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Abstract: In recent times, a significant amount of power loss and system instability due to high
voltage deviation experienced by modern power systems, in addition to the pressing issues chal-
lenging the power industry such as pollution —especially the emission of greenhouse gases—and
aging infrastructures, have posed a serious threat to system operations. Distributed generation has
been identified as one main solution capable of reducing pollution when solar and wind power are
used and, hence, rejuvenating dilapidated infrastructures and redeeming climatic changes. This pa-
per presents a novel two-stage approach for the identification of suitable locations for DG placement
and the sizing of DG for loss reduction and voltage stability enhancement. The first stage explored
the use of a network structure to develop a coupling factor (CF) approach that was non-iterative in
nature to determine suitable DG locations. In the second stage, the size of the DG was determined
using the particle swarm optimization (PSO) algorithm. The main objective was to obtain an optimal
voltage profile of the system under consideration while lowering the power loss in the system and
ensuring network stability amidst DG incorporation. The model design, optimization and simula-
tion were carried out using the MATLAB 2016a environment and the IEEE 33-bus test system, in
which DG was integrated. The influence of increasing the level of DG placement in the system was
then investigated. The forward/backward sweep method was applied to monitor the optimization
process. The voltage profiles for both the base case when no DG was integrated and the case of
incremental DG integration were considered. The results obtained for both single and multiple DG
integration are compared with those obtained using the existing methods. The results show the
efficiency and applicability of the new non-iterative scheme in the quick identification of DG loca-
tions for voltage profile enhancement and network real power loss reduction in radial distribution
networks.

Keywords: distribution networks; distributed generation; power loss; optimization; voltage profile

1. Introduction

Energy supply deficiency and climate change have resulted in the rapid growth of
distributed generation technology [1]. This growth can also be attributed to the cleaner
renewable sources that constitute most DGs and aging equipment [2,3]. Distributed gen-
eration has numerous definitions and names like dispersed generation, embedded gener-
ation and decentralized generation. But, among all these terms, distributed generation is
the most common [4,5]. Distributed generation, irrespective of its advantages, can cause
instability in voltage and other power practices like the power factor, reactive power and
frequency when interconnected to an existing grid [6-8]. The instability problem can occur
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as a result of the intermittency of renewable sources, non-radial power flow, over-voltage
and management [9]. Most of the practical distribution power networks have been de-
signed to operate on a one-directional power flow feeder, most commonly known as a
radial system [10-12]. With these radial systems, protection schemes have become rather
standard and also straightforward, and this is based on common phase and neu-
tral/ground non-directional overcurrent protection [2].

However, the addition of DG to existing radial systems would change this basic pro-
tective system in terms of design and structure to accommodate the integration of DGs in
these systems. Consequently, challenges including keeping required voltage levels within
preferred limits are bound to manifest [7,13]. That is why a careful and analytical investi-
gation needs to be performed on all power and protective systems before DG integration
to avoid the complete breakdown of these entire systems [13]. It is for this reason that a
maximum allowable penetration is recommended at every interconnection point of DG
[14]. Apart from the voltage stability problem, there exists an angle stability problem and
a frequency stability problem, but both the angle problem and the frequency problem are
not often seen in distribution systems [15]. A grid-tied or micro-grid system can be re-
ferred to as autonomous, and its mode of interconnection may be based on an inverter
system for solar PV and energy storage devices or a synchronous or induction motor sys-
tem for wind generation and standard fossil fuel-based motor generators [4].

There are other factors that affect voltages in distribution systems besides the con-
necting generator in the distribution system. Ordinarily, without DG, the distance of the
transmission or the length of the cable brings about variation in voltage profiles [12].
When a DG is connected, the location of the DG, DG output or capacity, DG dispersion,
the feeder’s conductor, the load profile and the primary voltage setting are the factors that
can equally vary the voltage profile of the distribution system [16,17]. Increasing DG out-
put could either be increasing the real power or the reactive power but in most cases the
active power [18,19] midst the other factors, location of DG which is the distance from the
substation to the customer point is an important consideration in the study of voltage
stability due to voltage drop [20]. Voltage will rise due to DG integration and this rise is
directly proportional to the distance (linear) with the distance along the line to the point
of DG connection [21].

In recent times, under-voltage has been one of the major areas in the active stream of
research on radial distribution systems that are dominated by distributed generators. The
increasing load on existing power system infrastructure has continued to stretch the nom-
inal voltage [4]. The growth in the population and the advent of technology have also
contributed to the sharp load increase, which may be inadequate to meet future demands
[22]. Considering the above, electric utilities and researchers have carried out several in-
vestigations on DG to know how DG will affect existing system structures when used as
an alternative resource to aid overwhelmed power system structures and operations [23—
26]. Since DG is targeted to be used to boost the inadequate voltage, investigation is based
on the voltage profile with DG and without DG [11,27-29].

A significant amount of effort has been made by existing research studies to optimize
voltage profiles and losses in distribution networks dominated by DG [7,13,19,24,29-31].
The influence of DG integration on voltage profile was explicitly investigated by the au-
thors of [32] who discovered in their study that without DG, the voltage drops as the dis-
tance from either the generator or the transformer increases. In [20], a graph-based ap-
proach was explored to depict the trends associated with the change in voltage magni-
tudes from 1.1 pu to 0.9 pu when no DG was integrated into the system and the increase
in voltage magnitudes above 1.1 pu when DG was integrated. In the study carried out by
the authors of [33], it was proposed that the point of connection of DG, considering the
high penetration levels to the distribution grid, caused issues with the voltage profile of a
designed distribution feeder. Furthermore, the authors of [34] argued that the installation
of DG, irrespective of the size, was highly capable of creating conflict with the operational
routine of systems. Inherently, the interconnection of DG, irrespective of size, has an effect
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on the distribution voltage, but there is a range, however, of how much DG can be added
to an existing system without significant incremental costs. There are system operations
that conflict with the interconnection of DG, but researchers are more critical of voltage
profiles. The study carried out by the authors of [35] used fault clearing and a reclosing
approach to demonstrate the influence of DG on the system voltage profile. The results
showed that challenges caused by voltage regulation often set the most restrictive limits
on how much DG could be served from a particular feeder without making expensive
changes. A static-analysis-based method was demonstrated by the authors of [36] to show
that the penetration of DG units in a distribution network can lead to an increase or de-
crease in the system voltage stability margin with reference to the operational power fac-
tors and locations. The comparative study of this static-analysis-based approach and the
proximity to the voltage collapse was carried out by the author of [15]. It was discovered
that static-analysis-based approaches do not have the capability of determining the con-
trol action or the interaction between the DG units integrated into a system. However, the
proximity to the voltage instability scheme could easily be adapted to identify the associ-
ated issues. The question now is how then can stability be achieved in a distribution sys-
tem with a DG connection. According to [18], there are two ways a desired voltage level
can be achieved and maintained with a DG connection. One is by directly controlling the
voltages, that is, by use of a step voltage regulator and on load tap changers (OLTC). An-
other is by indirectly controlling the flow of reactive power in the feeder. The study pre-
sented in [37] suggested that the instability in voltage in a distribution system can be
checked by appropriately sizing the load at the DG unit. From the above, voltage instabil-
ity and flicker caused by a DG interconnection are solvable by both electrical and elec-
tronic devices and by the use of an appropriate DG penetration level.

