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Abstract: The amount of power losses in the lines of distribution topology are very significant 
and they make the bus voltages of the system poor. This leads to the development of smart 
distribution system configurations. Therefore, this paper highlights an efficient network topology 
approach for the optimal utilization of radial distribution systems (RDSs) by applying the 
network reconfiguration (NR) and allocating the distribution static compensator (D-STATCOM), 
distributed generation (DG) units, and electric vehicle charging stations (EVCSs). The proposed 
RDS problem is solved subjected to the power balance, location, and sizes of D-STATCOM and 
DG, and voltage constraints. Here, the binary bat algorithm (BBA) is implemented for solving 
DG, D-STATCOM, and EVCSs allocation in RDS as well as the network reconfiguration (NR). 
The developed methodology has been tested on IEEE 33 bus RDS.  
 
Keywords: Distribution static compensator; Network reconfiguration; Power loss; Evolutionary 
algorithms; Distributed generation; Electric vehicles. 
 
1. Introduction 

Distribution system is an important section of the power network and is operated at various 
loading conditions. The main aim of any power system is to deliver reliable and economically 
viable power demand to the consumers. The structure of distribution systems is complex in 
nature and it increases more in the case of increased load density. However, the power losses in 
a radial distribution system (RDS) are much higher when compared to the transmission networks. 
In order to minimize the losses, several methodologies have been developed in the RDSs 
including the optimal allocation of distributed generations (DGs), shunt capacitors, and optimal 
network reconfiguration (ONR). All these approaches use a different process of implementation 
for power loss reduction and they have their own impact on the optimal operation of RDS [1, 2]. 
As the renewable energy sources (RESs) are economical, sustainable, and environmentally 
friendlier, all the governments are investing plans and investments to improve RES utilization 
as much as possible. 

The distributed generation (DG) is a resource for generating the electrical energy that takes 
place near the load centers and is suitable to meet the increased demand for electrical energy. 
The merits of placing DG schemes are enhancement in voltage profile, minimization of line-
losses, maximized efficiency, improvement in reliable power flow, ease to integrate, reduction 
in the cost of generation, etc. To ensure the reliable, efficient, and stable operation of a 
distribution network, planning for DG integration through the RESs is essential. The use of RESs 
has been growing rapidly in the last decades. However, the maturity in RESs has reduced the 
maintenance and installation costs [3]. Nowadays, all the developing countries are towards the 
integration of large-scale RESs into the grid. Due to the reduced cost of RESs and land 
availability, several countries are moving towards RESs investments. In recent years, the DGs 
are encouraged to get integrated widely in the RDSs [4]. Several benefits such as reduced power 
losses, enhanced bus voltages, and environmental benefits make the DG integration popular. 

The four pillars of electric mobility include electric vehicles (EVs), charging and swapping 
infrastructure, batteries, and other factors such as manufacturing capacity, research, and 
development, etc. The grid integration of EVs provides an improvement in the voltage profile of  
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the entire system and auxiliary support [5, 6]. The present work focuses on the optimal allocation 
of D-STATCOMs and DGs for loss minimization in RDSs. Here, the reconfiguration problem is 
solved in the presence of D-STATCOM, DG units, and electric vehicle charging stations 
(EVCSs). The viability and efficacy of the proposed method are tested on a standard 33-bus RDS 
for six different cases of network reconfiguration (NR) along with DG, D-STATCOM, and 
EVCSs allocation. 

 
A. Related Work 

In the present deregulated scenario, both the distribution and generation companies are 
dedicated to their own function, which avoids the monopoly of power system brokers and creates 
competition between them. This forces the power utilities to fulfill the energy demand of the 
consumer at a reasonable cost [7]. The optimization of NR and DG allocation at a time is more 
relevant, and hence this work presents an optimal methodology to address the issues of NR along 
with DG allocation for the consideration of loss minimization objective. Various solution 
methods for solving this problem include heuristic-based, population-based metaheuristic, and 
AI-based approaches. Among these categories, population-based metaheuristic approaches are 
very popular and guarantee a globally optimal solution. A sequential switch exchange and 
opening technique is proposed in reference [8] to minimize losses through NR with and without 
the integration of DGs. In reference [9], an optimization problem of RDS with the energy storage 
has been presented by using the second-order mixed-integer cone programming approach. The 
particle swarm optimization (PSO) algorithm is proposed in reference [10] and a fractal search 
algorithm is proposed in reference [11] for optimal reactive power dispatch as well as NR to 
optimize the power losses and to minimize the voltage drop. 

An overview of voltage control approaches on RDSs interconnected with the DG is presented 
in reference [12], and the suggestions are reported by optimally using the DG units and 
enhancing the network voltage stability. A competent optimization methodology based on a grey 
wolf optimization technique for the allocation of multiple DGs in RDSs is proposed in [13]. An 
overview of hosting capacity in RDSs with their developments in hosting capacity, limitations, 
and enhancement approaches has been presented in reference [14]. A new multi-objective 
technique for multi-objective-based NR with optimal allocation of DGs has been proposed in 
[15]. A modified stochastic fractal search technique is described in [16] for optimal location and 
sizing of shunt capacitors for RDSs with 33, 69, and 85 bus RDSs. In reference [17], a new tree 
seed technique is developed for the solution of the reactive power dispatch problem in the RDS.  

