
Research Article
Optimal Sizing and Deployment of Renewable Energy
Generators in Practical Transmission Network Using
Grid-OrientedMultiobjectiveHarmonySearchAlgorithm forLoss
Reduction and Voltage Profile Improvements

Pramod Kumar,1 Nagendra Kumar Swarnkar,1 Om Prakash Mahela ,2,3

Baseem Khan ,3,4 Divya Anand,5,6 Aman Singh,6,7 Juan Luis Vidal Mazon ,6,8

and Fahd S. Alharithi 9

1Department of Electrical Engineering, Suresh Gyan Vihar University, Jaipur, India
2Power System Planning Division, Rajasthan Rajya Vidyut Prasaran Nigam Ltd., Jaipur 302005, Rajasthan, India
3Engineering Research and Innovation Group (ERIG), Universidad Internacional Iberoamericana, Campeche,
C.P. 24560, Mexico
4Department of Electrical Engineering, Hawassa University, Hawassa, Ethiopia
5School of Computer Science and Engineering, Lovely Professional University, Phagwara, Punjab 144411, India
6Higher Polytechnic School, Universidad Europea del Atlántico, C/Isabel Torres 21, Santander 39011, Spain
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Tis paper presents grid-oriented multiobjective harmony search algorithm (GOMOHSA) to incorporate the multiple grid
parameters for minimization of the active power loss, reactive power loss, and total voltage deviations (TVD) in a part of practical
transmission network of Rajasthan Rajya Vidyut Prasaran Nigam Limited (RVPN) in southern parts of Rajasthan state of India.
Tis is achieved by optimal deployment of optimally sized renewable energy (RE) generators using GOMOHSA. Performance
indexes such as active power loss minimization index (APMLI), the reactive power loss minimization index (RPMLI), and the
total voltage deviation improvement index (TVDII) are introduced to evaluate the health of the test network with diferent load
scenarios. Performance of proposed GOMOHSA has been tested for fve diferent operating scenarios of loads and RE generation.
It is established that the proposed GOMOHSA fnds the optimal deployment of optimally sized RE generators, and the investment
cost of deployment of these RE generators can be recovered within a time period that is less than 5 years. Performance of
GOMOHSA is superior compared to a conventional genetic algorithm (GA) in terms of performance indexes, RE generator
capacity, payback period, and parameter sensitivity. Study is performed using MATLAB software for loading scenario of base year
2021 and projected year 2031.
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1. Introduction

Rapid growth in the use of electrical energy globally has
afected the operation of electric power networks. To
mitigate the gap between demand and supply, use of the
renewable energy (RE) sources has been pronounced.
Furthermore, environmental issues have also forced the
power utilities to integrate high-capacity wind and solar
parks to the network of utilities. Optimal placement of
renewable energy generator (REG) having optimal capacity
will provide reliable and efective operation of power
system networks. Integration of a REG to the grid near the
load will minimize the losses and improve power factor.
Practically, wind and solar power plants can be installed at
the locations where wind and solar resources are available
in abundance [1]. Terefore, optimal deployment of REGs
having optimal sizes in the existing power system network
is a complex task and detailed analysis of the network and
system parameters is required for diferent scenarios.
Multiple studies are reported which supports the sizing and
placing of REGs in the network of power utilities. In [2],
authors developed an optimal locator index (OLI) for
optimal location and sizes of distributed energy generators
considering the power loss sensitivities and Kalman flter
algorithm. An optimal locator index (OLI) is designed for
determination of optimal locations of REGs in a systematic
and efective manner. Study is validated on a part of
practical distribution network of 60 MVA scale located at
Do-Gok region in Seoul, Korea. A study proposing the
framework to determine optimal sizes and deployment of
Battery Energy Storage System (BESS) in the network of
power systems considering the uncertainty of generation,
demand, intermittent RE generation sources, and contin-
gency locations is introduced in [3]. Tis study efectively
determined the optimal BESS size and location using the
quantum and location of critical system loads. It is
established that optimal BESS size should be limited to
4.5% of total system loads, and optimal BESS placement is
achieved when BESS is deployed near to around 30% of the
system loads. In [4], authors designed a technique for
identifcation of optimal location and sizes of REGs using a
power stability index (PSI) and particle swarm optimiza-
tion (PSO) algorithm. Tis is achieved by designing a
maximum power stability index (MPSI), which is derived
by application of maximum power transfer theorem. Te
MPSI index is comparable with other voltage stability
indexes and performs better compared to the loss mini-
mization method. A detailed study of techniques employed
for placement and sizing of REG units in the power net-
work of utilities is presented in [5]. Algorithms of tech-
niques including analytical optimization technique,
heuristic optimization techniques (harmony search, tabu
search, simulated annealing, and ant colony optimization),
and evolutionary computation techniques (genetic algo-
rithm, diferential evolution, and particle swarm optimi-
zation) are detailed in this study. Further, a comparative
study of the heuristic optimization technique and evolu-
tionary computation techniques is also presented. In [6], a
GA technique for optimal location and sizing of DG in the

