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Abstract: Renewable energy-based distributed generators (DGs) are gaining more penetration in
modern grids to meet the growing demand for electrical energy. The anticipated techno-economic
benefits of these eco-friendly resources require their judicious and properly sized allocation in
distribution networks (DNs). The preeminent objective of this research is to determine the sizing
and optimal placing of DGs in the condensed DN of a smart city. The placing and sizing problem is
modeled as an optimization problem to reduce the distribution loss without violating the technical
constraints. The formulated model is solved for a radial distribution system with a non-uniformly
distributed load utilizing the selective particle swarm optimization (SPSO) algorithm. The intended
technique decreases the power loss and perfects the voltage profile at the system’s nodes. MATLAB
is used for the simulation, and the obtained results are also validated by the Electrical Transient
Analysis Program (ETAP). Results show that placing optimally sized DGs at optimal system nodes
offers a considerable decline in power loss with an improved voltage profile at the network’s nodes.
Distribution system operators can utilize the proposed technique to realize the reliable operation of
overloaded urban networks.

Keywords: distributed generation; selective particle swarm optimization; smart cities; renewable
energy; voltage stability

1. Introduction

Electrical power demand is exponentially growing due to more urbanization, com-
mercialization and industrial development. This exponential growth in demand poses
operational challenges in power utilities [1–3]. The current infrastructure is insufficient
to support such immense power demand. The congestion in transmission lines may lead
to instability in the power system [4,5]. The main goal of power system operation is to
encounter the request at all locations within the existing power network, both as economi-
cally and reliably as possible. However, the surge in power demands has originated several
threats to the operation of distribution networks (DNs) [6]. It is a big challenge for the
existing power system to handle extra demand requirements due to excessive population
growth and smart cities projects for rural areas extensions.

Electronics 2021, 10, 2542. https://doi.org/10.3390/electronics10202542 https://www.mdpi.com/journal/electronics

https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-7846-1761
https://orcid.org/0000-0002-0923-1476
https://orcid.org/0000-0001-9935-7648
https://orcid.org/0000-0002-8947-9729
https://orcid.org/0000-0003-0151-8218
https://orcid.org/0000-0002-2886-7998
https://orcid.org/0000-0001-8700-0270
https://orcid.org/0000-0001-5464-0415
https://doi.org/10.3390/electronics10202542
https://doi.org/10.3390/electronics10202542
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/electronics10202542
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics10202542?type=check_update&version=2


Electronics 2021, 10, 2542 2 of 20

Electricity generation in the traditional power grid is generally from fossil, hydro,
nuclear resources, etc. Inherent needs of the conventional plants require their construction
at remote areas far-off from the load center [7]. An adequate transmission network (may be
hundreds of kilometers long) is then required to supply this generated energy to the load
side. Since the existing lines are congested, and the installation of new lines requires huge
investment. Therefore, researchers are looking for ways to defer this investment without
compromising the stable grid operation. Moreover, lengthy lines originate more power
losses and voltage drops. The high voltage drops, and power losses result in overheating
and damaging of equipment [8]. It has been explored that transmission and distribution
losses have a significant contribution to total power system losses. However, distribution
losses are less than transmission line losses in power systems [9].

The development of technologies related to the internet of things (IoT), artificial
intelligence (AI), blockchain and big data encourages power system operators to modernize
power grid and smart city development [10–12]. It is always significant to have an efficient
power system as greater losses distress the overall economy [13–15]. An efficient power
system that meets demand uncertainties is helpful to generate deferent flexible options
to initiate demand response (DR) actions [16,17]. To handle uncertainties in demand,
modifications in the existing power system are required. Due to the effective amendment
in the power system, private firms will be interested in investing in the supply system
to encounter the active power request at each node and make it profitable for the whole
community [18]. One better way of decreasing the losses is to incorporate the distributed
generators (DGs) at appropriate locations in the distribution system [19]. Optimal DGs
allocations are helpful in achieving improved voltage profile, reduced power losses and
defer investments in transmission infrastructure [20,21]. DGs may be traditional or non-
traditional and are usually connected in DNs near load centers [22]. Based on power
injection, these are classified into four categories [23]:

(a) Injects only real power to the system. Examples are solar photovoltaic and fuel cells.
(b) Injects only reactive power to the system. Examples are synchronous condensers.
(c) Injects both real and reactive powers (P and Q) into the system. Examples are syn-

chronous generators, i.e., steam turbines and cogeneration.
(d) Injects real power but absorbs reactive power. Examples are synchronous condensers.