From the above literature review, it can be observed that several researchers have proposed 
various approaches for solving the NR problem on different test systems. The NR problem was 
considered as a complex decision-making process for the optimal operation of RDS. Due to the 
combinatorial nature of the NR and DG allocation problem needs complicated mathematical 
techniques. In the literature, several researchers formulated and solved the NR and DG allocation 
problem by using various evolutionary-based algorithms such as genetic algorithm, PSO, 
differential evolution, simulated annealing, ant colony algorithm, harmony search algorithm, 
bacterial foraging algorithm, firework algorithm, and cuckoo search algorithm. However, for all 
these algorithms the selection and parameter tuning is complex. Therefore, in this paper a binary 
bat algorithm is used as its performance doesn’t depend on the selection and parameter tuning. 
All the reported works in the literature solve only the NR and DG allocation in the RDS, and 
they don’t consider the electric vehicle charging stations (EVCSs) in their optimization. 
Therefore, this paper solves the NR problem along with the optimal allocation of DG units, D-
STATCOMs and EVCSs.  

 
B. Scope and Contributions of this Work 

Higher penetration and improper allocation of DGs, EVCSs, and D-STATCOMs 
significantly impact the operation of RDSs. Therefore, the optimal allocation along with NR is 
an important issue in the present scenario for delivering optimal real and reactive power to the 
utility grid. Power distribution companies need more efficient planning strategies in order to 
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provide electricity to their consumers as economically as possible and with a good level of power 
quality and reliability. With the current deregulation of power sectors, the traditional expansion 
of additional substations to meet the forecasted load growth is not economical and the utilities 
need alternative technologies like optimal integration of DGs, NR, and simultaneous allocation 
of DG allocation and NR. The major objectives and contributions of the proposed work are 
presented in this manuscript are highlighted as follows: 

• Proposes an efficient approach for optimal allocation of D-STATCOM, DG is an RDS 
along with optimal NR. 

• Proposed optimization problem is solved by using the binary bat algorithm (BBA). 
• Proposed approach offers significant solution quality for all scenarios considered in this 

work in terms of minimum voltage and power loss over other competitive algorithms 
existing in the literature. 

• Proposed methodology is successfully verified on the 33-bus RDS considering six 
different cases of NR, DGs, D-STATCOM, and EVCSs allocation. 

• The analysis shows that the NR along with simultaneous DG, D-STATCOM, and EVCSs 
have a more substantial impact than considering the cases separately. 

 
2. Distribution Load Flow (DLF) 

One of the major technical malfunctions in RDS is due to low X/R ratio and low voltage 
level, which leads to poor voltage profile or voltage regulation and higher power loss in the 
system. To meet the increasing load demand, the RDSs have to be maintained, upgraded, and 
operated with better planning incorporating smarter technologies [18]. Therefore, the RDSs are 
required to adopt some efficient planning strategies for additional active and reactive power 
support designed explicitly to meet their optimum performance and stagger their future 
expansion plans. Figure 1 depicts the typical structure of RDS. 
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1 2 j-1
Pj-1,j+jQj-1,j

j j+1
Pj,j+1+jQj,j+1
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PDj+jQDjPD1+jQD1 PD2+jQD2 PDj-1+jQDj-1 PDj+1+jQDj+1 PDNBus+jQDNBus
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Figure 1. Typical structure of RDS. 

 
Here, the DLF is developed in reference [19] is utilized, which is an iterative-based approach 

that uses the fundamental laws of electrical circuits. In the backward sweep method, the d-
component of branch currents can be determined by using,  

𝐼𝐼𝑑𝑑𝑑𝑑 =
𝑃𝑃𝐷𝐷𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑗𝑗−1 + 𝑄𝑄𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝑗𝑗−1

𝑉𝑉𝑗𝑗−1
                                                                                      (1) 

Where 𝑃𝑃𝐷𝐷𝐷𝐷 and 𝑄𝑄𝐷𝐷𝐷𝐷 are the real and reactive power demands at bus j. The q-component of 
branch currents can be determined by using [20], 

𝐼𝐼𝑞𝑞𝑞𝑞 =
𝑄𝑄𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑗𝑗−1 − 𝑃𝑃𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝑗𝑗−1

𝑉𝑉𝑗𝑗−1
                                                                                       (2) 

In the forward sweep method, the magnitude and phase angle of bus voltages are determined 
by using, 

𝑉𝑉[𝑅𝑅𝑅𝑅(𝑗𝑗)] = �𝑉𝑉𝑑𝑑2[𝑅𝑅𝑅𝑅(𝑗𝑗)] + 𝑉𝑉𝑞𝑞2[𝑅𝑅𝑅𝑅(𝑗𝑗)]                                                                              (3) 

𝜑𝜑[𝑅𝑅𝑅𝑅(𝑗𝑗)] = 𝑡𝑡𝑡𝑡𝑡𝑡−1 �
𝑉𝑉𝑞𝑞(𝑅𝑅𝑅𝑅(𝑗𝑗))
𝑉𝑉𝑑𝑑(𝑅𝑅𝑒𝑒(𝑗𝑗))�                                                                                          (4) 
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Where  
𝑉𝑉𝑑𝑑(𝑅𝑅𝑅𝑅(𝑗𝑗)) = 𝑉𝑉𝑑𝑑[𝑆𝑆𝑆𝑆(𝑗𝑗)] − 𝑅𝑅[𝑅𝑅𝑅𝑅(𝑗𝑗)]𝐼𝐼𝑑𝑑[𝑅𝑅𝑅𝑅(𝑗𝑗)] − 𝑋𝑋[𝑅𝑅𝑅𝑅(𝑗𝑗)]𝐼𝐼𝑞𝑞[𝑅𝑅𝑅𝑅(𝑗𝑗)]                         (5) 
𝑉𝑉𝑞𝑞(𝑅𝑅𝑅𝑅(𝑗𝑗)) = 𝑉𝑉𝑞𝑞[𝑆𝑆𝑆𝑆(𝑗𝑗)] − 𝑋𝑋[𝑅𝑅𝑅𝑅(𝑗𝑗)]𝐼𝐼𝑑𝑑[𝑅𝑅𝑅𝑅(𝑗𝑗)] + 𝑅𝑅[𝑅𝑅𝑅𝑅(𝑗𝑗)]𝐼𝐼𝑞𝑞[𝑅𝑅𝑅𝑅(𝑗𝑗)]                          (6) 

