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Abstract: In recent years, the integration of distributed generators (DGs) in radial distribution
systems (RDS) has received considerable attention in power system research. The major purpose of
DG integration is to decrease the power losses and improve the voltage profiles that directly lead
to improving the overall efficiency of the power system. Therefore, this paper proposes a hybrid
optimization technique based on analytical and metaheuristic algorithms for optimal DG allocation
in RDS. In the proposed technique, the loss sensitivity factor (LSF) is utilized to reduce the search
space of the DG locations, while the analytical technique is used to calculate initial DG sizes based on
a mathematical formulation. Then, a metaheuristic sine cosine algorithm (SCA) is applied to identify
the optimal DG allocation based on the LSF and analytical techniques instead of using random
initialization. To prove the superiority and high performance of the proposed hybrid technique, two
standard RDSs, IEEE 33-bus and 69-bus, are considered. Additionally, a comparison between the
proposed techniques, standard SCA, and other existing optimization techniques is carried out. The
main findings confirmed the enhancement in the convergence of the proposed technique compared
with the standard SCA and the ability to allocate multiple DGs in RDS.

Keywords: radial distribution networks; optimal allocation; hybrid technique; distributed generator
voltage improvement; power loss

1. Introduction

Distributed generators (DGs) are energy devices that are attached directly to the distri-
bution network or the consumption location. DGs introduce cleaner electricity production,
as many DGs make use of renewable sources of energy such as wind and solar power.
The integration of DGs has several merits such as reducing line losses, improving system
reliability, decreasing fuel, power quality improvement, and raising efficiency.

Throughout recent years, the incorporation of DGs into the radial distribution system
(RDS) has been growing rapidly in numerous regions of the world; the main causes for this
growth are the liberation in energy markets, limits on constructing new transmission and
distribution lines, and environmental riskiness [1–3]. Additionally, excessive technological
progress in small generators, storage devices backup power, and power electronic devices
have accelerated the permeation of DGs into power plants [4]. However, inappropriate
placement of DGs may lead to undesirable results such as increasing power losses and
energy costs. Hence, optimal allocation of the DGs is significantly required.

Numerous optimization algorithms have been used in the literature to identify the best
location and size of the DG unit of both transmission and distribution networks [5,6]. In the
power system, three optimization algorithms were implemented: the analytical algorithm,
the heuristic algorithm, and a hybrid between the analytical and heuristic algorithms [7].
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A mathematical formulation for the power system is thoroughly articulated in analyti-
cal algorithms to investigate the influence of the injected DG power on the performance of
the power system, as provided in the improved analytical (IA), exhaustive load flow (ELF)
optimization algorithms [8], iterative–analytical method [9], analytical method [10], and
efficient analytical (EA) method [11]. Additionally, several indices were determined with
differential equations [12] such as LSFs, which have been introduced to specify the candi-
date buses for DSTATCOM allocation [13]. However, some of the analytical algorithms are
not suitable to find the optimal size and location of multiple DGs [14].

As a result, several researchers switched to metaheuristic-based optimization algo-
rithms. The key feature of using metaheuristic algorithms is their ability to solve optimiza-
tion problems without going too deep into the complexity of the problem. Metaheuristic
optimization algorithms have also been commonly used in DG allocation. The most pop-
ular meta-heuristic techniques that have been used to allocate the DG in RDS are the
backtracking search optimization algorithm (BSOA) [15], ant lion optimizer (ALO) [16],
grey wolf optimizer (GWO) [17], whale optimization algorithm (WOA) [18], moth-flame op-
timizer (MFO) [19], bat optimization algorithm (BA) [20], Krill herd algorithm (KHA) [21],
and salp swarm algorithm (SSA) [22]. However, the metaheuristic algorithms face some
issues such as trapping in the local optima and low convergence rate.

Hence, hybrid techniques have been developed to avoid the issues of the analytical
and metaheuristic algorithms such as multi-objective hybrid teaching–learning-based
optimization–grey wolf optimizer (MOHTLBOGWO) [23], a hybrid configuration of the
weight improved particle swarm optimization (WIPSO) algorithm and gravitational search
algorithm (GSA) called the hybrid WIPSO–GSA algorithm [24], hybrid fuzzy-particle
swarm optimization (PSO) [25], and hybrid analytical-PSO [26].

In this paper, a hybrid between analytical and metaheuristic optimization algorithms
is developed to optimally allocate multiple DG units into RDS. The main advantage of
this hybridization is to gain advantages and avoid the drawbacks of these two techniques.
Hence, the main contributions of this work are summarized as follows:

• Proposing candidate bus selection using loss sensitivity factor (LSF) with the fuzzy
logic controller.

• Proposing a hybrid between the analytical technique and sine cosine algorithm (SCA).
• Applying the proposed hybrid technique to determine the optimal allocation of DG

units in RDS to minimize the total losses.
• Checking the performance of the proposed hybrid technique compared to the conven-

tional SCA and other well-known optimization methods using standard IEEE 33-bus
and 69-bus RDS.

In the present work, three types of DGs are used as follows:

Type I: Injects only active power.
Type II: Injects only reactive power.
Type III: Inject active and reactive power.

The remainder of the paper is organized as follows: Problem formulation including
power flow equations and objective functions is summarized in Section 2. Section 3
illustrates the proposed methods including the hybrid technique and SCA. Section 4
illustrates the proposed hybrid optimization technique. Section 5 discusses the simulation
results. Finally, the main results are outlined in Section 5.

2. Problem Formulation

The main target of the proposed hybrid method is to find the best locations and
capacities of the DGs that minimize the total power losses subjected to multi constraints in
the radial distribution networks.

2.1. Power Flow Equations

To determine load flow in the distribution system, Figure 1 is a portion of the single
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line diagram of RDS; A is sending bus and B is receiving bus. Then, active and reactive
powers can be calculated using Equations (1) and (2).