Although various contributions have been made using different approaches to solve
this problem, the main bottleneck associated with all the existing studies lies in the fact
that the approaches deployed in the identification of suitable locations for DG placement
are iterative-based. The challenges associated with these iterative-based procedures are
enormous. One such issue is the divergence of solutions coupled with the repetitive re-
factorization of matrices. Another problem with such methods is the fact that the solution
obtained is usually a local solution instead of a global solution. The information obtained
from such approaches could be misleading.

Based on the foregoing background, this paper proposes a topology-based solution
approach to the identification of suitable locations for DG placement in order to optimize
system operational efficiency. The major contributions offered by the proposed scheme
presented in this study are as follows:

e  The network topological-based approach proposed in this study eliminates the prob-
lems caused due to iterative procedures such as the refactorization of large-sized ma-
trices and the divergence of solutions and multiple solutions that could be mislead-
ing.

e Another important issue eliminated by this method is the challenges associated with
slack bus selection, which is associated with iterative-based methodologies.

e  To the best knowledge of the authors, this is the first time a non-iterative-based ap-
proach has been explored to identify suitable DG locations in radial distribution net-
works.

e  Consequently, the proposed approach serves as an alternative framework that is fast,
provides accurate information and avoids issues that could generate misleading in-
formation.

The remaining sections of this paper are arranged as follows: Section 2 presents the
relevant mathematical formulations including that of the suggested scheme. The results
and a discussion of the results obtained are presented in Section 3, while Section 4 con-
cludes the paper.
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2. Mathematical Formulations

This section presents all the relevant mathematical formulations explored in this
study. These involve the formulations for the multi-objective function, constraints, itera-
tive load-flow analysis based on the forward/backward sweep for radial systems, deploy-
ment and implementation of particle swarm optimization (PSO) for the proper sizing of
the required DGs in the network, and the proposed scheme of the CF method for the iden-
tification of suitable locations for DG placement.

2.1. Multi-Objective Function Formulation

In this paper, two main objective functions were considered subject to network oper-
ational constraints. These objective functions included a reduction in real power loss and
an enhancement of the voltage profile of the network. It is worth noting that the system
power loss at the node can either be reduced or worsened with the integration of DG if
not properly sized. The proper size of the DG to be integrated can be determined with the
notion to minimize the active total power loss in the system using the exact loss formula
given by

P, = XL, Tl (PP + QiQ;) + Bij(QiP; — PiQj)] 1)
= V:Zj cos (6; —6;); PBij= %sin(é‘i —6;) )

2.1.1. Multi-Objective Function

The problem can, therefore, be formulated as a multi-objective function given as

F(k) = min {w, f; (k) + w,f>(k)} 3)

where

f1(k) represents the power loss given by
fi(k) = min¥T, R; X I (4)
fo(k) represents the voltage deviation

fz(k) = ?=rl|Vl - Vref (5)
where w; and w, are the weight factors and

imaw; =1 (6)

2.1.2. Constraints

The multi-objective function formulated in (3) is subject to the following set of con-
straints:

With DG integration, there is the possibility of active/reactive mismatch, which can
result in a voltage stability problem at the distribution level. Therefore,

. li
|Pil}'lne| = Pi};lneax =< PDG,Max (7)

Apart from active and reactive power mismatches, the quantity of DG in the network
and the place of location are factors that can cause over or low voltage profiles in the net-
work system. For these reasons, the voltage magnitude is constrained as

=< Vi < Vmax (8)

Vmin
For the sake of this study, a 5% variable voltage was used as the allowance for voltage
variation against the optimal voltage of 1.00 pu, and 0.95 pu and 1.05 pu were the mini-
mum and maximum voltage limits, respectively.
The constraint associated with the line power loss is given as
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MO Pogi + Poria = X0 Ppi + P, 9)

where ND is the total number of DGs installed in the network during each test case, P, is
the real power loss that occurs in the system, Pp; is the power demand at the buses at the
time of the test, P;,iy is the power from the source and Ppg; is the total DG at the time of
the test.

2.2. Formulation for the Iterative-Based Load-Flow Solution

Although DG offers a range of positive effects such as lowering operating costs, im-
proving the general network system and reducing expenses for further expansion, if anal-
yses for optimal sizing and location are not carried out, instability in the voltage network
may occur. The problem of optimizing DG location and sizing in a distribution network
does not really exist in practice since most DGs are not owned by utilities and are mostly
stand-alone systems. Traditionally, different meta-heuristic methods, which are basically
iterative in nature, have been deployed in locating the optimal sites and sizes of the DG
required for improving the integrity of a system. The most commonly used meta-heuristic
method is particle swarm optimization (PSO) due to the various advantages it offers [7,10-
13]. In applying the particle swarm optimization (PSO) algorithm, the voltage criterion in
finding the optimal placement is given as

v, = Vi —Vnin) X(Vmax—Vi)

Vnm=Vmin) X(Vmax—Vnm)

(10)

where Viun is the nominal voltage, Vi represents the maximum voltage and Vuin is the
minimum voltage. Also, Vi represents the bus voltage.
The instability of the voltage is capable of causing blackouts. So, the voltage criterion
can be further defined using the voltage index:
1
Vina = 5 2tz Ve (11)

N

The reactance-to-resistance ratio (X/R) for the transmission network is larger than the
(X/R) ratio for the distribution system due to the longer distance and inductance of the
transmission line; therefore, the values of resistance in the distribution networks are high.
Factoring in distance, a two-bus distribution system model showing the sending end volt-
age and receiving end voltage can be used with resistance to show how voltage drop in-
fluences variations in voltage profiles. As voltage regulation is the measure of change in
the voltage magnitude between the sending and receiving end of the component, this ob-
tained measurement will vary with the interconnection of DG.