 
3. Problem Formulation 

The discrete nature of DG and D-STATCOM location, discrete/continuous nature of DG and 
D-STATCOM sizes, and discrete nature of NR will make the proposed problem much more 
complex. Different techniques proposed in the literature address the challenges related to the 
RDS of different systems and operating constraints [21]. Numerous optimization techniques are 
proposed in the literature considering the various classical, meta-heuristic, and hybrid 
algorithms. 

 
A. Modeling of EVCSs, D-STATCOM, and DG 

Optimal allocation of EVCSs in the RDS is an important problem to be determined. Figure 2 
depicts the modeling of EVCSs in RDS [22]. The power demand (𝑃𝑃𝐷𝐷𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) of EVCS depends on 
the various factors such as charging and discharging efficiencies and rates, and vehicle to grid 
(V2G) and grid to vehicle (G2V) modes of operation of electric vehicles (EVs). The power 
demand of EVCS at a particular charging is given by, 

𝑃𝑃𝐷𝐷𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = (𝑁𝑁𝐸𝐸𝐸𝐸𝑃𝑃𝐺𝐺2𝑉𝑉𝜂𝜂𝐶𝐶𝑅𝑅𝑐𝑐) − (𝑁𝑁𝐸𝐸𝐸𝐸𝑃𝑃𝑉𝑉2𝐺𝐺𝜂𝜂𝑑𝑑𝑅𝑅𝑑𝑑)                                                                     (7) 
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Figure 2. Modeling of EVCSs in RDS. 

 
Figure 2 depicts the modeling of D-STATCOM in RDS. The amount of reactive power 

support from the D-STATCOM (𝑄𝑄𝐷𝐷−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) is given by, 

𝑄𝑄𝐷𝐷−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑉𝑉𝑚𝑚2

𝑋𝑋𝑘𝑘
−
𝑉𝑉𝑚𝑚𝑉𝑉𝑛𝑛
𝑋𝑋𝑘𝑘

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                                                                                          (8) 
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Figure 3. Modeling of D-STATCOM and DG in an RDS. 
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B. Objective Function and Constraints 
The active and reactive power losses in a line that is connected between bus a and bus b can 

be represented by [23], 

𝑃𝑃𝑎𝑎,𝑏𝑏
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �

𝑃𝑃𝑎𝑎,𝑏𝑏
2 + 𝑄𝑄𝑎𝑎,𝑏𝑏

2

|𝑉𝑉𝑎𝑎|2 � × 𝑅𝑅𝑎𝑎,𝑏𝑏                                                                                             (9) 

𝑄𝑄𝑎𝑎,𝑏𝑏
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �

𝑃𝑃𝑎𝑎,𝑏𝑏
2 + 𝑄𝑄𝑎𝑎,𝑏𝑏

2

|𝑉𝑉𝑎𝑎|2 � × 𝑋𝑋𝑎𝑎,𝑏𝑏                                                                                           (10) 

Total active power loss incurred in all the lines (𝑃𝑃𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) are represented by [20], 

𝑃𝑃𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = ��
𝑃𝑃𝑎𝑎,𝑏𝑏
2 + 𝑄𝑄𝑎𝑎,𝑏𝑏

2

|𝑉𝑉𝑎𝑎|2 �
𝑁𝑁𝐵𝐵

𝑎𝑎=1

× 𝑅𝑅𝑎𝑎,𝑏𝑏                                                                                      (11) 

The minimization of active power loss objective can be represented by [21], 
𝑓𝑓 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑃𝑃𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)                                                                                                        (12) 

In order to find valid solutions to the NR and the allocation of renewable-based DG units in 
the distribution network, the following equality and inequality constraints must be considered. 
 
C. Equality Constraints 

These constraints of real and reactive powers are expressed as [24], 

𝑃𝑃𝐷𝐷 = �𝑃𝑃𝐷𝐷𝐷𝐷,𝑖𝑖

𝑁𝑁𝐷𝐷𝐷𝐷

𝑖𝑖=1

+ 𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺                                                                                                       (13) 

𝑄𝑄𝐷𝐷 = �𝑄𝑄𝐷𝐷𝐷𝐷,𝑖𝑖

𝑁𝑁𝐷𝐷𝐷𝐷

𝑖𝑖=1

+ 𝑄𝑄𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺                                                                                                     (14) 