DGs, especially based on renewable energy resources (RERs), are more emerging
than centralized power generation. When appropriately installed, DGs decline power
loss considering power stability, voltage profile and environmental conditions [24,25]. So,
optimal placement of DG is crucial; otherwise, it can further increase the power loss and
originate more pronounced voltage fluctuations. This paper proposes a new selective
particle swarm optimization (SPSO) approach to find optimal DGs size and location. This
approach aims to catch all bus voltages within acceptable limits with minimum deviation
and minimum total power loss in the system based on economic and operational objectives
from the DGs and grid side. The effectiveness of the proposed method is validated using
data of a real 11 kV feeder with a non-uniform load growth characteristic, which is a part of
the Gujranwala electric power company (GEPCO), Pakistan. The feeder is also simulated
on ETAP using optimal DGs sizes and locations obtained by SPSO, and results validate the
effectiveness of the proposed method.

The rest of the paper’s organization is as follows: Section 2 presents the review
of research work related to the DGs sizing and siting problem. Section 3 describes the
mathematical formulation of the problem and explains the proposed methodology for
its solution using SPSO. Section 4 presents the distribution network used for the case
study, and various SPSO simulation parameters of SPSO are presented. Section 5 contains
simulation results for different cases with relevant discussion. The last Section 6 concludes
the paper.
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2. Related Work

Researchers have analyzed the problem of precise and accurate optimal placement of
DG in the DNs to realize reduced losses and stable voltages utilizing different approaches.
Various artificial intelligence and hybrid techniques have been proposed in the literature in
addition to traditional approaches.

In References [10,21–25], the authors implemented several approaches for optimal DGs
location. In References [26,27], an analytical method based on generalized reduced gradient
was used to an analytical method based on generalized reduced gradient was used to locate
DGs optimally in a meshed network for maximum benefits. Authors in [28,29] determined
the level of penetration of photovoltaic (PV) units in a distribution network using the
linear programming (LP) optimization technique. Various DG assessment measures such
as improvement of voltage profile, line-losses and environmental aspects using multi-
objective functions applicable to single or multiple DGs had been investigated in [30].
Using metaheuristics or AI, researchers have strived to find practical solutions in the best
possible way for energy management and integration of DGs [31–33]. Genetic Algorithm
(GA) is the popular metaheuristic approach developed by Holland. Its search procedure
is based on natural selection and genetics principles. The theory of natural evolution
inspires it, and its various steps include selection, crossover, mutation and inheritance. In
Reference [34], the optimal allocation of DG under load and generation uncertainties was
studied through evolutionary approaches. The 33-node IEEE test network was used for the
evaluation. The authors achieved excellent results of voltage stability and loss reduction
using GA in [31], improved extended GA, a combination of GA and analytical methods
in [35,36], respectively.

In literature, Particle Swarm Optimization (PSO) has been extensively used for optimal
DG locating and sizing [37]. Eberhart and Kennedy developed this valuable technique in
1995 and found it useful in optimizing multidirectional functions [23]. Authors in [3,38–40]
implemented PSO to achieve the economic dispatch of multiple units. Due to parallel
search capability, PSO can approach faster in accomplishing a global solution. Several
research works have used PSO in combination with other techniques to gain more precise
and accurate results. Hybrid GA-PSO [41], PSO and Linearized AC load flow [39], PSO-
Compromise Programming [42], fuzzy approach and PSO [43] and discrete PSO-OPF [44]
are some of the hybrid approaches. More comprehensive reviews on the DGs optimiza-
tion problem can be observed in [45,46], where different algorithms and methods have
been discussed.

From the literature review, it is evident that the optimized DG allocation and sizing
problem remained the focus of researchers for multiple benefits at an economical cost.
Traditional analytical approaches are nearly obsolete, and the modern trend is to use
various variants of meta-heuristic techniques due to their simplicity, less computational
effort and fast convergence. Therefore, a metaheuristic SPSO technique is proposed in this
work to solve the DG placement and sizing problem.

3. Problem Formulation and Proposed Solution

This study’s primary objective is to reduce total DN power loss and the deviation of
voltage from nominal voltage while meeting the equality and inequality constraints. The
DG allocation and sizing problem is modeled as a multivariate optimization problem to
realize the efficient operation of DN without compromising its voltage stability. Description
of the proposed mathematical model and solution technique is presented in this section.

3.1. Mathematical Model

Let’s assume that N is the total number of buses, PI and QI are the real and reactive
power flows from bus I to bus I + 1, where bus voltage at the bus I is VI and resistance
of the line connecting the bus I and I + 1 is depicted as RI+1. Now the objective function
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is given by (1) where f1 and f2 represent the objectives related to real power loss PL and
voltage deviation (VID), respectively.