utility network of a distribution company is presented for
diferent load conditions. Tis has achieved the acceptable
reliability level and voltage profle in the network. In [7],
authors designed a hybrid optimization using the particle
swarm optimization (PSO) and the salp swarm algorithm
(SSA) for maximizing the savings through reconfguration
and optimal placement of RE generators. Economy max-
imization by minimization of the loss is achieved by ap-
plication of designed algorithm in the IEEE-119 and IEEE-
136 test networks. Te application of the artifcial bee
colony (ABC) technique to decide the optimal location and
sizes of RE generators to minimize loss in the power
distribution network and improve the voltage profle in a
57 bus network is introduced in [6]. In [8], authors
designed a method for minimization of real power loss and
net reactive power fow by optimal allocation of DGs and
shunt capacitors. Tis method has achieved the improve-
ment in system performance, reliability, increased loading
capacity, and reduction of losses. In [9], authors designed
an optimized framework by application of diferential
evolution algorithm for optimal deployment of multiple
DG resources in the distribution grid. Tis helps to min-
imize network losses and maximize DG capacity integra-
tion to the grid. In [10], authors used the particle artifcial
bee colony algorithm (PABC) to design a hybrid harmony
search algorithm for overcoming the drawbacks of pre-
mature and slow convergence of harmony search algorithm
(HSA) over multimodel ftness landscape for optimal
placement and sizes of the DG units as well as shunt ca-
pacitors. Minimum power loss in radial distribution net-
works and voltage profle are efectively achieved using the
proposed method. Results are efectively validated on the
IEEE-33 and 119 node test feeders. In [11], authors applied
a modifcation in the traditional frefy approach by pro-
posing formulas for tuning the algorithm parameters and
updating equations for optimal size determination and
placing the voltage-controlled DG units in both the bal-
anced and unbalanced distribution networks. Tis method
is efective to deal with the practically constrained opti-
mization problems. Power loss minimization in the IEEE-
69, 37, and 123 nodes test systems is efectively achieved by
DG placement. In [12], authors introduced a multiobjective
velocity-based butterfy optimization algorithm for optimal
integration of dispatchable distributed generations (DDG)
to the power system network to minimize the active power
loss, voltage improvement and minimize the annual eco-
nomic loss. A hybrid fuzzy-metaheuristic method to esti-
mate the optimal size and Location of DG units in the
power network to achieve the active and reactive power loss
is introduced in [13]. Tis is achieved by merging fuzzy
logic (FL) to adapt weights of objective function dynam-
ically the meta-heuristic equilibrium optimizer. Tis has
merit of high speed of convergence, least execution time,
and most consistent results. DG placement techniques such
as sustainability-oriented multiobjective optimization
model [14] and the genetic algorithm [15, 16] are reported
in the literature in recent years.

In a detailed analysis of the literature review discussed in
the above paragraph, it is pointed out that optimization
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techniques can be modifed to include grid parameters for
optimal sizing and deployment of RE generators in the
practical transmission networks.Tis has been considered as
the research objective in this paper, and the following are the
main contributions of this paper:

(i) Harmony search algorithm (HSA) is modifed to
incorporate the multiobjective functions to mini-
mize the active power loss, reactive power loss, and
total voltage deviations (TVD) in the practical
transmission network. Modifed HSA includes the
multiple grid parameters; hence, it is designated as
grid-oriented multiobjective harmony search algo-
rithm (GOMOHSA).

(ii) Proposed algorithm is efectively implemented for
optimal deployment of optimally sized RE gener-
ators in the RVPN practical transmission network
in the southern part of Rajasthan, India. Tis has
been achieved by the application of GOMOHSA
withminimum active power loss, minimum reactive
power loss, and minimum total voltage deviations.

(iii) Performance indexes such as the active power loss
minimization index (APMLI), the reactive power
loss minimization index (RPMLI), and the total
voltage deviation improvement index (TVDII) are
introduced to evaluate the health of the test network
with diferent load scenarios.

(iv) Performance of the proposed GOMOHSA has been
tested for fve diferent operating scenarios of loads
and RE generation for the base year 2021 and the
projected year 2031.

(v) It is established that the proposed GOMOHSA fnds
the optimal deployment of optimally sized RE
generators, and the investment cost of the de-
ployment of these RE generators can be recovered
within a time period less than 5 years.

(vi) Performance of GOMOHSA is superior compared
to the conventional genetic algorithm (GA) in terms
of performance indexes, RE generator capacity, and
payback period.

Tis article is arranged into eight sections. Introduc-
tion, review of literature, and research contribution are
included in Section 1. Practical test utility network con-
fguration and relevant data of transformers, transmission
lines, generation, loads, and RE generator are described in
Section 2. Computation of load projections for the pro-
jected year 2031 is detailed in Section 3. Te proposed grid-
oriented multiobjective harmony search algorithm with
relevant mathematical formulations is described in Section
4. Tis section also discussed the grid performance pa-
rameters used to evaluate health of the test network during
diferent scenario of loads. Detailed simulation results and
discussion is included in Section 5. Te analysis of cost
benefts used to estimate the payback period for the in-
vestments incurred on the deployment of RE generators is
presented in Section 6. A performance comparative study is
included in Section 7. Research fndings are concluded in
Section 8 of the article.