 
D. Inequality Constraints 
DG Power Constraints: 

Power limits on DG units can be expressed as [25], 
𝑁𝑁𝐷𝐷𝐷𝐷,𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚𝑃𝑃𝐷𝐷𝐷𝐷,𝑘𝑘 ≤ 𝑁𝑁𝐷𝐷𝐷𝐷,𝑘𝑘𝑃𝑃𝐷𝐷𝐷𝐷,𝑘𝑘 ≤ 𝑁𝑁𝐷𝐷𝐷𝐷,𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚𝑃𝑃𝐷𝐷𝐷𝐷,𝑘𝑘                                                                         (15) 
𝑁𝑁𝐷𝐷𝐷𝐷,𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚𝑄𝑄𝐷𝐷𝐺𝐺,𝑘𝑘 ≤ 𝑁𝑁𝐷𝐷𝐷𝐷,𝑘𝑘𝑄𝑄𝐷𝐷𝐷𝐷,𝑘𝑘 ≤ 𝑁𝑁𝐷𝐷𝐷𝐷,𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚𝑄𝑄𝐷𝐷𝐷𝐷 ,𝑘𝑘                                                                       (16) 
𝑁𝑁𝐷𝐷𝐷𝐷,𝑘𝑘 is number of DG units that are connected at bus k. The initial size of DG units are 

generated randomly by using, 
𝑃𝑃𝐷𝐷𝐷𝐷,𝑘𝑘 = 𝑃𝑃𝐷𝐷𝐷𝐷,𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�𝑃𝑃𝐷𝐷𝐷𝐷,𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑃𝑃𝐷𝐷𝐷𝐷,𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚 �                                                                          (17) 
Where 𝑃𝑃𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum amount of power output from DG and it is calculated by using 

the capacity factor (CF), which is expressed by, 

𝑃𝑃𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑃𝑃𝐷𝐷𝐷𝐷
𝑎𝑎𝑎𝑎𝑎𝑎

𝐶𝐶𝐶𝐶
                                                                                                                      (18) 

 
Constraints on DG location: 

DGs can be installed at any bus in the system, and it can be expressed as, 
2 ≤ 𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ≤ 𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏                                                                                                        (19) 

And also the DG locations that are selected must be distinct and it can be represented by, 
𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 ≠ 𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗              (𝑖𝑖, 𝑗𝑗) ∈ 𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏                                                             (20) 

 
Bus voltage constraints: 

These constraints represent the voltage limit at each bus in the system and it can be 
represented by [26], 

𝑉𝑉𝑏𝑏,𝑖𝑖
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉𝑏𝑏,𝑖𝑖 ≤ 𝑉𝑉𝑏𝑏,𝑖𝑖

𝑚𝑚𝑚𝑚𝑚𝑚                                                                                                             (21) 
Where 𝑉𝑉𝑏𝑏,𝑖𝑖 is the ith node voltage.  
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D-STATCOM constraints: 
The constraints on the reactive power support from the D-STATCOM are expressed by, 
𝑄𝑄𝐷𝐷−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ≤ (𝑄𝑄𝐷𝐷 + 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)                                                                                             (22) 
0 ≤ 𝑄𝑄𝐷𝐷−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑄𝑄𝐷𝐷−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚                                                                                       (23) 

 
Thermal constraints: 

The thermal constraint of substations and feeders describes the maximum allowed apparent 
power ( 𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 ) and currents flowing through a substation transformer and feeders in the 
distribution system, and they are expressed as, 

𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≤ 𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚                                                                                                                         (24) 
𝐼𝐼𝑏𝑏,𝑘𝑘 ≤ 𝐼𝐼𝑏𝑏,𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚          𝑘𝑘 = 1,2, … ,𝑁𝑁𝑏𝑏𝑏𝑏                                                                                      (25) 
Where 𝐼𝐼𝑏𝑏,𝑘𝑘 and 𝐼𝐼𝑏𝑏,𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚  are kth line current and maximum allowable current, respectively.       
 
Capacity constraint of EVCSs: 

The maximum charging capacity (𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 ) is restricted by, 
𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ≤ 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚                                                                                                                         (26) 

 
Reliability/Topological constraint: 

It is required to ensure that the radial and connected status of the RDS, and it is represented 
by, 

𝑁𝑁𝑏𝑏𝑏𝑏 = 𝑁𝑁𝑏𝑏 − 1                                                                                                                        (27) 
 

4. Proposed Solution Methodology 
The proposed RDS problem is solved by using the nature-inspired binary bat algorithm 

(BBA). The natural behavior of bats has inspired researchers to develop a technique by 
considering its ability to find food. The number of bats/variables has been initialized equivalent 
to the total number of features [27]. All possible combinations of features have been validated 
and the set with the best result has been chosen as the optimal feature set. Bats use sound energy 
while searching their prey among their camp. In designing the bat algorithm (BA), the position 
and velocity of each bat have been considered. While hunting, the emission of ultrasonic sound 
has been increased thereby decreasing the loudness [28]. In BA, the position of each bat is based 
on its frequency. The frequency, velocity, and position of bats can be determined by using [29, 
30], 

𝑓𝑓𝑖𝑖 = 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 + 𝛿𝛿(𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚)                                                                                            (28) 
𝑣𝑣𝑖𝑖𝑘𝑘 = 𝑣𝑣𝑖𝑖𝑘𝑘−1 + 𝑓𝑓𝑖𝑖�𝑝𝑝𝑖𝑖𝑘𝑘 − 𝑝𝑝∗�                                                                                                   (29) 
𝑝𝑝𝑖𝑖𝑘𝑘 = 𝑝𝑝𝑖𝑖𝑘𝑘−1 + 𝑣𝑣𝑖𝑖𝑘𝑘                                                                                                                      (30)  

Where 𝛿𝛿 is a random number between 0 and 1. BBA is the discrete (binary) version of BA, 
and it utilizes the sigmoid function for confining the new position of bat’s to binary values by 
using [29], 