Minimize Objective Function = W1 × f1 + W2 × f2 (1)

f1 = PL =
B

∑
I=1

PLI (2)

f2 = VID =
N

∑
I=1

(VI −VREF)
2 (3)

Here W1 and W2 are weighting factors acting as priority setters for enhancement
of voltage stability and decrease of power loss, respectively. B represents the total sys-
tem’s branches.

PLI =
PI

2 + QI
2

VI2 × RI+1 (4)

voltage deviation at node I = VI −VREF (5)

W1 + W2 = 1 (6)

3.1.1. Inequality Constraints

The supply voltages of the system must be within the permissible limits to avoid
derating of the equipment.

Vmin
I ≤ VI ≤ Vmax

I (7)

So, the minimum and maximum voltages are 0.95 VREF and 1.05 VREF, respectively, as
per IEEE international standards [47] for the voltage drop in the DN for the proper safe
operation of sensitive electrical equipment.

DG output is also constrained to remain within the permissible limits of reactive
power (QDG), apparent power (SDG), active power (PDG) and voltages (VDG) as represented
in (8)–(11).

Smin
DG ≤ SDG ≤ Smax

DG (8)

Pmin
DG ≤ PDG ≤ Pmax

DG (9)

Qmin
DG ≤ QDG ≤ Qmax

DG (10)

Vmin
DG ≤ VDG ≤ Vmax

DG (11)

So, the size of DG is also pre-selected between 10–60% of the total system demand.
The power factor (P.F.DG) is the preceding but not the least essential quantity, which is
previously established to operate at a practical value, which is 0.85.

P.F.min ≤ P.F.DG ≤ P.F.max (12)

3.1.2. Equality Constraints

These constraints are used to ensure power balance. For secure operation, the total
power produced in a system must be equal to the amount of power demanded by the load
plus the losses throughout the power system network. These constraints are reproduced in
(13) and (14).

PGrid +
K

∑
J=1

PDGJ −
N

∑
I=1

PLoadI − PL = 0 (13)

QGrid +
K

∑
J=1

QDGJ −
N

∑
I=1

QLoadI −QL = 0 (14)

Here PDGJ and QDGJ are real and reactive power of DG J. K is the total number of DGs
that are two in our cases. PLoadI and QLoadI are the real and reactive power loads at bus I,
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respectively, whereas PL and QL are the net active and reactive powers loss, respectively.
PGrid and QGrid denote the values of active and reactive powers drawn from the grid.

The total P and Q injected in the bus I are given in (15) and (16).

PI = |VI |
N

∑
J=1

∣∣VJ
∣∣ [gI J cos

(
θI − θJ

)
+ bI J sin

(
θI − θJ

)]
(15)

QI = |VI |
N

∑
J=1

∣∣VJ
∣∣ [gI J sin

(
θI − θJ

)
+ bI J cos

(
θI − θJ

)]
(16)

Here VI and VJ are the voltage magnitudes of bus I and J, whereas θI and θJ are the
voltage angles of bus I and J, respectively, as depicted in Figure 1. gI J and bI J are the
real and imaginary parts of admittance between bus I and J. The values of P, Q and V
in the main function are computed by the utilization of power flow algorithm for radial
distribution networks that conduct forward and backward sweeps to calculate the branch
current and node voltages in the distribution system.

Figure 1. Line segment of radial DN from node I to node J.

3.2. Proposed SPSO Algorithm

The voltage at each bus of distribution feeders must be within reference voltage ± 5%
according to IEEE standards. General procedures to find optimal placement and sizes of
DGs merely rely on permissible voltage limits while neglecting the accumulative power
loss of the DN. In the proposed technique, we aim to find a solution in which all buses have
acceptable voltages with minimum possible deviation from nominal values and minimum
accumulative power loss.

To meet the stated objective, we have devised a PSO-based technique. PSO is a bird
flocking and fish schooling influential optimization approach based on population, helpful
in optimizing complex multidimensional problems. The algorithm initiates a population
of swarm particles with assigned random velocity and position. Each swarm particle
represents a solution set. The swarm particles moved in the search space to fulfill the
requirements of objective function while satisfying constraints. Each particle must be
evaluated by the output of the objective function against the fitness value by using a load
flow algorithm. In each iteration, particles update their velocity to have a better solution
according to the best-fit particle. Identifying the best-fit particle, if local fitness (p) gives
better results than the current best (pbest) value, then replaced the current fitness (pbest)
with local fitness (p). If current fitness is better than the global best, then set gbest = pbest.
This process continues by updating the velocity and position of particles until the stopping
criteria are reached, and gbest will be the optimal solution.