PA = PB + PL,B + RA,B

(
(PB + PL,B)

2 + (QB + QL,B)
2

|VB|2

)
(1)

QA = QB + QL,B + XA,B

(
(PB + PL,B)

2 + (QB + QL,B)
2

|VB|2

)
(2)

where PA, PB are the active powers at buses A, B, respectively, and QA, QB are the reactive
powers at buses A, B, respectively. PL,B and QL,B represent the active and reactive load
power at bus B, respectively. RA,B and XA,B express the resistance and reactance of lines A,
B, respectively. VB is the voltage at bus B and can be calculated with the voltage at bus A
(VA) using (3):

V2
B =

(
V2

A − 2(PARA,B + QAXA,B) +
(

RA,B
2 + XA,B

2
)(PA

2 + QA
2)

V2
A

)
(3)
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2 + 𝑄𝐴
2)

𝑉𝐴
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Figure 1. A simple two buses of RDS.

Therefore, active power loss Ploss(A,B) in the line between buses A and B can be
calculated as:

Ploss(A,B) = RA,B

(
P2

A + jQ2
A

|VA|2

)
(4)

and the reactive power loss Qloss(A,B) in the line between buses A and B can be
calculated as:

Qloss(A,B) = XA,B

(
P2

A + jQ2
A

|VA|2

)
(5)

Hence, total active and reactive power losses (TPL, TQL) in RDS can be calculated by
the summation of the losses for all branches Br in the power system:

TPL =
Br

∑
A,B=1

(PLoss(A, B)) (6)

TQL =
Br

∑
A,B=1

(QLoss(A, B)) (7)
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2.2. Objective Function

In general, installing the DGs units in RDS lead to current flow reduction in the feeders,
which in turn decreases power losses and enhances voltage profile. In the present work,
minimizing active power losses is the main objective function, which can be formulated as:

PLoss =
No

∑
A=1

No

∑
B=1

αAB (PAPB + QAQB) + βAB (QAPB − PAQB) (8)

where αAB and βAB can be calculated as follows:

αAB =
RAB

VAVB
cos(αA − αB) (9)

βAB =
RAB

VAVB
sin(αA − αB) (10)

2.3. Problem Constraints

The DG allocation must be subject to the following constraints.

2.3.1. Power Balance Equation

In order to prevent reversing power, a balance between generation and demand for
power plus power loss should be considered, and thus this restriction can be expressed as:

Psubstation +
NDG

∑
i

PDG(i) =
Nb

∑
i

PLoad(i) +
NBr

∑
i,i+1

PLoss(i,i+1) (11)

Qsubstation +
NDG

∑
i

QDG(i) =
Nb

∑
i

QLoad(i) +
NBr

∑
i,i+1

QLoss(i,i+1) (12)

where Psubstation and Qsubstation are the active and reactive powers of the main substation,
respectively, PDG(i) and QDG(i) are the active and reactive powers of the DG at bus i, and
PLoad(i) and QLoad(i) are the load active and reactive powers. NDG, Nb, and NBr are the
total number of DGs, buses, and branches respectively.

2.3.2. Inequality Constraints

The operating limits of the distribution systems must be assessed, for example:
DGs capacity limits:

∑ PDG ≤
Nb

∑
i

PLoad(i) (13)

∑ QDG ≤
Nb

∑
i

QLoad(i) (14)

Voltage Limits:
The voltage Vi at each bus i must be within the limits.

0.95 ≤ Vi ≤ 1.05 (15)

3. Overview of the Optimization Methods

In the present work, a hybrid technique based on candidate bus selection, analytical
technique, and SCA is introduced to solve the placement of three types of DGs for multiple
DGs. LSF is used to identify the candidate buses for the DGs locations, while the analytical
technique is implemented to determine the best sizes of the DGs at the combinations of
the candidate buses; then, these values are used as the initial values in SCA to specify the
optimal locations and sizes of the DGs.
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3.1. Candidate Buses Selection

LSF is introduced to identify the locations of the DGs in the RDS by determining
the buses that are more sensitive to the injected active and reactive powers. Using the
normalized LSF and voltage magnitude on each bus, a fuzzy logic controller is applied to
arrange the system buses according to the fuzzy weighting output. The candidate buses
for the DG placement are selected based on the highest output weighting buses. These
candidate buses can reduce the search space of the optimization algorithm.

Let consider two buses m-1, m connecting with impedance Rm , jXm that have active
and reactive power loads PLm,e f f , QLm,e f f . If PLm,e f f at a bus delivers the active power
beyond that bus, the LSF can be assumed by:

LSFP (m− 1, m) =
∂Ploss,m

∂PLm,e f f
=

2 PLm,e f f ∗ Rm

Vm2 (16)

LSFQ (m− 1, m) =
∂Qloss,m

∂PLm,e f f
=

2 QLm,e f f ∗ Xm

Vm2 (17)

Two inputs and one output are used for a fuzzy controller. NLSF is the first input and
can be expressed as follows:

NLSFi =
LSFi − LSFmax

LSFmax − LSFmin
(18)

where all NLSFi are between [0, 1].
The fuzzy output can be obtained through three stages: fuzzification, IF-then rules,

and defuzzification. The input and output are replaced by a different membership function
(MF) based on its value. To represent the NLSFi, five membership functions are included as
seen in Figure 2a. The memberships are named as very low (VL), low (L), medium (M), high
(H), and very high (VH), where a Gaussian form is used to model these memberships. The
second input is the voltage profile on each bus and, as seen in Figure 2b, is defined by five
membership functions. The fuzzy output is estimated based on (IF, Then) predetermined
25 rules, as given in Table 1. Hence, each bus will get a weighting value based on its voltage
and NLSF. For instance, if a bus has a voltage equal to 0.93 p.u, which is represented by L
(see Figure 2b), and NLSF equals 0.5, which is M (see Figure 2a), then the output will be
calculated using Table 1, and it gives M, as presented in Table 1. Finally, the weight output
value can be calculated using Figure 2c, which equals 0.51. The above procedure will be
applied for all buses, and the values are classified as a candidate bus in descending order.

Table 1. Fuzzy rules.

Voltage

V.L L M H V.H

NLSF

V.L L L V.L V.L V.L
L L L V.L V.L V.L
M M M V.L V.L V.L
H H H V.L V.L V.L

V.H V.H V.H V.L V.L V.L
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3.2. Analytical Technique

From Figure 1, the power loss (PLoss) in the RDS can be determined by the exact loss
formula equation as (1).