S�𝑣𝑣𝑖𝑖𝑘𝑘� =
1

1 + 𝑒𝑒−𝑣𝑣𝑖𝑖𝑘𝑘
                                                                                                             (31) 

In the BBA, the position is updated by using, 

𝑝𝑝𝑖𝑖𝑘𝑘 = �1                 𝑖𝑖𝑖𝑖 S�𝑣𝑣𝑖𝑖𝑘𝑘� > 𝜎𝜎
0                     𝑂𝑂𝑂𝑂ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

                                                                                       (32) 

Where 𝜎𝜎  represents a uniform distribution [0, 1]. The next possible position of bat 
represented by [30], 

𝑝𝑝𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜 + 𝜀𝜀𝐿𝐿𝑘𝑘                                                                                                              (33) 
Where 𝐿𝐿𝑘𝑘 is average loudness of all the bats, and 𝜀𝜀 ∈ [−1, 1]. The pulse rate is changed by 

using [31], 
𝑟𝑟𝑖𝑖𝑘𝑘+1 = 𝑟𝑟𝑖𝑖0[1 − 𝑒𝑒−𝛾𝛾𝛾𝛾]                                                                                                           (34) 
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The loudness modulation is changed by using, 
𝐿𝐿𝑖𝑖𝑘𝑘+1 = α𝐿𝐿𝑖𝑖𝑘𝑘                                                                                                                              (35) 

Where α and 𝛾𝛾 are the constants [32]. The complete solution methodology by using BBA has 
been depicted in figure 4. 

Read the distribution system data and system topology, 
number of DGs, D-STATCOMs and EVCSs

Start

Is Fnew ≤ Fi and 
rand<Li?

Yes

No

Update the current best solution

Initialize the parameters related to BBA including maximum number of 
iterations, pulse frequency (fi), loudness (Li) and pulse rate (ri). 

Generate the initial bat population considering the location and sizing 
constraints of DGs, D-STATCOMs and EVCSs, and velocity (vi)

Generate new solutions by updating the frequency (fi), velocity (vi) 
and position (pi) using the equations (28), (29) and (30).

Evaluate the objective function and then the fitness function (F)

Generate a random number (rand)

Is rand > ri ?

Generate the local solution around the best 
solution.

Evaluate the new fitness function (Fnew). 
Generate the new random number (rand)

No

Yes

Best = Current 
Best x Fi

Accept the new solution. Reduce Li and 
increase ri by using the equations (35) and (34).

Increment the iteration count

Is iter < itermax ?

Stop
No

Yes

 
Figure 4. Solution methodology using binary bat algorithm (BBA). 
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A. Implementation of BBA for ONR and optimal allocation of DGs, D-STATCOMs and EVCSs 
The steps employed for power loss minimization objective using the proposed BBA is 

presented below. 
Step 1: Read the distribution system data and system topology, maximum number and sizes of 
DGs, D-STATCOMs and EVCSs. Initialize the parameters related to BBA including maximum 
number of iterations, pulse frequency (fi), loudness (Li) and pulse rate (ri).  
Step 2: Generate the initial bat population considering the location and sizing constraints of DGs, 
D-STATCOMs, EVCSs, and velocity (vi) which satisfies all the constraints.  
Step 3: Run the DLF program and calculate power loss for each bat.  
Step 4: Evaluate the objective function and then the fitness function (F). 
Step 5: Generate new solutions by updating the frequency (fi), velocity (vi) and position (pi) 
using the equations (28), (29) and (30).  
Step 6: Evaluate the new fitness function (Fnew). Generate the new random number (rand). 
Step 7: Check Fnew ≤ Fi and rand<Li. If yes, accept the new solution. Reduce Li and increase ri 
by using the equations (35) and (34). Update the current best solution. 

Step 8: Check for the stopping criterion. If yes, display the power loss value and corresponding 
open switches, and optimum locations and sizes of DGs, D-STATCOMs and EVCSs. Otherwise, 
repeat the steps 3 to 7. 
 
5. Results and Discussion 

To validate and demonstrate the results obtained by using BBA in solving the proposed RDS 
problem. The algorithm is applied on 33 bus RDS with 12.6 kV base voltage. It consists of 32 
sectionalizing and 5 tie line switches. Sectionalizing switches from 1-32 are normally closed, 
and the tie-switches 33-37 are opened. The maximum number of DGs, D-STATCOMs, and 
EVCSs that can be integrated is restricted to three, one, and one, respectively for this 33 bus 
RDS. The maximum size of DG, D-STSTACOM, and EVCS for the allocations have been 
limited to 2000 kW, 2000 kVAr, and 3000 kW, respectively. To analyze the proposed 
methodology, 6 case studies are simulated, and they are: 
• Scenario 1: Base case/without any optimization 
• Scenario 2: With only NR 
• Scenario 3: With only DG allocation 
• Scenario 4: With both NR and DG allocation 
• Scenario 5: With both NR and D-STATCOM 
• Scenario 6: With simultaneous NR, DG, D-STATCOM, and EVCS allocations 

 
A. Scenario 1 

Scenario 1 is the base case condition (i.e., before the NR). In this scenario, switches 33 to 37 
are opened and the obtained system losses are 202.66 kW. Minimum voltage is obtained at bus 
18 of 0.9131 p.u., and it is reported in Table 1. The initial configuration of 33 bus RDS is 
presented in figure 5. 
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Figure 5. Topology of 33 bus RDS (Scenario 1). 