SPSO algorithm flowchart is depicted in Figure 2. In the beginning, system parameters
are loaded in the simulation system. If some system configuration file is not available,
parameters of DN under consideration can be input manually. After loading the system’s
parameters, values of different parameters associated with the SPSO technique such as
population size, dimensions of particles and their constraint limits, number of iterations,
etc. are initialized.
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Figure 2. Flow chart for the devised approach.

Then a random population of the particles is initialized with random velocity and
positions. Due to the inherent nature of SPSO, these swarm particles acquire random
positions in search space of selected dimension D as given in (17).

SD = [SD1, SD2, . . . , SDN] (17)

Here D is the dimension of search space. SD1 is the position of particles for dimension
one, SD2 is the position of particles for dimension two, similarly, the further positions of
particles up to SDN represents the positions for remaining dimensions. In a distributed
network, the number of loops formed equals the number of dimensions by closing all
the tie-switches. Branches of a loop have constituted the search space of a dimension.
However, the branches of the network which do not belong to any loop are not in any
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search space. Therefore, these branches are not considered in the optimization process. The
SPSO can be applied to find the optimal solution after specifying the number of dimensions
and the search space for each dimension. DN denotes total selected random positions in
dimension D and SD reflects its collection in dimension D. SD selects the best position from
the different position vectors from SD1 to SDN. In SPSO, the fitness function nature of the
conventional PSO is replaced with logistic sigmoid function sig (VK+1

iD ) because respective
D dimensions taken from DN positions are mapped with SD. So, the position of respective
swarms in dimension D is altered from being a point in real value to selected space. The
logistic sigmoid function is given by (18).

sig (VK+1
iD )= DN

 1

1 + exp
(
−VK+1

iD

)
 (18)

By applying sigmoid transformation to binary PSO, the velocities are confined to
range of [0,1]. It must be ensured that particle position values are either 1 or 0.

xK+1
iD =

 0, i f σ ≥ sig
(

VK+1
iD

)
1, i f σ < sig

(
VK+1

iD

) (19)

The local and global best (gbest) values are updated after evaluating the fitness func-
tion. Then termination criteria regarding the number of iterations are checked at the end
of each iteration. If the criteria are not met, then the positions and velocities of the parti-
cles in the swarm are updated using (20)–(22). The ith swarm position in the respective
D dimension is updated by (20).

xK+1
iD =



SD1 i f sig
(

Vk+1
iD

)
< 1

SD2 i f sig
(

Vk+1
iD

)
< 2

.

.

.
SDN i f sig

(
Vk+1

iD

)
≤ DN

(20)

VK+1
iD =


Vmax i f VK+1

iD > Vmax
VK+1

iD i f Vmin ≤ VK+1
iD ≤ Vmax

Vmin i f VK+1
iD ≤ Vmin

(21)

Vmin represents the minimum possible velocity and Vmax maximum velocity. For each
iteration velocity of swarms updated avoids invariability in the velocity of ith swarms,
velocity is updated by (22).

vK+1
iD =

{
rand× VK+1

iD i f
∣∣∣VK+1

iD

∣∣∣ =
∣∣VK

iD

∣∣
VK−1

iD otherwise
(22)

The same process is repeated until the termination criteria are met. The optimal
solution is the value stored in gbest.

4. Case Study

One 11 kV radial distribution feeder of subdivision GEPCO is used for evaluation.
The considered feeder is Rajewala distribution feeder which is 120 km long and comes
from 132 kV Eimnabad grid station. This feeder has 506 nodes, and it supplies a total
load of 14,740 kVA including domestic, industrial, and commercial loads. Results of field
inspection about various parameters of this feeder such as load at each bus, segment length,
resistance, inductance, impedance, etc. are depicted in Table 1. A one-line diagram of
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the original feeder based on the field survey is given in Figure 3. For illustration, the
distribution feeder is divided into small segments within the specified nodes.

Table 1. Line parameters of actual distribution feeder.

From Node–Node Resistance
(Ω)

Segment Length
(km)

Inductive
Reactance (Ω)

Impedance
(Ω)

Bus Load
(kVA)

0–1 0.040 0.12 0.045 0.067 45
1–2 0.079 0.235 0.088 0.119 60
2–3 0.040 0.12 0.045 0.061 50
3–4 0.205 0.609 0.230 0.308 50
4–5 0.061 0.183 0.069 0.092 75
5–6 0.033 0.098 0.037 0.049 2705
6–7 0.279 0.83 0.313 0.419 250
7–8 0.077 0.229 0.087 0.116 125
8–9 0.092 0.275 0.104 0.139 2100