So, the sending end voltage can be written as

Vs =Vg +I(R +jX) (12)
P +jQ =ViI* (13)

j o= Poie
== (14)

Substituting (14) into (12), the sending end voltage becomes

o~ | P+jQ

Vs = Ve +—=(R +jX) (15)
Vs = Vg +52222 4 ;X200 (16)

Hence, (15) can be used to express the voltage drop, which is the change between Vs
and Vy. Then, the voltage drop is expressed as

~ o~ =  RP+XQ . .XP+RQ
AV =Vs = Vg ZTS +]TS

(17)
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since the angle existing between the sending end voltage and receiving end voltage is
quite small, say zero.

Then,
I7\5 = |Vs| = Vs (18)
Therefore, the voltage drop is
~ RP+XQ
AV =~ Vs 19)
from which
AV ~RP + XQ (20)
Alternatively,
v, = LXIXV, 1)

1000

where V; represents the voltage drop, I represents the current, L is the length and V. rep-
resents the voltage drop per ampere-meter length of the circuit.

Backward/Forward Sweep Load-Flow Analysis

Traditional algorithms like Newton-Raphson or Gauss—-Seidel can be used to find
analytical solutions for transmission systems. Among the two, the Newton—-Raphson
method is characterized by good quadratic convergence and is independent of system
size. High accuracy is obtained nearly always in two to three iterations. But, when dealing
with radial networks, the Newton—-Raphson method becomes inefficient due to a high R/X
ratio, with radial network data producing sparse matrices, which tends to elongate the
process [38].

So, with this, the backward/forward sweep method has more advantages and is better
for use in radial networks. This method is fast, robust and characterized by better conver-
gence properties [39]. The most suitable algorithm for distribution systems is the back-
ward/forward sweep-based power-flow solution, whose derivation is presented as fol-
lows:

With reference to Figure 1, the current of each load can be formulated as

= ()= (252) e

But, to calculate the current of each line starting from the end of the feeder, backward
sweep is used:

Ly = I + 2%{12; I (23)
In the same way, voltage is calculated using the forward sweep method, starting from

the first bus.
Vier = Vo — Zhme x Iine (24)

The backward and forward sweep modified method uses Kirchhoff’s laws to formu-
late equations. With the formulated equations, solutions for power flow are obtained with-
out the need to solve the simultaneous equations.
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Sn

Voltage ——» S,
<«— Current

Figure 1. A simple distribution network to demonstrate the backward and forward sweep method.
Consider the simple radial distribution line diagram shown in Figure 2. The branch

current is denoted by I, ,+1 and the injected current is denoted by I,,. For simplicity, let
Inn+1 be ‘B and I, be ‘I'. With this information,

1
2 3 4 5
‘ J B ‘ Iz L4 Iss
v<0 L ] s
Is
I v 6
Is I
Figure 2. Radial distribution network showing the voltage at each bus.
Lys = By =I5 (25)
134_ = B3 = B4 + 14 (26)
I3 = Bs = I (27)
123= BZ= 15+ I4+I6+I3 (28)
ILi; = By = Izt 1, (29)
Based on the backward sweep of the branch current equation above, a matrix is
formed.

B, 1111 1h

[Bz] [0 111 1”&]
[Bsl=10 0 1 11]l5] (30)

B, | lo 001 1J|I4|

Bl Lo 0 0 o 1llsl
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The matrix formulated in (30) can be written compactly as
[B] = [BIBC][I] 1)

Using the same approach as in [40], the branch current to bus voltage is expressed in
Figure 1 using forward sweep as follows:

V,=V; <0—-1,Z,, (32)
Va =V, = L1253 (33)
Vo= V3= I34Z3 (34)
Vs = V) — L1525 (35)
Vo = V3 —I36Z36 (36)

From the above equations, it is obvious that the bus voltage is a function of line pa-
rameters, source voltage and branch currents. In matrix form,

v, Zi, 0.0 0 OB
/A Z12Z,3 0 0 0 [|B,
- V4 = Z12223Z34 00 3 (37)

VS ZlZ ZZ3Z34 Z45 0 4
V6 Z12223 00 Z56 BS

SEASEASEASENS
X W

Compactly,
[AV] = [BCBV][B] (38)
Substituting (31) into (38), we get a DG incorporation relationship that involves the
bus voltage and injection current as
[AV] = [BCBV][BIBC][I] (39)
In a network involving DG, the injected power is given as
Si = Spi— Sgi (40)
where

S; =the injected power at the ith bus
Spi =the load power at the ith bus
S¢i = the generator power at the ith bus

Since incorporating DG into the network system takes the form of current, then DG
at the ith bus is given as

|, = Poim Pcl—)—vji(om— Qel” (1)
The variation in voltage in the DG-incorporated network is given as follows
[AVE+1] = [BCBV][BIBC][I¥] (42)
where
[VE+1] = [V°] — AVK+? (43)

2.3. Particle Swarm Optimization (PSO)

In this paper, Particle Swarm Optimization (PSO) was applied to solve multi-objec-
tive function presented in Equation (3) which are subjected to the constraints presented in
Equations (7)—(9) to analyse the voltage variation and network real power losses while
changing the number of DG at the network configuration. Particle swarm optimization
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(PSO) is inspired by the movement and intelligence of swarms searching for food placed
in an unknown location. Each swarm is recognized as a particle or variable X, but vying
for a common objective. The optimal position is known individually as a personal best
(Puest) but, in a group, it is known as the global best (Geest). The particle that each individual
represents is known as a possible solution. The search for the optimal solution happens in
a search space normally known as a solution space, where other particles must follow the
best particle moving ahead, and they change their position and fitness regularly, optimiz-
ing their chances of success in finding the best solution.