 
B. Scenario 2 

In this scenario, only NR is performed. Here, the tie switches 7, 9, 14, 32, and 37 are opened. 
The topology of the RDS after the NR is shown in figure 6. After the NR, the voltages in the 
system are improved. Bus voltages before and after the NR is depicted in figure 7. The power 
losses incurred in this scenario are 139.48 kW and they are 31.18% less than the losses obtained 
in scenario 1, and they are presented in Table 1. The minimum voltage reported in this scenario 
is 0.9402 p.u. at bus number 32. 
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Figure 6. Topology after NR of 33 bus RDS (Scenario 2). 

 
Figure 7. Bus voltages before (scenario 1) and after NR (scenario 2). 
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C. Scenario 3 
In this scenario, the optimization is conducted by considering the only optimal allocation of 

DG units, and the results are reported in Table 1. Obtained optimal sizes of DG units are 780.5 
kW, 1120.6 kW, and 1170.3 kW, respectively at buses 13, 23, and 29. Therefore, the total 
capacity of DGs is 3071.4 kW. Minimum losses incurred are 70.96 kW, and they are 64.98% 
less when compared to scenario 1 (base case configuration). Minimum voltage has occurred at 
bus number 32 with the voltage of 0.9402 p.u. 
 

Table 1. Simulation results for scenarios 1, 2, and 3. 
 Scenario 1 Scenario 2 Scenario 3 

Opened/tie switches 33, 34, 35, 36, 37 7, 9, 14, 32, 37 33, 34, 35, 36, 37 
DG size in kW (bus 

number) 
----- ----- 780.5 (13), 1120.6 

(23), 1170.3 (29) 
Total size of DG (kW) ----- ----- 3071.4 
D-STATCOM size in 
KVAr (bus number) 

----- ----- ----- 

Power loss (kW) 202.66 139.48 70.96 
Power loss reduction (%) ----- 31.18 64.98 
Minimum voltage (𝑉𝑉𝑏𝑏𝑚𝑚𝑚𝑚𝑚𝑚) 

in p.u (bus number) 
0.9131 (18) 0.9402 (32) 0.9688  (32) 

 
D. Scenario 4 

In this scenario, both the DG allocation and NR are simulated, and the results are presented 
in Table 2. Here, the NR has resulted in the opened tie lines of 7, 14, 11, 17, and 28. The obtained 
optimal allocation DG units have capacities of 1032.6 kW, 1184.2 kW, and 862.8 kW at locations 
18, 24, and 29. The total capacity of DGs is 3079.6 kW. The minimum power loss incurred is 
56.58 kW, and it is 72.08% less when compared to scenario 1. The obtained minimum voltage 
has the value of 0.9762 p.u. at bus 18. 
 

Table 2. Simulation results for scenarios 4, 5, and 6. 
 Scenario 4 Scenario 5 Scenario 6 

Opened/tie switches 7, 14, 11, 17, 28 7, 14, 9, 32, 37 6, 14, 11, 17, 28 
DG size in kW (bus number) 1032.6 (18), 1184.2 

(24), 862.8 (29) 
----- 1025.2 (8), 1178.5 

(24), 836.8 (29) 
Total size of DG (kW) 3079.6 ----- 3040.5 

D-STATCOM size in KVAr 
(bus number) 

----- 1046.4 (31) 1030.0 (31) 

EVCS size in kW (bus 
number) 

----- ----- 2162.5 (21) 

Power loss (kW) 56.58 98.83 56.10 
Power loss reduction (%) 72.08 51.23 72.32 

Minimum voltage (𝑉𝑉𝑏𝑏𝑚𝑚𝑚𝑚𝑚𝑚) in 
p.u (bus number) 

0.9762 (18) 0.9482 (33) 0.9773 ) 

 
E. Scenario 5 

In this scenario, both the NR and D-STATCOM allocation have been simulated at a time. 
The obtained results are reported in Table 2. The obtained results have the NR with the opened 
lines 7, 14, 9, 32, and 37, and a D-STATCOM is placed at bus number 31 with a capacity of 
1046.4 kVAr. The minimum loss incurred in this scenario is 98.83 kW, and this has resulted in 
a 51.23% reduction in losses when compared to losses incurred in scenario 1. The obtained 
minimum voltage has the value of 0.9482 p.u. at bus 33. 
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F. Scenario 6 
In this scenario, the optimization is performed by simultaneous NR and allocation of D-

STATCOM, DG, and EVCSs. The opened lines, in this case, are 6, 14, 11, 17, and 28. The 
obtained DG sizes are 1025.2 kW, 1178.5 kW, and 836.8 kW at buses 8, 24, and 29, respectively. 
The total size of DG units is 3040.5 kW. The size of D-STATCOM is 1030.0 kVAr at bus 31. 
The EVCS is located at bus 21 with the size of 2162.5 kW. The minimum power loss reported 
in this scenario is 56.10 kW, and it is 72.32% less when compared to power losses obtained in 
scenario 1.  

It is observed that the optimal allocation of DGs, D-STATCOM, and EVCS has significantly 
reduced power loss and improved the voltage profile of the 33 bus RDS. The power losses 
incurred in scenario 2 are 139.48 kW and they are 31.18% less than the losses obtained in 
scenario 1 (base case configuration). The minimum losses incurred in scenario 3 are 70.96 kW, 
and they are 64.98% less when compared to scenario 1. The minimum power loss incurred in 
scenario 4 is 56.58 kW, and it is 72.08% less when compared to scenario 1. The minimum loss 
incurred in scenario 5 is 98.83 kW, and this has resulted in a 51.23% reduction in losses when 
compared to losses incurred in scenario 1. In scenario 6, the overall power loss is reduced to 
56.10 kW which is 72.32% less when compared to power losses obtained in scenario 1. All the 
above results and analysis show that the simultaneous NR, DG, D-STATCOM, and EVCSs have 
a more substantial impact than considering the cases separately. 
 