9–10 0.139 0.414 0.157 0.209 175
10–11 0.157 0.466 0.177 0.236 125
11–12 0.140 0.417 0.158 0.211 100
12–13 0.031 0.091 0.034 0.046 300
13–14 0.095 0.283 0.107 0.143 250
14–15 0.034 0.101 0.039 0.051 50
15–16 0.016 0.049 0.018 0.024 1000
16–17 0.075 0.223 0.084 0.113 375
17–18 0.007 0.002 0.008 0.001 250
18–19 0.129 0.384 0.145 0.194 100
19–20 0.177 0.528 0.199 0.267 300
20–21 0.146 0.436 0.165 0.221 325
21–22 0.528 1.573 0.594 0.795 225
22–23 0.245 0.732 0.277 0.370 300
23–24 0.206 0.613 0.232 0.310 75
24–25 0.031 0.091 0.034 0.046 105
25–26 0.398 1.182 0.447 0.597 400
26–27 0.072 0.214 0.081 0.108 975
27–28 0.135 0.402 0.152 0.203 950
28–29 0.030 0.09 0.034 0.045 700
29–30 0.108 0.32 0.121 0.161 75
30–31 0.139 0.412 0.1557 0.208 225
31–32 0.031 0.091 0.0344 0.046 125
32–33 0.108 0.32 0.121 0.162 325
33–34 0.163 0.488 0.1845 0.247 25
34–35 0.043 0.127 0.048 0.064 200
35–36 0.246 0.732 0.277 0.370 425
36–37 0.278 0.828 0.313 0.418 100
37–38 0.492 1.464 0.553 0.740 125
38–39 0.134 0.399 0.151 0.202 450
39–40 0.061 0.183 0.069 0.093 125

Accumulating inspection data, 506 nodes are compressed to 40 nodes as depicted in
the simplified diagram shown in Figure 4. It is perceived that generalization of the feeder’s
data will not have any influence on outcomes. The same calculations can be prepared on
actual data without generalizing it to acquire approximately identical results. The only
difference will be that calculations will grow complex and longer.
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Figure 3. One-line diagram of actual feeder used for case study.

The SPSO algorithm proceeds through all possible iterations. SPSO parameters such
as swarm = 500, number of iterations = 3000, Wmin = 0.4, Wmax = 0.9 are the inertia weights.
SPSO simulation is performed using MATLAB R2018Ra installed on a personnel computer
with Intel Core i5-4200u processor, 1.60 GHz, 4GB RAM, x64-bit based Windows platform.
The results obtained through MATLAB are also verified through ETAP.
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Figure 4. Simplified 40 points diagram of 11 kV feeder.

5. Simulation Results and Discussion

Different simulation cases are carried out on a simplified real distribution feeder,
and a comparison is made among the output results of all cases in order to validate the
effectiveness of the proposed SPSO approach. Simulated cases are the following:

A. Evaluation of objective parameters without DGs
B. Evaluation of objective parameters with DGs through SPSO
C. Evaluation of objective parameters with DGs through ETAP
D. Comparison of proposed SPSO outcomes with other approaches

5.1. Evaluation of Objective Parameters without DGS

In this section, the load flow analysis is presented without DGs with the actual feeder
parameters. The objective func tion values are calculated, which are then compared with
the objective function values when DGs will be connected with the distribution feeder
later on. The feeder retains its inherent radial nature, with current flowing in a single
direction from the primary source end to the load. Without the intrusion of DGs and the
network is passive. The objective of this experiment is to show that the node voltages
violate the permissible limits in the case of a sole grid source supplying a whole load of a
lengthy feeder with a non-uniform load growth nature. This experiment also shows that
the accumulative power loss is high without DGs. Table 2 shows the load flow analysis
results and objective function values. It shows that without DGs’ integration, the voltages
within limits are confined to the first 10 buses near to source end. After that, the voltage
starts dipping to lower limits. This decrease in node voltages prevails to the last node 40
where the minimum voltage 0.77 p.u. is observed. Total voltage drops and power loss in
the network are 2520.365 V and 1175.935 kW correspondingly in this case. The per-unit
value of the bus voltage is shown in Figure 5.
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Table 2. Load flow results For DN without DG.

Sr. No From Node–Node Segment Currents
(A)

Segment Voltage Drops
(V)

Node Voltage at
Receiving End (p.u.)