A particle is represented by the variable X = [x1, x2 x3...xx] that would minimize the
power losses and maximize the voltage stability or cost and production; this depends on
a set objective function. The proposed optimization fitness function is formulated as f(X),
where X is known as the position vector that represents the vector model. X is an n-di-
mension vector since it can be a multi-dimension vector, so n represents the number of
variables that can be determined in the set problems. Another variable the particles pos-
sess in the search space is velocity, V = [v1, v2, vs...vs], which represents the direction of
searching. During the iteration process, each particle maintains the best-found position,
pbest, individually and the group position, also known as the best position of the group,
gbest, and changes its position following the best found positions. The function of f(X),
known as the objective function or fitness function, is to assess the performance of the
particle’s position in the search space and find an optimal point at the end. This criterion
is achieved by employing a number of iterations and updating the position until the max-
imum or minimum point is reached. The particle position is updated as given below:

Xt = xt + yitt (44)

where velocity

Vit = Vi G (pf = x) + G — x) (45)
where
X{ —Particle position
V} —Particle velocity
pf —Best recent individual particle position
p{ —Best recent swarm position

C1, C2—Cognitive and social parameters
r1, 2—Random numbers between 0 and 1

In the Gest, the velocity of a particle i with the inertia w will be given as
Vit = wVf + Cirf [Pheses — x{] + Carf [Gpest — x{] (46)

where Ciand C: are the acceleration coefficients while r1and r2 denote random values re-
quired to maintain the velocity components.

2.4. Proposed Scheme for the Identification of Suitable Locations for DG Placement

The performance of a system dominated by DG is highly influenced by the locations
where the DGs are placed in the system. Consequently, a suitable location is where the
influence of the DG will positively impact the system; thus, suitable locations for DG
placement are of paramount importance. This is because using poor locations for DG
placement in a power network could be highly detrimental and uneconomical as this will
result in a significant increase in losses and a significant reduction in the system voltage
profile. To avoid the aforementioned challenges, this paper suggests the use of a novel
approach, the coupling factor (CF) method. This approach is mainly network topology-
based and is characterized by simple mathematical formulations. This approach of CF is
non-iterative and therefore swiftly identifies weak points suitable for DG placement.

Consider a simple two-bus distribution system, the CF of the line having an imped-
ance of , , connecting bus i and bus j, whose voltages , and y, can be easily derived



Appl. Sci. 2024, 14,1077

10 of 23

from the system matrix of the coupling strength using the atomic theory concept [41]. Ac-
cording to Alayande et al. in references [42-44], the pull-push attractive force matrix, as
stated by Coulomb’s law, which represents the coupling strength matrix (CSM) of the

transmission line between any two buses ] and k canbe modeled by

[CSM] 5 = C< AL ) (48)

(ij)2

In terms of the branch admittance between transmission lines ] and kK (Y ik ), we

can write Equation (47) as

[CSM] i = c(vjvi) (V) 49)

where C is a constant and V; and V, are the voltages associated with buses J and

k . It is worth noting that the charges associated with buses ] and k are directly pro-
portional to voltages V; and V,, respectively. The introduction of min-max scaling to

the off-diagonal elements of the CSM results in a normalized value of the off-diagonal
elements of the CSM and is defined as the CF of the node. This is expressed as

_ [CSM] . — min[CSM]
B max[CSM] j — min[CSM] (50)

Since the voltage is expected to remain constant and close to unity, it can be seen
from Equation (48) that the CSM is directly proportional to the square of the transmission
line branch admittance. Hence, the weakest transmission line in any given network can be
easily identified. This corresponds to the line associated with the lowest coupling factor
(CF).

3. Results and Discussion

This section presents the results obtained for the voltage magnitude and real and
reactive power and network losses with and without the integration of DG. In verifying
the effectiveness of this approach, the IEEE 33-bus distribution system, whose one-line
diagram is shown in Figure 3, was used. The bus data (load) and branch data (line) were
obtained from [11,24]. This study was carried out on a system with the following config-
uration: HP 14” HD Laptop, Intel Core i5-1035G1 (quad-core processor), Intel UHD
Graphics, 8GB SDRAM, 256GB SSD, and Matlab 2023b was used as the programming tool.
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Figure 3. IEEE 33-bus radial network [23,43].

3.1. Quick Identification of DG Locations

Traditionally, the identification of DG placement is usually carried out using an iter-
ative-based power-flow solution method. This method is associated with various chal-
lenges that can hinder the quick identification of locations where DGs could be optimally
placed. One of the major challenges associated with iterative-based procedures, which has
been of serious concern to power systems researchers, is the convergence issue. Often-
times, a local optimal solution is obtained instead of a global optimal solution. The infor-
mation provided by such a solution can be misleading. Another issue associated with the
load-flow-based solution is computational and space complexity problems. In order to
provide effective solutions to these problems, an alternative coupling factor (CF) method
is suggested. Considering the base case scenario, the results obtained using the novel ap-
proach of the coupling factor (CF) method for identifying weak points within a system are
presented in Table 1.

Table 1. Bus coupling factor (CF) for identifying weak buses in the IEEE 33-bus distribution system.

Bus No. CF CF Ranking Bus No. CF CF Ranking
1 0.7655 33 18 0.1023 1
2 0.6342 24 19 0.4135 12
3 0.5255 16 20 0.5743 20
4 0.4753 15 21 0.6432 25
5 0.4273 14 22 0.4253 13
6 0.5467 17 23 0.5724 18
7 0.5843 21 24 0.7111 28
8 0.6313 23 25 0.2094 8
9 0.6447 26 26 0.7532 32
10 0.3854 10 27 0.7314 30
11 0.4035 11 28 0.7223 29
12 0.3525 9 29 0.7453 31

Jury
»

0.5734 19 30 0.1621 5
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14 0.5891 22 31 0.1350 4
15 0.6857 27 32 0.1303 3
16 0.1687 7 33 0.1054 2
17 0.1622 6

It can be seen from the results that bus 16 presented the lowest value of CF and, as
such, its CF is ranked first. The implication of this is that bus 18 was the weakest bus
through which DG integration or placement could be identified to benefit system opera-
tions. The next bus, whose value is ranked second, was bus 33, as seen in the results pre-
sented in Table 1, and next to bus 33 was bus 32 followed by bus 31 and buses 30, 17, 16,
etc. In order to compare the results, the results obtained through the load-flow-based so-
lution are presented in Table 2. As presented in Table 2, the voltage magnitudes are ranked
in order of increasing magnitudes. By comparing the results obtained using the two meth-
ods as presented in Tables 1 and 2, it can be seen that these results compare well for the
first seven buses (i.e., buses 18, 33, 32, 31, 32, 30, 17 and 16).

Table 2. Voltage profiles for identifying weak buses in the IEEE 33-bus distribution system.