Let us consider M as the number of the DGs of Type I, and their locations are
S1, S2 , . . . SM, while P(DG)S1

, P(DG)S2
, . . . P(DG)SM

are the sizes of the DGs, respectively.
Therefore, the active power supplied from Type I can be:

[PS1 = P(DG)S1
− P(D)S1

], . . . ,[PSM = P(DG)SM
− P(D)SM

]

Additionally; N is the number of the DGs of Type II, and their locations are T1, T2 , . . . ..TN,
while Q(DG)T1

, Q(DG)T2
, . . . Q(DG)TN

are the capacities of the DGs, respectively.
The reactive power supplied from Type II can be:

[QT1 = Q(DG)T1
−Q(D)T1

], . . . ,[ QTN = Q(DG)TN
−Q(D)TN

]



Sustainability 2021, 13, 6644 7 of 31

The best objective function can be obtained if the first derivative of losses respects the
power delivered from the DG PS1 become zero; so, it can be assigned as:

∂PLoss
∂PS1

= 2αS1S1 PS1 + 2
Nb

∑
B = 1

B 6= S1

(
αS1BPB − βS1BQB

)
(19)

or

αS1S1 PS1 + αS1S2 PS2 + . . . + αS1SM PSM − βS1T1 QT1 − βS1T2 QT2 − . . .− βS1TN QTN

= −
Nb
∑

B = 1
B 6= S1, S2, . . . , SM
B 6= T1, T2, . . . .., TN

(
αS1BPB − βS1BQB

)
(20)

and the differential of the active power loss according to active power injection PSM can be
written as:

∂PLoss
∂PSM

= 2αSMSM PSM + 2
Nb

∑
B = 1

B 6= SM

(
αSM BPB − βSM BQB

)
(21)

or

αSMS1 PS1 + αSMS2 PS2 + . . . + αSMSM PSM − βSMT1 QT1 − βSMT2 QT2 − . . .− βSMTN QTN

= −
Nb
∑

B = 1
B 6= S1, S2, . . . , SM
B 6= T1, T2, . . . .., TN

(
αSM BPB − βSM BQB

)

(22)
Additionally, the differential of the power loss with respect to reactive power injection

QT1 can be written as:

∂PLoss
∂QT1

= 2αT1T1 QT1 + 2
Nb

∑
B = 1

B 6= T1

(
αT1BPB − βT1BQB

)
(23)

βT1S1 PS1 + βT1S2 PS2 + . . . + βT1SM PSM − αT1T1 QT1 − αT1T2 QT2 − . . .− αT1TmN QTN

= −
Nb
∑

B = 1
B 6= S1, S2, . . . , SM
B 6= T1, T2, . . . .., TN

(
αT1BQB + βT1BPB

)
(24)

Similarly, the differential for QTN :

∂Ploss
∂QTN

= 2αTN TN QTN + 2
Nb

∑
B = 1

B 6= TN

(
αTN BPB − βTN BQB

)
(25)
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βTN S1 PS1 + βTN S2 PS2 + . . . + βTN SM PSM − αTN T1 QT1 − αTN T2 QT2 − . . .− αTN TN QTN

= −
No
∑

B = 1
B 6= S1, S2, . . . , SM
B 6= T1, T2, . . . .., TN

(
αTN BQB + βTN BPB

)
(26)

After rearranged the previous equations, they can be formulated as illustrated below:

αS1S1 αS1S2 . . . αS1SM −βS1T1 βS1T2 . . . . . . . . . βS1TN
αS2S1 αS2S2 . . . αS2SM −βS2T1 βS2T2 . . . . . . . . . βS2TN

...
...

. . .
...

...
...

. . .
...

αSMS1 αSMS2 . . . αSMTM −βSMT1 βSMT2 . . . . . . . . . βSMTN
βT1S1 βT1S2 . . . βT1SM −αT1T1 αT1T2 . . . . . . . . . αT1TN
βT2S1 βT2S2 . . . βT2SM −αT2T1 αT2T2 . . . . . . . . . αT2TN

...
...

. . .
...

...
...

. . .
...

βTN S1 βTN S2 . . . βTN SM −αTN T1 αTN T2 . . . . . . . . . αTN TN





PS1
PS2

...
PSM
QT1

QT2
...

QTN


= −



WS1
WS2

...
WSM
ZT1

ZT2
...

ZTN


(27)

where

WSi =
No

∑
B = 1

B 6= S1, S2, . . . , SM
B 6= T1, T2, . . . .., TN

(
αS1BPB − βS1BQB

)
i = 1, 2, 3 . . . . . . M (28)

ZTi =
No

∑
B = 1

B 6= S1, S2, . . . , SM
B 6= T1, T2, . . . .., TN

(
αT1BQB + βT1BPB

)
i = 1, 2, 3 . . . . . . N (29)

Let us suppose matrix (27) equal to the following equation (30).[
[E11]M×M [E12] M× N
[E21]N×M [E22]N×N

]
(30)

Then after being rearranged, it becomes:[
[E11]M×M [E12] M× N
[E21]N×M [E22]N×N

][ [
PSi

]
M×1[

QTi

]
N×1

]
=

[ [
WAi

]
M×1[

ZBi

]
N×1

]
(31)

Next,[ [
PSi

]
M×1[

QTi

]
N×1

]
= inverse

[
[E11]M×M [E12] M× N
[E21]N×M [E22]N×N

][ [
WAi

]
M×1[

ZBi

]
N×1

]
(32)

Then,

inverse

[
[E11]M×M [E12] M×N
[E21]N×M [E22]N×N

]
=

[ [
E′11

] [
E′12

][
E′21

] [
E′22

] ] (33)

[
PSi

]
M×1 =

[
E′11
]

M×M

[
WSi

]
M×1 +

[
E′12
]

M×N

[
ZTi

]
N×1 (34)[

QTi

]
N×1 =

[
E′21
]

N×M

[
WSi

]
M×1 +

[
E′22
]

N×N

[
ZTi

]
N×1 (35)
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Finally, the optimal size of Type I of the DG installed at the bus Si can be calculated
from the following equation:[

P(DG)Si

]
M×1

=
[
PSi

]
M×1 + P(D)i

(36)

P(D)i
: Active power load at bus Si.