Power Loss
(kW)

1 0–1 773.649 46.952 0.995 182.002
2 1–2 771.287 91.667 0.987 46.972
3 2–3 768.138 46.618 0.983 134.812
4 3–4 765.514 235.778 0.962 119.912
5 4–5 762.889 70.606 0.955 35.786
6 5–6 758.953 37.616 0.952 18.967
7 6–7 617.953 259.398 0.928 106.495
8 7–8 604.832 70.049 0.922 28.147
9 8–9 598.271 83.207 0.914 33.073

10 9–10 488.271 102.233 0.905 33.163
11 10–11 479.085 112.091 0.895 35.937
12 11–12 472.524 99.654 0.886 31.284
13 12–13 467.276 21.505 0.884 6.676
14 13–14 451.530 64.625 0.877 19.386
15 14–15 438.408 22.394 0.876 6.523
16 15–16 435.784 10.799 0.875 3.126
17 16–17 383.298 43.228 0.871 28.038
18 17–18 363.615 0.368 0.871 37.450
19 18–19 350.494 68.068 0.865 15.850
20 19–20 345.245 92.192 0.856 21.146
21 20–21 329.499 72.656 0.849 15.905
22 21–22 312.441 248.559 0.827 51.595
23 22–23 300.632 111.296 0.817 22.229
24 23–24 284.886 88.321 0.809 16.716
25 24–25 281.496 12.955 0.808 2.423
26 25–26 275.986 164.982 0.792 30.250
27 26–27 254.992 27.597 0.790 24.182
28 27–28 203.892 41.453 0.785 5.615
29 28–29 154.029 7.011 0.786 47.534
30 29–30 117.329 18.988 0.784 1.480
31 30–31 113.393 23.627 0.781 1.266
32 31–32 101.593 4.675 0.782 0.934
33 32–33 95.032 15.379 0.780 0.971
34 33–34 78.032 19.258 0.778 0.998
35 34–35 76.719 4.927 0.778 8.201
36 35–36 66.223 24.516 0.775 0.069
37 36–37 43.915 18.390 0.774 0.536
38 37–38 38.667 28.629 0.772 0.137
39 38–39 32.107 6.478 0.770 0.138
40 39–40 8.488 0.785 0.771 0.004

Total Voltage Drop = 2520.365 V Total Power Loss = 1175.935 kW

5.2. Evaluation of Objective Parameters with DGs through SPSO

In this section, the effective optimal DG application is carried out through SPSO. The
objective of this simulation is to reduce the accumulative power loss in the system and
voltage profile improvement by integrating DGs through the proposed technique. Node
voltages in per-unit (p.u.) values are shown in Figure 6.

SPSO parameters are such as swarm particles and iterations (K) are 500 and 3000,
minimum and maximum acceleration factors are 0.4 and 0.9, respectively. Two DGs are
decided to be connected with the distribution feeder. Equations (1)–(14) provide objec-
tive functions and constraints. MATLAB R2018a is employed for algorithm simulations.
Figure 7 shows the convergence process of SPSO.



Electronics 2021, 10, 2542 12 of 20

Figure 5. Node voltages without DG.

Figure 6. Improvement in node voltages with DGs.

After running the algorithm, the optimal positions obtained for DG1 and DG2 are at
bus numbers 17 and 30, respectively. The optimal sizes for DG1 and DG2 are 5802 kVA
and 5232 kVA, respectively. Table 3 shows the objective function values obtained by
these optimal positions and sizes of DGs after load flow analysis. With the effective
implementation of DGs through the proposed SPSO, the voltages at all the nodes are now
within the standard limits, and accumulative power loss is considerably reduced from
1175.935 kW to 92.444 kW. The supply from the main power grid is reduced due to the
handling of excessive load by DG. Due to which less current flows in transmission lines,
resulting in reduced active power loss and voltage drop. The optimal results are achieved
when DGs are integrated at accurate positions.
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Figure 7. Convergence characteristics of SPSO.

Table 3. Load flow results for DN with DGs through SPSO.

Sr. No. From Node–Node Segment Currents
(A)

Segment Voltage Drops
(V)

Node Voltage at
Receiving End

(p.u.)

Power Loss
(kW)

1 0–1 188.749 11.455 0.998 10.856
2 1–2 186.387 22.152 0.996 2.748
3 2–3 183.238 11.120 0.995 17.783
4 3–4 180.614 55.629 0.990 6.689
5 4–5 177.989 16.473 0.989 1.953
6 5–6 174.053 8.626 0.988 0.999
7 6–7 33.053 13.874 0.987 0.308
8 7–8 19.931 2.308 0.987 0.031
9 8–9 13.370 1.859 0.987 0.053

10 9–10 96.629 20.232 0.985 0.921
11 10–11 105.814 24.938 0.983 3.977
12 11–12 112.375 23.699 0.981 1.763
13 12–13 117.624 5.413 0.981 0.421
14 13–14 133.037 19.088 0.978 1.686
15 14–15 146.491 7.482 0.978 7.189
16 15–16 149.116 3.695 0.977 0.365
17 16–17 105.598 11.909 0.998 2.176
18 17–18 85.916 0.086 0.998 2.149
19 18–19 72.794 14.137 0.997 0.706
20 19–20 67.545 18.036 0.996 0.838
21 20–21 51.799 11.422 0.994 0.411
22 21–22 34.742 27.638 0.992 0.682
23 22–23 22.932 8.489 0.993 0.259
24 23–24 7.186 2.227 0.992 0.028
25 24–25 3.796 0.174 0.992 0.008
26 25–26 1.713 1.024 0.991 0.001
27 26–27 22.709 2.457 0.991 0.172
28 27–28 73.809 15.006 0.989 0.712
29 28–29 123.671 5.629 0.989 7.553
30 29–30 117.329 18.988 0.998 4.233
31 30–31 113.393 23.627 0.996 6.408
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Table 3. Cont.