Bus No. Voltage Volta.ge Bus No. Voltage Volta.ge
(p.u) Ranking (p.u) Ranking

1 1.0000 33 18 0.8297 1

2 0.9952 32 19 0.9944 31

3 0.9824 27 20 0.9885 30

4 0.9704 23 21 0.9873 29

5 0.9673 22 22 0.9861 26

6 0.9651 21 23 0.9769 25

7 0.9620 19 24 0.9707 24

8 0.9574 16 25 0.9776 26

9 0.9563 15 26 0.9632 20

10 0.9507 9 27 0.9608 18

11 0.9516 10 28 0.9593 17

12 0.9522 11 29 0.9547 14

13 0.9531 12 30 0.8904 5

14 0.9535 13 31 0.8737 4

15 0.9502 8 32 0.8447 3

16 0.9501 7 33 0.8403 2

17 0.9500 6

3.2. Optimization Results Using PSO without and with DG integration

In considering the integration of DGs into the system, the problem was formulated
as a multi-objective function such that the voltage stability was maximized and the power
losses were minimized, considering sets of constrained elements using a PSO algorithm.
In this paper, six different scenarios were considered based on the network bus CF priority
results presented in Table 1 to investigate the influence of DG integration on a radial
power system. These scenarios were classified as either an optimal case or an arbitrary
case depending on the identified location as specified by the CF results. The first scenario
represents the base case where the system topology still remained intact. In this scenario,
no DG was installed and the power-flow results represent the steady-state simulation of
the system. The results obtained for this scenario are presented in Table 2. In the second
scenario, only one DG, whose size was determined using the PSO algorithm, was inte-
grated into the system at bus 18, which was the optimal location as specified by the lowest
CF value. The third scenario involved the installation of only one DG, whose location was
arbitrarily chosen. In this arbitrary case, bus 16 was used. For the fourth scenario, two DGs
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were integrated into the system at buses 18 and 33. These were the optimal locations for
the integration of two DGs since the CFs associated with buses 18 and 33 were ranked 1
and 2, respectively. The fifth scenario was the arbitrary case where two DGs were installed
at buses 16 and 32, which were arbitrarily chosen. The last scenario involved the installa-
tion of three DGs at the locations identified by the CF ranking method. These locations
were buses 18, 33 and 32 with CF ranking values of 1, 2 and 3, respectively.

3.2.1. Scenario One: Base Case

The results obtained for the base case condition where no DG was integrated into the
system, using the PSO method, are presented in Table 3. The results after 200 iterations
showed that the maximum and minimum voltages were associated with buses 1 and 18,
whose voltage magnitude values were 1.000 pu and 0.8297 pu, respectively.

Table 3. Results when no DG was integrated into the system.

Number of Iterations 200

DG location nil
Minimum voltage 0.8614 pu
Maximum voltage 1.0000 pu
Network real power 3715 kW
Network reactive power 2290 kVar
Power loss without optimization 1.0268 MW

It can be seen that buses 18, 30, 31, 32 and 33 with voltages 0.8904, 0.8737, 0.8447 and
0.8403, respectively, were outside the prescribed voltage limits of 0.95 pu-1.05 pu. Also,
the total power loss obtained through the power-flow analysis using the forward/back-
ward sweep iteration method without the integration of DG was 1.0268 MW. The voltage
variation graph for this scenario is presented in Figure 4.

0.75 “““‘|||||||‘|||““‘|“|||““

123 45 6 7 8 9 1011121314151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Figure 4. Base case voltage profile for the IEEE 33-bus system.

3.2.2. Scenario 2: DG Integration at Bus 18 Using the CF Ranking Method

In this scenario, a DG was installed at bus 18, which was a suitable location, as iden-
tified by the CF ranking method presented in Table 1. The voltage profile obtained from
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the load-flow simulation results using the forward/backward sweep method based on this
scenario is presented in Table 4. For the sake of comparison, the results of the voltage
profile for the base case scenario are also presented in Table 4. From the voltage profile
results obtained, as presented in Table 4, it can be seen that installation of the DG at the
identified suitable location (bus 18) significantly improved the voltage profile, and all the
bus voltages were within acceptable limits. The minimum voltage magnitude was found
to be 0.9843 pu at bus 30, while the maximum voltage magnitude was 1.0200 pu at bus 1.
In this case, the power loss obtained stood at 0.3066 MW, which represents a substantial
decrease of 70.1% compared to the base case power loss of 1.0268 MW.

Table 4. Voltage profile without and with the integration of one DG at bus 18 into the IEEE 33-bus
distribution system using the CF ranking method.

Bus Voltage  Bus Voltage Bus Voltage Bus Voltage
Bus No. Profile with No Profile with Bus No.  Profile with No Profile with
DG (p.w) DG (p.w) DG (p.w) DG (p.w)

1 1.0000 1.0200 18 0.8297 0.9858

2 0.9952 1.0010 19 0.9944 0.9936

3 0.9824 1.0142 20 0.9885 0.9991

4 0.9704 1.0009 21 0.9873 1.0120

5 0.9673 1.0102 22 0.9861 1.0073

6 0.9651 1.0012 23 0.9769 1.0108

7 0.9620 1.0110 24 0.9707 1.0154

8 0.9574 1.0009 25 0.9776 1.0103

9 0.9563 1.0108 26 0.9632 1.0148

10 0.9507 1.0102 27 0.9608 1.0016

11 0.9516 1.0094 28 0.9593 0.9946

12 0.9522 0.9983 29 0.9547 1.0019

13 0.9531 0.9934 30 0.8904 0.9843

14 0.9535 1.0005 31 0.8737 0.9987

15 0.9502 1.0021 32 0.8447 0.9878

16 0.9501 0.9875 33 0.8403 0.9982

17 0.9500 0.9887

3.2.3. Scenario 3: One DG Placed at Bus 16 Based on an Arbitrary Approach

For this scenario, one DG unit, whose placement at bus 16 was arbitrarily selected,
was installed. The initial voltage magnitude at the point of connection was 0.9501 pu. After
simulations with the PSO, the voltage was found to be optimized when the convergence
of the solution was attained. The results of the voltage profile before and after the instal-
lation of DG are presented in Table 5. It can be found that voltage magnitudes at all buses
were found to be within the prescribed limits. It can, however, be seen that the improve-
ment in the voltage was not all that significant compared to that of the second case in
which the location of the DG was based on the CF ranking values. As presented in Table
5, while the minimum voltage magnitude for the system under this scenario was 0.9535
pu atbus 18, the maximum voltage magnitude was 0.9981 pu at bus 2. The system network
real power loss obtained after the installation of a DG at bus 16 was found to be 1.1265
MW, which represents about a 9.71% increase in power loss with respect to the base case
power loss. Consequently, it can be seen that though the voltage profiles at all buses of
the system were slightly enhanced, after the integration of a DG at bus 16, a high increase
in power loss was obtained. This implies that bus 16 was not a suitable location for the
placement of the DG in order to simultaneously improve the voltage magnitudes at all
buses in the system and minimize power losses in the system.
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Table 5. Voltage profile without and with the integration of one DG at arbitrarily selected bus 16 in
the IEEE 33-bus distribution system.