Additionally, the optimal size of Type II of the DG installed at bus Ti can be determined
from the following equation:[

Q(DG)Ti

]
N×1

=
[
QTi

]
N×1 + Q(D)i

(37)

Q(D)i
: Reactive power load at bus Ti

Note that:

• In the case of installing Type I of the DG Si 6= TB∀ B;
• In the case of installing Type, I Type II of the DG Ti 6= SB∀ B;
• In the case of installing Type, I Type III of the DG Si = TB.

The power factor (PF) of Type III can be determined using (36) and (37), in the case of
Si = TB, which can be formulated as:

PF =
P(DG)i√

P(DG)i
2 + Q(DG)i

2
(38)

In the case of a single DG allocation, it would be easy to use these calculations because
the number of the combinations is the total bus number. However, for multiple DG
allocation, the number of combinations is NCr where N is the number total of buses and r is
the number of the DGs, and that would be a more exhausted calculation. Hence, a hybrid
between analytical and meta-heuristic is a good solution for multiple DG allocation.

3.3. Sine Cosine Algorithm (SCA)

SCA is a metaheuristic optimization algorithm proposed by Mirjalili [27]. The main
idea behind this algorithm is to use the sine and cosine functions to find the optimal global
solution. Several individual solutions are randomly distributed in the SCA and then the
fitness function is determined for each solution. The following steps are used to implement
the SCA.

Steps of SCA:

Step 1 Specify the parameters of the sine cosine algorithm such as search agent number,
number of the maximum iterations.

Step 2 Initialize the population of solutions X randomly within the upper Up and lower
Lp borders of variables as follows:

X(i, j) = rand
(
Up(i, j)× Lp(i, j)

)
+ Lp(i, j) (39)

where i is the search agent number and j is the variables number (dimension).
Step 3 The situation for the population of solutions can be assigned as follows:

=


X1,1 X1,2
X2,1 X22

· · · X1j
· · · X2,1

...
...

Xi,1 Xi,2

. . .
...

. . . Xij

 (40)

Step 4 Determine the objective function amount OM according to the search agent situation
as follows:

OM = [OM1OM2OM3 . . . . . . . . . OMN ]
T (41)
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Step 5 Calculate the purpose of fitness that is known as a preferable fitness and the purpose
position that is known as a preferable position.

Step 6 Update the situation of the search agent as presented as follows:

Xi
T+1 = Xi

T + c1 cos(c2) ∗
∣∣∣c3 ∗ Pi

T − Xi
T
∣∣∣ c4 ≥ 0.5

Xi
T+1 = XT + c1 sin (c2) ∗

∣∣∣c3 ∗ Pi
T − Xi

T
∣∣∣ c4 ≤ 0.5

where c1 is a variable that used to balance between the exploration and exploitation
phases and can be expressed as follows:

c1 = 2− 2T
Tmax

c2, c3, and c4 are random variables and expressed as follows:

c2 = 2π ∗ rand()

c3 = 2 ∗ rand() (42)

c4 = rand() (43)

T is the current iteration.
Tmax is the maximum iteration.
Pi

T is the objective global best solution.

Step 7 Iterate the steps from 3 to 5 until the standing criteria are ascertained.
Step 8 Acquire the optimal destination fitness and the optimal destination.

3.4. Proposed Hybrid Optimization Technique

The computational procedure of the proposed hybrid analytical–SCA technique to
find the proper sizes and locations of the DGs in order to obtain minimum losses. Figure 3
presents the flowchart of the proposed hybrid analytical–SCA technique for the optimal
DG allocation, and the main steps can be summarized as follows:

Step 1 Enter line and load data, and bus voltage limits.
Step 2 Determine the power losses using forward/backward load flow sweep.
Step 3 Specify candidate buses using LSF and the sizes of the DGs using the analytical

technique for Type I using (36) and Type II using (37).
Step 4 Initialize the population of solutions using the values obtained from step 3 within

the limits in the search space and set Tmax= 0.
Step 5 If the voltage values of all buses are within the constraint, estimate the power losses

using (1). Otherwise, that solution is infeasible.
Step 6 Select the solution associated with the best objective function and set the value of

the objective function as the current fitness function.
Step 7 Update the situation of the search agent using (42) and (43).
Step 8 If T < Tmax, go to step 9; otherwise, go to step 6.
Step 9 Print the results and optimal purpose position including the locations and sizes

of various types of multiple numbers of the DGs and the corresponding optimal
destination fitness, which represents minimum power losses.
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4. Result and Discussion

In this work, two standard IEEE 33-bus and 69-bus systems are selected to check
the performance of the proposed hybrid optimization algorithm. The base voltages and
apparent power for all of them are 12.66 kV and 100 MVA. The developed approach has
been programmed using MATLAB 2015, which runs on Intel core i5, processor 2.9 GHz
PC with capacity 8.0 GB RAM and operates with Win.10. The following four cases are
considered in the two studied systems with three types of the DGs (Type I, Type II, and
Type III):

Case 1: Base case (without DG).
Case 2: Integrating one DG.
Case 3: Integrating two DGs.
Case 4: Integrating three DGs.

For all case studies, a forward–backward sweep load flow is adopted to obtain the
voltage profile.

4.1. IEEE 33-Bus System

This system consists of 33 buses and 32 branches. The total active and reactive power
loads are 3715 kW and 2300 kvar, respectively, as given in [28]. The single-line diagram is
presented in Figure 4.
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4.1.1. Case 1: Base Case

In this case, the power losses before any compensation are 210.9862 kW and the
minimum voltage is 0.9038 p.u at bus 18.

4.1.2. Case 2: Installing One DG
DG Type I

The power loss reduction of the proposed method and SCA is 47.381% and 47.381%,
respectively, when the DG is placed on the same bus as described in Table 2. The size of
the DG by hybrid technique is slightly higher than SCA. The power loss obtained by the
proposed method is better than all other techniques.