Sr. No. From Node–Node Segment Currents
(A)

Segment Voltage Drops
(V)

Node Voltage at
Receiving End

(p.u.)

Power Loss
(kW)

32 31–32 101.592 4.675 0.998 0.934
33 32–33 95.032 15.379 0.994 0.971
34 33–34 78.032 19.258 0.992 0.998
35 34–35 76.719 4.927 0.992 5.847
36 35–36 66.222 24.516 0.989 0.069
37 36–37 43.916 18.390 0.988 0.536
38 37–38 38.667 28.629 0.986 0.137
39 38–39 32.106 6.478 0.985 0.138
40 39–40 8.488 0.785 0.984 0.004

Total Voltage Drop = 531.929 V Total Power Loss = 92.44 kW

5.3. Evaluation of Objective Parameters with DGs through ETAP

In this section simulations to validate the use of SPSO algorithm to find the positions
for distributed generators are presented. The actual feeder circuit is simulated in ETAP
software and DGs are connected at the optimal location with optimal size obtained from
SPSO. Figure 8 shows the load flow analysis by using ETAP. This figure represents the node
voltages as the percentage of nominal voltage (11 kV) in red color at each node. It can be
visualized that these node voltages are within limits. Load flow analysis is conducted and
obtained results through ETAP are given in Table 4. The total voltage drops, and power
losses are 531.975 V and 93.720 kW, respectively. The outcomes are identical to results
through SPSO implemented in MATLAB R2018a, which validate the effectiveness of the
proposed technique for DG integration.

Figure 8. Load flow analysis through ETAP.
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Table 4. Load flow results for DN with optimal DGs through ETAP.

Sr. No. From Node–Node Segment Currents
(A)

Segment Voltage
Drops (V)

Node Voltage at
Receiving End (p.u.) Power Loss (kW)

1 0–1 188.949 11.467 0.996 10.856
2 1–2 186.587 22.176 0.995 2.748
3 2–3 183.438 11.132 0.990 17.783
4 3–4 180.813 55.690 0.989 6.689
5 4–5 178.189 16.491 0.988 1.952
6 5–6 174.253 8.636 0.987 0.999
7 6–7 33.253 13.958 0.987 0.308
8 7–8 20.131 2.331 0.986 0.032
9 8–9 13.570 1.887 0.985 0.053

10 9–10 96.429 20.190 0.982 0.922
11 10–11 105.614 24.890 0.980 3.977
12 11–12 112.175 23.657 0.980 1.763
13 12–13 117.423 5.404 0.978 0.422
14 13–14 133.169 19.060 0.977 1.686
15 14–15 146.291 7.472 0.977 7.189
16 15–16 148.915 3.690 0.998 0.365
17 16–17 104.998 11.841 0.998 2.104
18 17–18 85.315 0.862 0.997 2.061
19 18–19 72.194 14.020 0.996 0.673
20 19–20 66.945 17.876 0.995 0.796
21 20–21 51.199 11.289 0.992 0.384
22 21–22 34.141 27.160 0.992 0.616
23 22–23 22.331 8.267 0.991 0.223
24 23–24 6.586 2.041 0.992 0.018
25 24–25 3.196 0.147 0.991 0.312
26 25–26 2.313 1.383 0.991 0.021
27 26–27 23.308 2.522 0.988 0.202
28 27–28 74.408 15.128 0.989 0.747
29 28–29 124.270 5.656 0.998 7.776
30 29–30 117.329 18.988 0.996 4.233
31 30–31 113.392 23.627 0.996 6.408
32 31–32 101.592 4.675 0.994 0.935
33 32–33 95.032 15.379 0.993 0.972
34 33–34 78.032 19.258 0.992 0.998
35 34–35 76.719 4.927 0.989 5.847
36 35–36 66.222 24.516 0.988 0.069
37 36–37 43.915 18.390 0.985 0.536
38 37–38 38.667 28.629 0.985 0.137
39 38–39 32.106 6.478 0.985 0.138
40 39–40 8.487 0.785 0.997 0.443

Total Voltage Drop = 550.975 Total Power Loss = 93.996 kW

Comprehensive comparisons among the accumulative power loss and voltage drop
without DG, with DGs through SPSO and ETAP are given in Figures 9 and 10, respectively.
Percentage reductions in power loss and voltage drop are given in Table 5. Figures 9 and 10
show a significant improvement in voltage profile at each node with power loss reduction.
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Figure 9. Segment voltage drops with and without DGs.