6. Conclusions 

This paper proposes an efficient methodology for the optimal location of distributed 
generation (DG) units, D-STATCOM, and electric vehicle charging stations (EVCSs) as well as 
the network reconfiguration (NR) in the distribution systems. The proposed problem is solved 
by using the binary bat algorithm (BBA). The proposed algorithm has been implemented on 33 
bus RDS. The results and analysis show that simultaneous NR, DG, D-STATCOM, and EVCSs 
have a more substantial impact than considering the cases separately. Modeling and developing 
a dynamic and multi-objective stochastic model to handle the uncertainties of renewable energy 
sources and load in simultaneous NR and DG allocation problems by considering the 
geographical location of the practical distribution system is a scope of future work. Since 
distribution systems considered in this work are balanced RDSs hence they can be extended for 
unbalanced systems. 
 
7. Acknowledgment  

This research work was funded by “Woosong University’s Academic Research Funding – 
2022”. 

 
8. References 
[1]. A.R. Gupta, A. Kumar, “Impact of various load models on D-STATCOM allocation in 

DNO operated distribution network,” Procedia Computer Science, vol. 125, pp. 862-870, 
2018. 

[2]. A. Shaheen, A. Elsayed, A. Ginidi, R. El-Sehiemy, E. Elattar, “Reconfiguration of electrical 
distribution network-based DG and capacitors allocations using artificial ecosystem 
optimizer: Practical case study,” Alexandria Engineering Journal, 2021. 

[3]. A.R. Gupta, A. Kumar, “Impact of D-STATCOM Placement on Improving the Reactive 
Loading Capability of Unbalanced Radial Distribution System,” Procedia Technology, vol. 
25, pp. 759-766, 2016. 

[4]. Ch. Yadaiah, S.K. Goswami, D. Chatterjee, “Effect of network reconfiguration on power 
quality of distribution system,” International Journal of Electrical Power & Energy 
Systems, vol. 83, pp. 87-95, 2016. 

[5]. U. Raut, S. Mishra, “An improved sine–cosine algorithm for simultaneous network 
reconfiguration and DG allocation in power distribution systems,” Applied Soft Computing, 
vol. 92, 2020. 

Binary Bat Algorithm for Optimal Operation of Radial Distribution

158



 
 

[6]. M.A. Shaik, P.L. Mareddy, N. Visali, “Enhancement of Voltage Profile in the Distribution 
system by Reconfiguring with DG placement using Equilibrium Optimizer,” Alexandria 
Engineering Journal, 2021. 

[7]. J.C. López, P.P. Vergara, C. Lyra, M.J. Rider and L.C.P. da Silva, "Optimal Operation of 
Radial Distribution Systems Using Extended Dynamic Programming," IEEE Transactions 
on Power Systems, vol. 33, no. 2, pp. 1352-1363, Mar. 2018. 

[8]. V. Vai, S. Suk, R. Lorm, C. Chhlonh, S. Eng, L. Bun, “Optimal Reconfiguration in 
Distribution Systems with Distributed Generations Based on Modified Sequential Switch 
Opening and Exchange”, Applied Sciences, vol. 11, no. 5, 2021. 

[9]. L.H. Macedo, J.F. Franco, M.J. Rider and R. Romero, "Optimal Operation of Distribution 
Networks Considering Energy Storage Devices," IEEE Transactions on Smart Grid, vol. 6, 
no. 6, pp. 2825-2836, Nov. 2015. 

[10]. A.H. Ahmed, S. Hasan, “Optimal allocation of distributed generation units for converting 
conventional radial distribution system to loop using particle swarm optimization,” Energy 
Procedia, vol. 153, pp. 118-124, 2018. 

[11]. B. Mahdad, “Optimal reconfiguration and reactive power planning based fractal search 
algorithm: A case study of the Algerian distribution electrical system,” Engineering Science 
and Technology, an International Journal, vol. 22, no. 1, pp. 78-101, 2019. 

[12]. T. Xu, P.C. Taylor, “Voltage Control Techniques for Electrical Distribution Networks 
Including Distributed Generation,” IFAC Proceedings Volumes, vol. 41, no. 2, pp. 11967-
11971, 2008. 

[13]. U. Sultana, Azhar B. Khairuddin, A.S. Mokhtar, N. Zareen, Beenish Sultana, “Grey wolf 
optimizer based placement and sizing of multiple distributed generation in the distribution 
system,” Energy, vol. 111, pp. 525-536, 2016. 

[14]. Sherif M. Ismael, Shady H.E. Abdel Aleem, Almoataz Y. Abdelaziz, Ahmed F. Zobaa, 
“State-of-the-art of hosting capacity in modern power systems with distributed generation,” 
Renewable Energy, vol. 130, pp. 1002-1020, 2019. 

[15]. T.T. The, B.H. Truong, K.D. Tuan, D.V. Ngoc, “A Nondominated Sorting Stochastic 
Fractal Search Algorithm for Multiobjective Distribution Network Reconfiguration with 
Distributed Generations,” Mathematical Problems in Engineering, vol. 2021, 2021. 