DG Type II

The power loss obtained by the proposed method and SCA is the same value, 28.258 kW,
when the DG is placed at bus 30 for both of them with the nearly same size, and also they
obtained the same minimum voltage value 0.9165 p.u at bus 18, as shown in Table 3, which
also shows that the power loss obtained by the two approaches is better than 151.4 kW in
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hybrid PSO–analytical [25], 151.55 kW in the heuristic approach [29], and 164.6 kW in the
analytical technique [10].

DG Type III

Bus 6 is the best location for two approaches with the same power factor and nearly
the same size, the power loss obtained for two approaches is 67.855 kW, as shown in Table 4,
which is better than 82.78 kW in BSOA [15], 67.9 kW in the hybrid technique [30], and
81.43 kW in hybrid TLBO–GWO [23].

Table 2. Results of the hybrid approach and SCA with other techniques for Type I in IEEE 33-bus.

Case Technique Location Size (kW) Total Capacity
(kW)

Power Loss
(kW)

V. min (p.u)
(bus) Reduction %

Case 1 Base case - - 210.9862 0.9038 (18) 0

Case 2

Proposed 6 2590.213 2590.213 111.02 0.9424 (18) 47.38

SCA 6 2590.159 2590.159 111.02 0.9424 (18) 47.38

BSOA [15] 8 1857.5 1857.5 118.12 0.9441 NA

Genetic algorithm
(GA) [31] 6 2600 2600 111.03 0.9425 47.38

ALO [16] 6 2590.2 2590.2 111.03 0.9424 (18) 47.38

TLBO–GWO [23] 30 1000 1000 127.28 0.9285 NA

Case 3

Proposed 13 844.844
2011.008 87.17 0.9683 (18) 58.6930 1166.165

SCA
13 868.283

2004.532 87.19 0.9680 (18) 58.6830 1136.249

BSOA [15]
13 880

1804 89.34 0.9665 NA31 924

WIPSO–GSA [24]
13 850

1990 87.18 NA 58.6830 1140

GWO [24]
13 903.04

2104.65 87.43 0.9706 (33) NA30 1201.61

Case 4

Proposed
13 805.714

2954.26 72.79 0.9685 (33) 65.5024 1104.318
30 1044.227

SCA
13 827.295

2931.86 72.83 0.9680 (33) 65.4824 1082.152
30 1022.406

BFOA [32]
14 652.1

1917.7 89.9 0.9705 (29) 57.3818 198.4
32 1067.2

KHA [21]
13 810

2487 75.41 0.9676 (14) 61.1225 836
30 841

BA [20]
13 720

2720 73.4 0.9628 NA24 1020
30 980

WOA [18]
31 748.15

2449.81 77.06 0.9686 (33) NA6 1051.1
14 650.56

AIS [33]
31 750

3000 73.62 NA NA14 750
3 1500
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Table 3. Results of the hybrid approach and SCA with other techniques for Type II in IEEE 33-bus.

Cases Technique Location /Size (kvar) Total Capacity
(kvar)

Power Loss
(kW)

V. min
(p.u) (Bus) Reduction %

Case 1 Base case - - 210.9862 0.9038 (18) 0

Case 2

Proposed 30 1258.01 1258.01 151.37 0.9165 (18) 28.26

SCA 30 1258.01 1258.01 151.37 0.9165 (18) 28.26

Heuristic approach
[29] 30 1190 1190 151.55 NA NA

Hybrid [25] 30 1230 1230 151.4 NA 28.24

Analytical [10] 33 1000 1000 164.6 0.916 NA

Case 3

Proposed 12 464.11
1530.45 141.83 0.9303 (18) 32.7830 1066.33

SCA
12 463.39

1526.76 141.83 0.9303 (18) 32.7830 1063.37

WIPSO–GSA [24]
10 570

1380 143.84 NA 31.8330 810

Heuristic approach
[29]

13 405
1457 141.9 NA NA30 1052

Iterative–analytical
method [9]

12 433
1480 141.9 0.9292 (18) 32.7430 1047

Case 4

Proposed
13 396.10

1954.77 138.26 0.9321 (18) 34.4724 524.81
30 1044.23

SCA
12 427.40

1842.82 138.6 0.929 (18) 34.3124/ 468.83
30 946.59

WIPSO–GSA [24]
12 470.00

1107 141.84 NA 32.7829 530.00
30 530.00

Heuristic approach
[29]

13 383.00
1769 138.65 NA NA25 386.00

30 1000.00

Hybrid [25]
13 360.00

1890 138.37 NA 34.4224/ 510.00
30 1020.00

Table 4. Results of the hybrid approach and SCA with other techniques for Type III in IEEE 33-bus.

Cases Technique Location Size (kVA) PF Total Capacity
(kVA)

Power Loss
(kW)

V. min
(p.u) (Bus) Reduction %

Case 1 Base case - - 210.98 0.9038 (18) 0

Case 2

Proposed 6 3105.75 0.82 3105.75 67.855 0.9584 (18) 67.84

SCA 6 3105.86 0.82 3105.86 67.855 0.9584 (18) 67.84

BSOA [15] 8 1857.5 0.82 1857.5 82.78 0.9549 NA

TLBO–GWO [23] 30 1000 0.80 1000.00 81.43 0.9360 NA
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Table 4. Cont.