Bus  Bus Voltage Profile Bus V olta}ge Bus Voltage ProﬁleBus V olta}ge
No. with No DG (p.u) Profile with DG Bus No. with No DG (p.u) Profile with
(p.w) DG (p.u)

1 1.0000 0.9950 18 0.8297 0.9535

2 0.9952 0.9981 19 0.9944 0.9835

3 0.9824 0.9882 20 0.9885 0.9824

4 0.9704 0.9867 21 0.9873 0.9853

5 0.9673 0.9942 22 0.9861 0.9837

6 0.9651 0.9568 23 0.9769 0.9758

7 0.9620 0.9787 24 0.9707 0.9744

8 0.9574 0.9745 25 0.9776 0.9753

9 0.9563 0.9784 26 0.9632 0.9877

10 0.9507 0.9867 27 0.9608 0.9814

11 0.9516 0.9876 28 0.9593 0.9735

12 0.9522 0.9865 29 0.9547 0.9886

13 0.9531 0.9876 30 0.8904 0.9624

14 0.9535 0.9676 31 0.8737 0.9746

15 0.9502 0.9768 32 0.8447 0.9648

16 0.9501 0.9765 33 0.8403 0.9735

17 0.9500 0.9756

3.2.4. Scenario 4: Two DGs Placed at Buses 18 and 33 Based on the CF Ranking Method

Considering the scenario in which two DGs were placed at the first two buses—18
and 33 —identified by the CF ranking method, the results obtained for the system voltage
profile are presented in Table 6. Based on the results presented in Table 6, it can be seen
that the installation of multiple (two) DGs into the radial distribution network led to sig-
nificant variation in voltage profiles compared with the base case scenario where no DGs
were integrated into the system. As presented, all the voltages were significantly enhanced
and all were within the acceptable voltage limits.

As can be seen, the minimum voltage obtained after the integration of the DGs was
0.9890 pu, and this was associated with bus 30, while the maximum voltage of 1.0210 pu
was obtained at the slack bus 1. The associated power loss in this case was 0.2348 MW,
which is about a 77.1% decrease in power losses within the system. This shows a signifi-
cant decrease in power loss compared to the power losses obtained in the base case sce-
nario.

Table 6. Voltage profile without and with the integration of two DGs at suitable locations (buses 18
and 33) based on the CF ranking values in the IEEE 33-bus distribution system.

Bus No.

Bus Voltage Profile with Bus Voltage Profile

Bus No. Bus Voltage Profile with Bus Voltage Profile

No DG (p.u) with DG (p.u) No DG (p.u) with DG (p.u)
1 1.0000 1.0210 18 0.8297 0.9899
2 0.9952 1.0031 19 0.9944 0.9992
3 0.9824 1.0101 20 0.9885 0.9924
4 0.9704 1.0020 21 0.9873 0.9946
5 0.9673 1.0110 22 0.9861 0.9901
6 0.9651 1.0032 23 0.9769 0.9899
7 0.9620 1.0250 24 0.9707 0.9942
8 0.9574 1.0024 25 0.9776 0.9946
9 0.9563 1.0109 26 0.9632 0.9973
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10 0.9507 1.0046 27 0.9608 0.9963

11 0.9516 1.0153 28 0.9593 0.9972

12 0.9522 1.0026 29 0.9547 0.9920

13 0.9531 1.0137 30 0.8904 0.9890

14 0.9535 0.9835 31 0.8737 0.9948

15 0.9502 0.9964 32 0.8447 0.9943

16 0.9501 0.9824 33 0.8403 0.9896

17 0.9500 0.9894
3.2.5. Scenario 5: Two DGs Placed at Arbitrary Locations (Buses 16 and 32) Based on an
Arbitrary Case

In this scenario, two arbitrary locations where two DGs would be integrated were

selected, which were buses 16 and 32. The results obtained for the system voltage profile,
considering the system operating condition, are presented in Table 7. It can be seen from
the results in Table 7 that the integration of two DGs at locations (buses 16 and 32) that
were arbitrarily selected led to a slight improvement in the general voltage profile of the
system. Although with this operating condition all the voltage magnitudes lay within the
tolerable voltage limits, a decrease in the voltage magnitudes at some buses compared
with the base case voltage profile was observed. For example, a decrease in voltage mag-
nitudes was observed for buses 19 to 29. Under this scenario, it can be seen that the system
operation was highly influenced by the positions where the DGs were placed. This was
expected since the locations where the DGs were placed were arbitrarily selected. Consid-
ering this situation, the power loss obtained was 0.9815 MW, which shows a slight de-
crease of about 4.41% in power losses. Also, from the results presented in Table 7, the
minimum voltage magnitude was 0.950 pu, associated with bus 30, while the maximum
voltage profile was 1.0100 pu, associated with the reference bus 1.
Table 7. Voltage profile without and with the integration of two DGs at arbitrarily selected locations
(buses 16 and 32) in the IEEE 33-bus distribution system.