[16]. L.C. Kien, T.T. Nguyen, B.H. Dinh, T.T. Nguyen, “Optimal Reactive Power Generation 
for Radial Distribution Systems Using a Highly Effective Proposed Algorithm”, 
Complexity, vol. 2021, pp. 1-36, 2021. 

[17]. M. Belkacem, “A novel tree seed algorithm for optimal reactive power planning and 
reconfiguration based STATCOM devices and PV sources”, SN Applied Sciences, vol. 
3, no. 336, 2021. 

[18]. S.E. Razavi, E. Rahimi, M.S. Javadi, A.E. Nezhad, M. Lotfi, M. Shafie-khah, J.P.S. Catalão, 
“Impact of distributed generation on protection and voltage regulation of distribution 
systems: A review,” Renewable and Sustainable Energy Reviews, vol. 105, pp. 157-167, 
2019. 

[19]. A. Hamouda, K. Zehar, “Improved algorithm for radial distribution networks load flow 
solution”, International Journal of Electrical Power & Energy Systems, vol. 33, no. 3, pp. 
508-514, 2011. 

[20]. B. Singh, V. Mukherjee, P. Tiwari, “GA-based optimization for optimally placed and 
properly coordinated control of distributed generations and Static Var Compensator in 
distribution networks,” Energy Reports, vol. 5, pp. 9626-959, 2019. 

[21]. M.E. Khodayar, M.R. Feizi, A. Vafamehr, “Solar photovoltaic generation: Benefits and 
operation challenges in distribution networks,” The Electricity Journal, vol. 32, no. 4, pp. 
50-57, 2019. 

[22]. I. Diaaeldin, S.A. Aleem, A. El-Rafei, A. Abdelaziz, A.F. Zobaa, “Optimal Network 
Reconfiguration in Active Distribution Networks with Soft Open Points and Distributed 
Generation”, Energies, vol. 12, no. 21, 2019. 

Surender Reddy Salkuti

159



 
 

[23]. L. Luo, Z. Wu, W. Gu, H. Huang, S. Gao, J. Han, “Coordinated allocation of distributed 
generation resources and electric vehicle charging stations in distribution systems with 
vehicle-to-grid interaction,” Energy, vol. 192, 2020. 

[24]. N. Mahmud, A. Zahedi, “Review of control strategies for voltage regulation of the smart 
distribution network with high penetration of renewable distributed generation,” 
Renewable and Sustainable Energy Reviews, vol. 64, pp. 582-595, 2016. 

[25]. Hiroyuki Mori, Hidenobu Tani, “A Tabu Search Based Method for Optimal Allocation of 
D-FACTS in Distribution Systems,” IFAC Proceedings Volumes, vol. 41, no. 2, pp. 14951-
14956, 2008. 

[26]. A.S.N. Huda, R. Živanović, “Large-scale integration of distributed generation into 
distribution networks: Study objectives, review of models and computational tools,” 
Renewable and Sustainable Energy Reviews, vol. 76, pp. 974-988, 2017. 

[27]. X.X. Ma and J.S. Wang, “Optimized Parameter Settings of Binary Bat Algorithm for 
Solving Function Optimization Problems”, Journal of Electrical and Computer 
Engineering, vol. 2018, pp. 1-9, 2018. 

[28]. M.A. Tawhid, K.B. Dsouza, “Hybrid binary bat enhanced particle swarm optimization 
algorithm for solving feature selection problems”, Applied Computing and Informatics, 
vol. 16, no. 1/2, pp. 117-136, 2020. 

[29]. Z. Dahi, C. Mezioud, A. Draa, “Binary Bat Algorithm: On The Efficiency of Mapping 
Functions When Handling Binary Problems Using Continuous-variable-based 
Metaheuristics”, 5th International Conference on Computer Science and Its Applications 
(CIIA), May 2015, Saida, Algeria, pp.3-14. 

[30]. X. Xie, X. Qin, Q. Zhou, Y. Zhou, T. Zhang, R. Janicki, W. Zhao, “A novel test-cost-
sensitive attribute reduction approach using the binary bat algorithm”, Knowledge-Based 
Systems, vol. 186, 2019. 

[31]. D. Gupta, J. Arora, U. Agrawal, A. Khanna, V.H.C. de Albuquerque, “Optimized Binary 
Bat algorithm for classification of white blood cells”, Measurement, vol. 143, pp. 180-190, 
2019. 

[32]. S. Swayamsiddha,  Prateek, S.S. Singh, S. Parija, D.K. Pratihar, “Reporting cell planning-
based cellular mobility management using a Binary Artificial Bat algorithm,” Heliyon, vol. 
5, no. 3, 2019. 

 
 

Surender Reddy Salkuti received the M. Tech and Ph.D. degrees in 
electrical engineering from NIT Warangal and IIT Delhi, New Delhi, India, 
in 2009 and 2013 respectively. He was a Postdoctoral Researcher at Howard 
University, Washington, DC, USA, from 2013 to 2014. He is currently 
working as an Associate Professor in the Department of Railroad and 
Electrical Engineering, Woosong University, Daejeon, Republic of Korea. 
His current research interests include power system restructuring issues, 
ancillary service pricing, real and reactive power pricing, congestion 
management, and market clearing, including renewable energy sources, 

demand response, smart grid development with integration of wind and solar photovoltaic energy 
sources, battery storage and electric vehicles, artificial intelligence applications in power 
systems, and power system analysis and optimization. 

Binary Bat Algorithm for Optimal Operation of Radial Distribution

160