Cases Technique Location Size (kVA) PF Total Capacity
(kVA)

Power Loss
(kW)

V. min
(p.u) (Bus) Reduction %

Case 3

Proposed 13 930 0.91
2761.11 28.51 0.9803 (25) 86.4930 1562.7 0.73

SCA
13 919.7 0.93

2967.86 29.28 0.9802 (25) 86.1230 1600.9 0.66

BSOA [15]
13 777 0.89

1809.00 31.98 0.9796 NA29 1032 0.70

WIPSO–GSA [24]
13 930 0.88

2460.00 29.33 NA 86.130 1530 0.8

TLBO–GWO [23]
10 861 0.87

1861.00 32.17 0.9796 NA30 1000 0.80

Case 4

Proposed
14 839.78 0.91

3505.36 11.76 0.9912 (8) 94.4324 1206.73 0.90
30 1458.84 0.71

SCA
12 1056.53 0.80

3240.63 15.32 0.9904 (18) 92.7425 823.02 0.82
30 1361.08 0.76

WOA [18]
3 1527 0.91

3270.38 19.91 NA NA30 1135.1 0.80
14 608.28 0.79

Moth Swarm
Algorithm (MSA)

[18]

24 1029.2 0.90
2894.33 11.92 NA NA14 715.23 0.90

30 1149.9 0.75

TLBO–GWO [23]
13 1000 0.81

2786 13.68 0.9892 NA24 789 0.87
30 997 0.87

WIPSO–GSA [24]
12 1020 0.85

3150 16.48 NA 92.1924 1030 0.84
30 1080 80

4.1.3. Case 3: Installing Two DGs
DG Type I

The power loss reduction of the proposed method and SCA is 58.685% and 58.677%
and the minimum voltage profile 0.9683 and 0.9680 p.u, respectively, with different sizes,
as described in Table 2.

DG Type II

The power loss obtained by the proposed method and SCA is the same value 141.830 kW
when the two DGs are placed at the same buses 12 and 30. Additionally, they obtained
the same minimum voltage value 0.9303 p.u at bus 18, as shown in Table 3, which also
shows that the power loss achieved by the two techniques is better than 143.84 kW in
hybrid WIPSO–GSA [24], 141.9 kW in the heuristic approach [29], and 141.9 kW in the
iterative–analytical method [9].

DG Type III

Buses 13, 30 are the best locations for the two approaches, but the power loss obtained
by the hybrid technique is 28.5049 kW which is better than 29.2825 kW in SCA and also
lower than all other techniques; 31.98 kW in BSOA [15], 29.33 kW in Hybrid WIPSO–
GSA [24], 32.17 kW in hybrid TLBO–GWO [23], as shown in Table 4.
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4.1.4. Case 4: Installing Three DGs
DG Type I

The power loss was reduced from 210.98627 kW to 72.789 kW for the proposed method
which is less than 72.831 for SCA when the 3 DGs are placed at 13, 24, and 30 as shown in
Table 2. Additionally, these values are lower than 89.90 kW in BFOA [32], 75.412 kW in
KHA [21], 73.4 kW in BA [20], 77.06 kW in WOA [18], and 73.62212 kW in AIS [33].

DG Type II

The power loss for the proposed method is 138.260 kW, which is less than 138.600 kW
for SCA when buses 13, 24, and 30 with sizes 396.103, 524.809, and 1044.227 kvar, respectively,
are chosen as the best locations for the proposed method. However, SCA suggests buses
12, 24, and 30 as the best locations with the best sizes 427.400, 468.830, and 946.585 kvar, as
described in Table 3.

DG Type III

Optimal power loss obtained in this case using the proposed method is 11.757 kW
when three DGs are installed at buses 14, 24, and 30, while in the case of SCA, the power
loss of the DGs placed at buses 12, 25, and 30 is 15 kW, as shown in Table 4.

4.1.5. Performance Analysis for the Developed Technique

The convergence characteristics of the proposed method and SCA for Case 2, Case 3,
and Case 4, which represent one, two, and three DG integration of Type I, have been
illustrated in the Figure 5. The proposed hybrid technique obtains the minimum objec-
tive function in fewer iterations number compared with SCA. Figure 6 shows the high
convergence rate achieved by the proposed method for one, two, and three DGs of Type
II; Figure 7 also shows the comparison in the convergence curve between the proposed
method and SCA to obtain minimum power losses.

As observed in the figures, for one DG of Type I, Type II, and Type III, the convergence
curve is slightly approximated, but in the case of more than one DG, there is a marked
difference between the hybrid technique and SCA; hence, the proposed hybrid approach is
an efficient method to solve multiple DG allocations problems in RDS.

In addition, Table 5 summarizes a comparison between the proposed algorithm and the
original SCA in terms of computation time at the different case studies. The table proves
that the average computation time and the standard deviation (STD) in the proposed
algorithm are 63.68 and 2.09 s, which are lower than 70.61 and 3.27 s in the case of SCA.
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Table 5. Computation time (s) of the proposed algorithm compared to the SCA in IEEE 33-bus.

DG Type Case Study SCA
Time (s)

Proposed
Time (s)

DG Type I
Case 2 75.12 69.17
Case 3 69.68 64.72
Case 4 62.64 62.42

DG Type II
Case 2 73.30 61.91
Case 3 70.91 62.62
Case 4 70.52 62.79

DG Type III
Case 2 69.84 63.24
Case 3 72.46 63.70
Case 4 71.00 62.51

Average 70.61 63.68

STD 3.27 2.09

4.1.6. Voltage Profile

Figure 8 introduces the improvement in the voltage profiles of three types of DGs. It
is clear that the minimum voltages are improved gradually with increasing the number
of the DG integration. For DG Type I (see Figure 8a), Case 4 gives the best voltage profile
compared to the other cases. However, the best improvement is achieved in the case of
three Type III DGs, as shown in Figure 8c and assigned in Table 4.

4.2. IEEE 69-Bus System

This system consists of 69 buses and 68 branches, as shown in Figure 9. The total
active and reactive power loads are 3801 kW and 2690 kvar, respectively. The overall data
of this system are given in [34].

4.2.1. Case 1: Base Case

In this case, the power losses before any compensation are 224.9599 kW and the
minimum voltage is 0.9092 p.u at bus 65.

4.2.2. Case 2: Installing One DG
DG Type I

The power loss reduction of the proposed method and SCA is 63.037% when the DG
is placed at the 61 with size 1872.64 kW, And the minimum voltage is 0.9683 at bus 27 for
both algorithms. This value of power loss reduction is better than 83.2231 kW in ALO [16],
111.56 kW in hybrid TLBO–GWO [23], 83.24 kW in GWO [17], and 83.21 kW in hybrid
fuzzy–PSO [26], as described in Table 6.
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Table 6. Results of the hybrid approach and SCA with other techniques for Type I in IEEE 69-bus.