Figure 10. Segment power loss with and without DGs.

The experiment proves that the devised technique for the effective implementation of
multiple DG sources under extreme load growth conditions worked efficiently.

5.4. Comparison of Proposed SPSO Outcomes with Other Approaches

In this section, the proposed SPSO algorithm for optimal DGs location has been
compared with other approaches in the literature. It has been observed that SPSO algorithm
optimal DGs size as compared to ABC optimization algorithm, crow search optimization
algorithm (CSOA), polar bear optimization algorithm (PBOA), GA-PSO and discrete PSO
(DPSO). It has been analyzed that CSOA and BPOA have given lower active power loss
of about 95.80 kW and 97.10 kW, respectively. In contrast, the highest active power loss
has been noticed for ABC and PSO-GA that are 105.54 kW and 101.15 kW, respectively. In
addition, for reactive power loss, CSOA and PSO-GA have given lower values of about
112.572 kVAR and 115.594 kVAR, respectively. In comparison, the highest reactive power
loss has been observed in DPSO and ABC, which are about 128.077 kVAR and 119.054 kVAR,
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respectively. However, the proposed SPSO approach gives a lower active power loss of
94.44 kW and a reactive power loss of about 109.615 kVAR. Furthermore, each method
has been run for 100 times to observe the computational efficiency. The DGs optimal size
with location, active power loss, reactive power loss and different computational time
indicators for different methods have been summarized in Table 6. It has been explored
that the execution time taken by SPSO has the lowest value of 40.06 sec compared to other
approaches, which confirms the proposed strategy is computationally reasonable.

Table 5. Accumulative voltage drops and power loss comparison in different situations.

Total Voltage Drops
(V) Total Power Loss (kW) Reduction in

Voltage Drops
Reduction in Power

Loss

Without DGs 2520.365 1175.935

With DGs through SPSO 531.929 92.44 78.89% 92.139%

With DGs through ETAP 550.975 93.996 78.13% 92.006%

Table 6. Comparison of SPSO with other approaches in terms of different outcomes.

Approach
Optimal Size

(kVA)/Location
(Bus No).

Active
Power Loss

PL (kW)

PL
Reduction

(%)

Reactive
Power Loss
QL (kVAR)

QL
Reduction

(%)

Vmin/
(Bus No).

Execution
Time

(s)

Base Case 1175.935 987.159

ABC [19] 5125/19
3503/30 105.54 91.025 119.054 87.8905 0.987/15 145.78

CSOA [48] 5518/17
5128/30 95.80 91.853 112.572 88.59637 0.989/15 224.76

BPOA [25] 5274/17
4804/30 97.10 91.743 117.847 88.0572 0.983/15 103.98

PSO-GA [49] 5880/17
4864/30 101.15 91.398 115.594 88.290 0.981/15 92.08

DPSO [44] 5516/17
5126/30 98.208 91.649 128.077 86.955 0.979/15 82.78

Proposed
SPSO

5802/17
5232/30 94.044 91.969 109.615 88.896 0.991/15 40.06

6. Conclusions

Optimum siting of properly sized DGs in DNs can resolve their various operational
issues. On the other side, inappropriate sizing and siting can magnify voltage drops and
power loss. In this work, an SPSO-based algorithm is proposed for the optimal sizing and
placement of multiple DGs in DN. The node voltages can violate the permissible limits
without proper DG placement. After integrating optimal DGs, the voltage profile is signifi-
cantly improved, and all the node voltages remain within limits. About 78% reduction in
accumulated voltage drop in the system’s branches is observed as compared to the case
where no DG is connected. The results are confirmed by ETAP as well. It is observed that
active power loss with DGs is reduced by 92%. Initializing DGs lessens the current from
the main source; therefore, voltage drop, and power loss are also declined. Installation of
RER-based DGs can be beneficial for both electric utilities and consumers compared to
fossil fuel-based sources. These support generation, transmission, and distribution systems
cost-effectively in an eco-friendly manner. Their optimal installment is of considerable
importance for energy management in smart cities. In the future, the integration of wind
and PV in the existing power system can be observed with various load control mecha-
nisms. Different protection schemes and the impact of transients in the power system can
be explored. Furthermore, the demand side flexibility can be computed to initiate demand
response actions in the power system integrated with DGs.
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