاهش تلفات شبکه    یدرهاولتاژ ف  یلبه منظور بهبود پروف  یوموثر در کنترل توان راکت   یبرق از جمله راهکارها  یعتوز  یهاولتاژ در شبکه   یو رگولاتورها  یخازن  یهانصب بانک

مجاز و استاندارد     یر ولتاژ از مقاد  یداریپا   یولتاژ ممکن است منجر به عدول پارامترها  یدر حضور رگولاتورها  یعتوز  یهااز شبکه   یبردارحال، بهره  ین. با اآید یبه حساب م

  ی خازن  یهابانک  ینههمزمان به  یابیشده است که قادر به مکان  یشنهادچندهدفه پ  یساز  ینهمسئله به  یک   یبر مبنا  یدمدل جد  یکمقاله    ینمشکل، در ا  ینگردد. به منظور رفع ا

از    یری ولتاژ به منظور جلوگ  ارییدشاخص پا  یکاز    یشنهادی،. در مدل پباشدیم  هاینهکاهش هز  ینل ولتاژ، کاهش تلفات و همچنیولتاژ با هدف بهبود پروف  یو رگولاتورها

  ی وزن ده   رب  یاصلاح شده، مبتن PSO یتمالگور  یک  یشنهادیحل مدل پ   یبرا  ین،استفاده شده است. همچن  یادوات کنترل  یابیهنگام جا  یع ولتاژ در شبکه توز  یداریناپا  یجادا

بکار گرفته شده    ی استنتاج فاز  یتمپرتو، الگور  یهاها از مجموعه جواب حلراه   ینشده است.  در ادامه به منظور انتخاب بهتر  یهذرات و استفاده از عملگر جهش ارا  ینامیکی د

با   یسهمقا  با انجام  یشنهادیپ MMOPSO یتمالگور  ییکارا  یقمورد استفاده قرار گرفته است. تصد  یتست واقع   یستمس  یک  یشنهادی،پ  یتمالگور  ییکارآ  یاست.  به منظور بررس

 .انجام شده است  MOPSO یتمحاصل از الگور ینهبه یهاجواب 
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