Case Technique Location Size (kW) Total Capacity
(kW)

Power Loss
(kW)

V. min (p.u)
(bus) Reduction %

Case 1 Base case 224.96 0.9092 (65) -

Case 2

Proposed 61 1872.64 1872.64 83.19 0.9683 (27) 63.04

SCA 61 1872.64 1872.64 83.19 0.9683 (27) 63.04

ALO [16] 61 1872.7 1872.7 83.22 0.968287 (27) 63

TLBO–GWO [23] 61 1000 1000 111.56 0.9478 NA

GWO [17] 61 1928.67 1928.67 83.24 0.9687 (27) NA

fuzzy–PSO [26] 61 1870 1870 83.21 0.9683 (27) NA

Case 3

Proposed 17 531.36
2312.84 71.66 0.9789 (65) 68.1661 1781.47

SCA
18 478.32

2283.60 71.77 0.9794 (65) 68.1161 1805.28

TLBO–GWO [23]
61 1000

1863 83.34 0.9682 NA62 863

GWO [17]
17 566.08

2382.50 71.74 0.9803 (65) NA61 1816.42

fuzzy–PSO [26] 18 510
2310 71.7 0.9795 (65) NA61 1800
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Table 6. Cont.

Case Technique Location Size (kW) Total Capacity
(kW)

Power Loss
(kW)

V. min (p.u)
(bus) Reduction %

Case 4

Proposed
11 522.22

2629.86 69.42 0.9788 (65) 69.1618 396.24
61 1711.4

SCA
15 567.6

2366 71.77 0.9783 (65) 68.1127 49.08
61 1749.33

PSO [19]
61 1903

2700.3 74.77 0.9778 63.116 636.5
65 160.8

MFO [19]
61 2000

2962.5 72.37 0.9939 64.2918 380.3
11 582.2

WOA [18]
49 840.46

3182.38 70.19 NA NA18 533.52
61 1808.4

DA [18]
66 231.47

2524.6 71.1 NA NA14/529.93
61/1763.2

DG Type II

The power loss obtained by the proposed method and SCA is the same value, which
equals 152.005 kW when the DG is placed at bus 61 with size 1329.93 kvar, and also they
obtained the same minimum voltage value 0.9307 at bus 65, as shown in Table 7, which
also shows that the power loss achieved by the proposed hybrid technique is less than
152.10 kW in the heuristic [29] and hybrid [25] approaches.

Table 7. Results of the hybrid approach and SCA with other techniques for Type II in IEEE 69-bus.

Case Technique Location Size (kvar) Total Capacity
(kvar)

Power Loss
(kW)

V. min (p.u)
(Bus) Reduction %

Case 1 Base case - - 224.96 0.9092 (65) 0

Case 2

Proposed 61 1329.93 1329.93 152.00 0.9307 (65) 32.45

SCA 61 1329.93 1329.93 152.00 0.9307 (65) 32.45

Heuristic approach
[29] 61 1310 1310 152.1 NA NA

Hybrid [25] 61 1290 1290 152.10 NA 32.4

Case 3

Proposed 17 361.53
1636.64 146.41 0.9311 (65) 34.9261 1275.11

SCA
17 362.80

1631.35 146.42 0.9310 (65) 34.9161 1268.54

Heuristic approach
[29]

61 1224
1580 146.5 NA NA17 356

Iterative–analytical
method [9]

17 357
1592 146.43 0.9305 (65) 34.8861 1235

Hybrid [25] 18 350
1.59 146.52 NA 34.8861 1240
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Table 7. Cont.

Case Technique Location Size (kvar) Total Capacity
(kvar)

Power Loss
(kW)

V. min (p.u)
(Bus) Reduction %

Case 4

Proposed
11 412.17

1872 145.09 0.9314 (65) 35.521 229.24
61 1230.59

SCA
12 289.26

1858.46 145.48 0.9319 (65) 35.3316 289.26
61 1279.94

Heuristic approach
[29]

61 1210
1756 145.3 NA NA21 226

12 320

Iterative–analytical
method [9]

11 232
1825 145.29 0.9314 (65) 35.3417 347

61 1246

SSA [22]
17 300

1800 145.26 0.9308 (65) NA60 1200
10 300

DG Type III

Bus 61 is the best location for the proposed technique with the same power factor,
but the size of the DG by SCA is slightly bigger than the size obtained by the proposed
method; hence, the power loss obtained by the proposed technique is 23.13 kW, which is
less than 23.17 kW in SCA, 58.80 kW in hybrid TLBO–GWO [23], 23.1622 kW in ALO [30],
and 23.26 kW in EA [11], as shown in Table 8.

Table 8. Results of the hybrid approach and SCA with other techniques for Type III in IEEE 69-bus.

Case Technique Location Size (kVA) PF Total Capacity
(kVA)

Power Loss
(kW)

V. min
(p.u) (Bus)

Reduction
%

Case 1 Base case - - 224.96 0.9092 (65) 0

Case 2

Proposed 61 2243.50 0.81 2243.50 23.13 0.9725 (27) 89.72

SCA 61 2244.03 0.81 2244.03 23.17 0.9725 (27) 89.7

TLBO–GWO [23] 61 1000 0.81 1000 58.80 0.9598 NA

ALO [30] 61 2227.9 0.82 2227.9 23.16 0.9716 89.703

EA–optimal power
flow (OPF) [11] 61 1828 0.82 1828 23.17 NA NA

EA [11] 61 1878 0.82 1878 23.26 NA NA

Case 3

Proposed 17 629.61 0.83
2759.66 7.20 0.9943 (50) 96.861 2131.5 0.81

SCA
16 634.60 0.78

2967.85 8.80 0.9943 (69) 96.0961 2333.25 0.81

TLBO–GWO [23]
61 1000 0/81

1820 23.28 0.9724 NA62 820 0.83

Iterative–analytical
method [9]

17 629 0.82
2762 7.21 0.9943 (50) 96.7961 2133 0.82

ALO [30]
17 726.627 0.83

2226.63 20.93 0.9742 (65) 90.6961 1500 0.8
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Table 8. Cont.