Bus No. Bus Voltage Profile with No Bus Voltage Profile Bus No. Bus Voltage Profile with  Bus Voltage Profile

DG (p.u) with DG (p.u) No DG (p.u) with DG (p.u)

1 1.0000 1.0100 18 0.8297 0.9724

2 0.9952 0.9984 19 0.9944 0.9624

3 0.9824 0.9841 20 0.9885 0.9621

4 0.9704 0.9846 21 0.9873 0.9617

5 0.9673 0.9943 22 0.9861 0.9578

6 0.9651 0.9853 23 0.9769 0.9673

7 0.9620 0.9835 24 0.9707 0.9635

8 0.9574 0.9885 25 0.9776 0.9732

9 0.9563 0.9824 26 0.9632 0.9624

10 0.9507 0.9735 27 0.9608 0.9587

11 0.9516 0.9754 28 0.9593 0.9617

12 0.9522 0.9736 29 0.9547 0.9636

13 0.9531 0.9674 30 0.8904 0.9500

14 0.9535 0.9646 31 0.8737 0.9576

15 0.9502 0.9634 32 0.8447 0.9563

16 0.9501 0.9684 33 0.8403 0.9583

17 0.9500 0.9635

3.2.6. Scenario 6: Three DGs Placed at Buses 18, 33 and 32 Based on the CF Ranking
Method

When the number of DGs integrated into the system was increased to three with lo-
cations at buses 18, 33 and 32, the load-flow solution provided the voltage profiles pre-
sented in Table 8 for the network under consideration. As can be seen from the results, the
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voltage profiles were seriously enhanced, thereby providing a better security margin for
the system. The minimum voltage was 0.9960 pu at bus 28 while the maximum voltage
was 1.0224 pu at bus 14. Also, the power loss associated with this situation was found to
be 0.2045 MW. This represents a significant reduction in system power losses of 80%. Com-
pared with the base case scenario, it can be seen that the power loss was also significantly
minimized. With the three DGs integrated at these locations (18, 33 and 32) identified by
the CF ranking method, the system operation was significantly optimized such that the
voltage profile was improved and power losses reduced to the bare minimum. In this sce-
nario, two arbitrary locations where two DGs could be integrated were selected, which
were buses 16 and 32. The results obtained for the system voltage profile, considering this
system operating condition, are presented in Table 7. It can be seen from the results in
Table 7 that the integration of two DGs at locations (buses 16 and 32) that were arbitrarily
selected led to a slight improvement in the general voltage profile of the system.

Table 8. Voltage profile without and with the integration of three DGs at locations (buses 18, 33 and
32) selected using the CF ranking method in the IEEE 33-bus distribution system.

=]
[=1
7
Z
=]

Bus Voltage Profile with Bus Voltage Profile

Bus No. Bus Voltage Profile with Bus Voltage Profile

" no DG (p.w) with DG (p.u) No DG (p.u) with DG (p.u)

1 1.0000 1.0190 18 0.8297 0.9990
2 0.9952 1.0001 19 0.9944 1.0001
3 0.9824 1.0103 20 0.9885 0.9994
4 0.9704 1.0120 21 0.9873 0.9964
5 0.9673 1.0130 22 0.9861 0.9976
6 0.9651 1.0056 23 0.9769 0.9975
7 0.9620 1.0201 24 0.9707 0.9968
8 0.9574 1.0046 25 0.9776 0.9963
9 0.9563 1.0114 26 0.9632 0.9983
10 0.9507 1.0053 27 0.9608 0.9988
11 0.9516 1.0140 28 0.9593 0.9960
12 0.9522 1.0064 29 0.9547 0.9984
13 0.9531 1.0125 30 0.8904 0.9967
14 0.9535 1.0224 31 0.8737 0.9997
15 0.9502 1.0135 32 0.8447 0.9989
16 0.9501 0.9969 33 0.8403 0.9966
17 0.9500 0.9986

The six scenarios considered and their impact on the network topology are summa-
rized in Table 9. The DG sizes and numbers, DG locations, power losses, minimum volt-
ages and maximum voltage deviations obtained for the six cases and case types consid-
ered are presented in Table 9. The six cases considered are depicted in Figure 5 for easy
comparison. It can be seen from Figure 5 that the identified locations for DG placement as
predicted by the CF method (cases 2, 4 and 6) showed a significant improvement in volt-
age profiles.
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Table 9. Summary of the voltage profiles and power losses with and without DG installation.

No. of . . Power Loss . .

Case No.  Case Type DGs DG Size (MW) DG Location (MW) Minimum Voltage (pu)
1 Base Case 0 0 NA 1.0268 0.8297 (bus 18)
2 Optimal Case 1 2 18 0.3066 0.9843 (bus 30)
3 Arbitrary 1 2 16 1.1265 0.9535 (bus 18)

Case
4 Optimal Case 2 2,1.064 18, 33 0.2348 0.9890 (bus 30)
Arbi
5 rhitrary 2 2, 1.064 16, 32 0.9815 0.9500 (bus 30)
Case
6 Optimal Case 3 2,1.04,1.64 18, 33, 32 0.2045 0.9960 (bus 28)
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Figure 5. Comparison of the six scenarios for identifying optimal locations for DG placement.

3.3. The Influence of Increasing the Number of DGs on the System Voltage Profile and Power
Losses

Table 10 presents a summary of the results obtained for the minimum voltage profile
and the associated power losses, considering the placement of the DGs at various posi-
tions identified by the CF ranking method. This analysis was performed to investigate the
influence of multiple DG integration in a power system on the voltage stability margin as
well as the power losses. In this case, up to four DGs, whose sizes were determined using
the PSO algorithm, were placed at buses 18, 33, 32 and 31 as presented in Table 10. The
minimum voltage magnitudes and the system’s associated power losses are presented.
Based on the results presented, it is obvious that there was an enhancement of the voltage
profile and a reduction in power losses as the number of DGs was increased up to the
installation of three DGs. However, as the number of DGs increased to four, which were
placed at buses 18, 33, 32 and 31, the voltage decreased significantly and there was an
appreciable increase in power losses. These observations can be explained as follows:
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When the voltage was within an acceptable range, the distribution network continued to
be passive and power flow continued in one direction. But if the number of DGs was con-
tinually increased to the point that the DG point of connection with lower voltage had an
increased voltage surpassing the allowable range, the network ceased to be passive and
power started flowing in multiple directions. As such, the DG installed to augment power
losses became an active supply center, which caused fluctuations in the system. This,
therefore, diminished the system integrity, which could eventually lead to a total collapse
of the distribution network if not quickly checked. This simply implies that a significant
increase in the DG penetration in terms of number and size can cause voltage instability,
hence the need for monitoring DG sizes and numbers for voltage enhancement and power
loss minimization in radial power systems.

Table 10. Influence of increasing the number of DGs on the system voltage profile and power losses.