Case Technique Location Size (kVA) PF Total Capacity
(kVA)

Power Loss
(kW)

V. min
(p.u) (Bus)

Reduction
%

Case 4

Proposed
11 595.93 0.82

3118.65 4.27 0.9943 (50) 98.1018 459.03 0.83
61 2063.68 0.81

SCA
17 668.17 0.79

4476.47 10.35 0.9939 (69) 95.4049 1832.95 0.76
61 1975.35 0.89

WOA [18]
61 1807.6 0.85

NA 7.09 0.99433 (50) NA4 1988.7 0.85
17 534.72 0.85

DA [18]
11 496.3 0.85

NA 5.01 0.9943 (50) NA61 1748 0.85
17 395 0.85

MFO [19]
11 515.73 0.85

NA 5.00 0.9943 (50) NA61 1745.6 0.85
18 386.17 0.85

TLBO–GWO [23]
18 523 0.83

2246 7.27 0.9942 NA61 1000 0.82
62 723 0.8

4.2.3. Case 3: Installing Two DGs
DG Type I

The power loss for the proposed method when the DGs are placed at buses 17 and
61 with sizes 531.36 and 1781.47 kW, respectively, is 71.656 kW, which is slightly less than
71.774 kW in SCA and also better than 83.34 kW in hybrid TLBO–GWO [23], 71.74 kW in
GWO [17], and 71.70 kW in hybrid fuzzy–PSO [26].

DG Type II

The power loss reduction obtained by the proposed method is 34.92%, which is
slightly better than 34.91% obtained by SCA. Both of them select buses 17 and 61 as the best
locations, as illustrated in Table 7, which shows the power loss reduction of the proposed
method is higher than 34.88% for the iterative-analytical [9] and hybrid [25] methods.

DG Type III

Buses 17 and 61 are the best locations for the proposed technique; the power loss
reduction obtained by the hybrid technique is 96.80%, which is higher than 96.09% in SCA
and also better than 96.79% in the iterative-analytical method [9] and 90.69% in ALO [30],
as described in Table 8.

4.2.4. Case 4: Installing Three DGs
DG Type I

The power loss was reduced from 224.9599 to 69.417 kW for the proposed method,
which is less than 71.77 in SCA. Additionally, these values are less than 74.77 kW in
PSO [19], 70.19 kW in WOA [18], 71.1 kW in DA [18], and 72.37 kW in MFO [19].

DG Type II

The power loss for the proposed method is 145.09 when three DGs are installed at
buses 11, 21, and 61 which is better than 145.48 kW in SCA, 145.3 kW in the heuristic
approach [29], 145.29 kW in the iterative–analytical method [9], and 145.26 kW in SSA [22],
as shown in Table 7.



Sustainability 2021, 13, 6644 25 of 31

DG Type II

Optimal power loss obtained in this case using the proposed method is 4.2689 kW
when three DGs are installed at buses 11, 18, and 61. This power loss is less than 7.089 kW
obtained by WOA [18], 5.001 kW by DA [18], and 7.27 kW by hybrid TLBO–GWO [23],
while in case of the SCA technique, the DGs are placed at buses 17, 49, and 61, and the
power loss is 10.347 kW.

4.2.5. Performance Analysis for the Developed Technique

Similar to the IEEE 33-bus, the convergence characteristics of the proposed method
and SCA for one, two, and three DGs of Type I are illustrated in Figure 10. The proposed
hybrid technique gives the best result in a lower iteration number compared with SCA.
Figure 11 shows the convergence characteristic obtained by the hybrid approach and SCA
for Type II. Additionally, Figure 12 shows the convergence curve between the proposed
method and SCA that gives the minimum objective function in Type III. The proposed
method achieves the best results in the case of installing three DG in all DG types compared
with SCA.
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To prove the feasibility of the proposed algorithm, computation time is calculated at
the different case studies and tabulated in Table 9. It is clear that the proposed algorithm is
faster than the original SCA, where it recorded an average of computation time equal to
81.75 s with STD equal to 1.07 s, and that is better than 86.97 s and 3.25 s, which are given
by SCA.
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Table 9. Computation time (s) of the proposed algorithm compared to the SCA in IEEE 69-bus.

DG Type Case Study SCA
Time (s)

Proposed
Time (s)

DG Type I
Case 2 80.67 79.90
Case 3 89.22 80.75
Case 4 83.74 81.17

DG Type II
Case 2 83.60 80.64
Case 3 89.77 82.78
Case 4 87.22 82.49

DG Type III
Case 2 88.95 82.49
Case 3 89.15 82.43
Case 4 90.42 83.07

Average 86.97 81.75

STD 3.25 1.07

4.2.6. Voltage Profile

While Figure 13 introduces the voltage profiles improvement of Type I, Type II, and
Type III for different case studies of multiple DG integration, it is clear that the voltage
has been significantly increased when integrating three DGs from Type III, as shown in
Figure 13c (Case 4), and that is because of the injection of active and reactive powers from
the DGs.

5. Conclusions

This paper has presented a hybrid optimization technique for optimal placement of
multiple DGs with multiple types to minimize power losses and improve voltage profile.
In the proposed hybrid technique, LSF with the fuzzy controller has been implemented to
identify the candidates’ buses for the DG allocation. Then, the analytical technique based
on the exact loss formula has been adopted to calculate the best sizes of the DGs. Finally,
the candidates’ buses and the sizes have been used as initial values for the metaheuristic
SCA to determine the final optimal sizes and the locations of the DGs in RDS. The proposed
hybrid technique has been tested using two IEEE standard systems, 33-bus and 69-bus.
Three DG types have been used in this work (Type I, Type II, and Type II). The proposed
hybrid technique achieved the best results with fast convergence compared to the SCA
and the other competitive optimization algorithms. The results show that a significant
loss reduction has been achieved using the proposed method, which is equal to 94.43%
and 98.10% when installing three DGs of Type III in the IEEE 33-bus and IEEE 69-bus,
respectively. In addition, the voltage profile has been dramatically improved and reached
0.9912 p.u (at bus 8) and 0.9943 p.u (at bus 50) in the IEEE 33-bus and IEEE 69-bus,
respectively, when installing three DGs of Type III. Hence, the results proved the ability of
the proposed technique to allocate multiple DG units with different types into RDS.
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