Power Loss

No. of DGs DG Sizes (MW) DG Locations (MW) Minimum Voltage
0 0 NA 1.0268 0.8297 (bus 18)
1 2 18 0.3066 0.9843 (bus 30)
2 2,1.04 18, 33 0.2348 0.9890 (bus 30)
3 2,1.04,2.64 18, 33, 32 0.2045 0.9960 (bus 28)
4 2,1.04, 2.64, 3.08 18, 33, 32, 31 0.3502 0.9063 (bus 27)

3.4. Performance Analysis and Comparison of Methods

The results obtained, using the novel approach suggested in this paper considering
the integration of both single and multiple DGs in a radial distribution power system, for
loss minimization and voltage profile improvement are compared with the results ob-
tained using different existing methods in this section. Based on single DG integration,
the results presented in Table 11 were obtained. The results obtained when multiple DGs
were integrated into the system are presented in Table 12. From the single DG integration
results presented in Table 11, the results of eight different methods are compared with the
results obtained using the non-iterative-based method suggested in this paper. Based on
this comparison of results, it can be seen that the IA method in [45], ELF method in [45],
hybrid analytical-heuristic method in [46] and ALO method in [47] all identified bus 6 as
the optimal location for single DG integration. The VSI-based method in [48] identified
bus 30 as the optimal location, while the DAPSO method in [49] and the EVPSO method
in [49] identified bus 8 and bus 11, respectively. Although it was found that the power
losses were reduced and the voltage profile of the network was enhanced such that none
of the system voltage magnitude lay outside the prescribed voltage limits of 0.95-1.05 pu,
more improved optimized power losses and voltage profiles were obtained with the non-
iterative-based method presented in this paper. In this study, bus 18 was identified as the
optimal site for locating the single DG, with a power loss of 102.70 kW before DG integra-
tion and 30.70 kW after DG integration. This clearly indicates that a significant reduction
in power loss (70.1%) was achieved compared to other existing methods. Furthermore, it
can be seen that there was a significant enhancement in the voltage profile based on the
method presented in this study, with a minimum voltage of 0.9843 pu. Therefore, it can
be seen that the method presented in this paper achieved the minimum voltage and it is
associated with the highest percentage of power loss reduction compared to other existing
methods.
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Table 11. Comparison of the results obtained with the existing methods for installing a single DG.

Power Loss with

Method Location :Zl)\f“%lze ;ZWSrGL((:&;mh Multiple DGs Ezgzzt?:r?s(o %) Minimum Voltage (pu)
(MW)

LSF [45] Bus 18 0.743 146.82 - -

Hybrid

analytical- 6 2.707 - 99.22 - 0.9530 @bus 18

heuristic [46]

IA [45] 6 2.601 210.98 111.11 - -

EVPSO[49] 11 0.763 210.98 140.190 33.55 0.9604

ELF [45] 6 2.601 210.98 111.11 - -

DAPSO [49] 8 1.212 210.98 127.17 39.7 0.9635

ALO [47] 6 0.850 210.98 103.05 51.15 0.9503 @bus 18

VSI-based [48] 30 1.243 210.07 81.50 60.36 -

This paper  Bus 18 2.000 102.68 30.70 70.1 0.9843 @bus 30

The results obtained when the influence of multiple DG integration into a network
was investigated, using seven different methods for the sake of comparison, are presented
in Table 12. From Table 12, it can be seen that with the locations (buses 18, 33 and 32)
identified as the sites for integrating the DGs into the network, the method presented in
this paper gave the highest percentage reduction of 80.1% in power losses, with a mini-
mum voltage of 0.9960 at bus 28. It can also be seen that the network losses of 1.0268 MW
obtained in this study before the integration of DGs is the least when compared to the
losses obtained using all other six existing techniques. The implication of this information
is that by exploring the use of the method suggested in this study, a better improvement
in the voltage with a minimum power loss is obtained.
Table 12. Comparison of the results obtained with the existing methods for multiple DG integration.
Location (Bus Power Loss Power Loss with Power
Method Nos.) DG Size MW)  with No DG  Multiple DGs Loss (%) Min. Voltage
(MW) (MW)

Hybrid CBGA-

VSA [23] 13,24, 30 2.945 - 0.728 65.5 0.9687 @bus 33

IHHO [24] 14, 24, 30 2.923 2.1098 0.728 65.5 0.9790 @bus 18

ALO [47] 13, 30 2.041 2.1098 0.826 60.8 0.9732 @bus 33

GA [46] 30,13 2.190 - 0.818 62.5 0.9734 @bus 33

Hybrid DSCA-

SOCP  [50] 13,24, 30 2.945 2.1099 0.728 65.5 -

SPPA [7] 3,6 3.495 2.1099 0.637 69.4 0.9929 @bus 18

VSI-based [48] 30, 25 1.492 2.1007 0.729 65.29 -

This paper 18, 33,32 2.640 1.0268 0.2045 80.1 0.9960 @bus 28

4. Conclusions

In this paper, a two-stage method for the swift identification of single and multiple
DG location and sizing has been presented. A topological-based method that is non-itera-
tive in nature is suggested for the quick location of DG placement in radial distribution
systems. This suggested approach was first applied to a system structure in order to iden-
tify suitable locations for placing DGs in an optimal manner to reduce the power losses in
the system and enhance the voltage security margin of the system. Particle swarm optimi-
zation was employed to determine the sizes of the DGs required to be placed at the iden-
tified locations. The suggested approach was applied to the IEEE 33-bus test system to test
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its applicability and effectiveness. The results obtained show that using the identified lo-
cations by the CF ranking method, either single DG or multiple DGs can be optimally
placed to enhance the voltage profile of a network and minimize network losses. The in-
fluence of identifying locations for DG placement with the CF method using both single
and multiple DG integration was investigated. It was observed that the voltage profile and
power losses of the system were highly influenced by the number of DGs integrated into
the system. In other words, as the number of DGs integrated into the system increased,
the system voltage profile increased and the power losses were reduced, irrespective of
the DG types. However, it is observed, based on the results obtained, that there is a limit
to the number of DGs that can be installed in a system depending on the system size. If
this number is exceeded, the voltage profile is reduced and network losses increase. The
results obtained in this paper were compared with those in the existing literature using
both single and multiple DG integration. Based on the comparative analysis, the results
obtained from this study show a significant loss reduction of 70.1% when a single DG is
integrated while an 80.1% loss reduction is obtained when multiple DGs are integrated.
Thus, the method presented in this paper offers superior voltage profile enhancement and
power loss minimization using the integration of DGs. The time taken for a solution to be
obtained when considering single DG and multiple DG installations was 11.28 s and 19.40
s, respectively.

As part of future work, a comprehensive sensitivity analysis should be carried out to
investigate how different network configurations affect reductions in power losses and
voltage deviations. Also, future studies should consider incorporating more diverse case
studies to demonstrate the effectiveness of the proposed methodology across different
types of practical and real-time distribution networks.
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