2. Test Utility Grid Network

A transmission system owned by Rajasthan Rajya Vidyut
Prasaran Nigam Limited (RVPN) in the Udaipur region, along
with private generators in the region is used to perform the
proposed study. Te RVPN transmission system is operated at
132kV, 220kV, 400kV, and 765kV voltage levels [17]. Tech-
nical parameters, including circuit length of transmission lines,
voltage levels, generation capacity, and transformer details re-
ported in [17, 18], are used for the proposed study. Te
transmission network used for this study has 70 nodes, and the
interconnection of lines with diferent buses along with gen-
erators and loads is described in Figure 1. Te 2 nodes are
operated at 400kV voltages, 11 nodes are maintained at 220kV
voltages, and 57 nodes are maintained at 132kV voltages. Loads
are connected to the buses operated at 132 kV voltages and
realized by PQ type nature. Details of buses (name and number),
bus voltage level, load detail, and shunt reactive compensation
are included in Tables 1 and 2 [17]. Symbols L1 to L57 are used
to represent the loads connected to the utility network. Recorded
peak loads on the 132kV buses for the fnancial year (FY) 2021-
2022 are also included in Tables 1 and 2 [17]. Since, peak load is
not simultaneously recorded on all the buses, hence, 70% of the
peak loads is taken to represent the average load of the system.
Hence, the system load for the study corresponding to FY 2021-
2022 is taken to be equal to 498.33MW. Bus-1 and bus-2 are
connected to rest of the network. Hence, the net exchange of
power between network considered for the study and the rest of
the network is represented by generators GEN-1 and GEN-2 at
bus-1 and bus-2, respectively.

Generators integrated to the test utility grid including
the bus number, bus name, symbol of generator, voltage
level of generator bus, active power rating of generator, and
reactive power rating of the generator are described in
Table 3. Symbols UGEN-1 to UGEN-8 is assigned to the
generators.

Transmission line details, including the from and to bus
numbers, symbol of transmission line, voltage level, line
length, type of conductor, and type of circuit (single circuit
(S/C) or double circuit (D/C)) are described in Tables 4 and
5. Tese transmission lines are operated at voltage levels of
132 kV, 220 kV, and 400 kV.

Aluminium conductor steel-reinforced (ACSR) equiv-
alent panther conductor is used for the 132 kV lines, and
ACSR equivalent zebra conductor is used for the 220 kV
lines. A twin moose conductor is used for the 400 kV
transmission line connected between bus-1 and bus-2.
Details of the conductors used for the transmission lines,
including the resistance, reactance, and thermal rating used
for the study are reported in [19, 20].Tese data are included
in Table 6. Te thermal rating of the line is the power rating
for which transmission lines can be operated continuously.

Technical parameters of the transformers connected in
the test network, buses between which transformers are
installed, transformer MVA rating, impedance including
positive sequence (Z1), zero sequence (Z0), ratio of positive
sequence reactance (X1) to positive sequence resistance
(R1), and ratio of zero sequence reactance (X0) to zero
sequence resistance (R0) are included in Table 7.

International Transactions on Electrical Energy Systems 3
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Figure 1: Transmission utility network in southern part of Rajasthan (Udaipur), India [17].

Table 1: Details of test system buses and loads (part-A) [17].

Node no. Node name Voltage (kV) Symbol of load
Base year load Projected load

P (MW) Q (MVAR) Pload (MW) Qload (MVAR)
1 400 kV Kankroli (PGCIL) 400 — — — —
2 400 kV Chittorgarh (RVPN) 400 — — — —
3 220 kV Kankroli (400 kV GSS) 220 — — — —
4 220 kV Chittorgarh (400 kV GSS) 220 — — — —
5 220 kV Chittorgarh (220 kV GSS) 220 — — — —
6 220 kV Amberi 220 — — — —
7 220 kV Debari 220 — — — —
8 220 kV Nimbahera 220 — — — —
9 220 kV Sawa 220 — — — —
10 220 kV Madri 220 — — — —
11 220 kV Aspur 220 — — — —
12 220 kV Banswara 220 — — — —
13 220 kV Pratapgarh 220 — — — —
14 132 kV Amberi 132 L-1 10.593 5.130 14.647 7.093
15 132 kV Debari 132 L-2 71.326 16.991 98.622 23.493
16 132 kV Bhatewar 132 L-3 30.225 9.972 41.792 13.788
17 132 kV Bhinder 132 L-4 24.879 14.202 34.400 19.637
18 132 kV Mangalwad 132 L-5 26.560 14.738 36.724 20.378

4 International Transactions on Electrical Energy Systems
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Table 1: Continued.

Node no. Node name Voltage (kV) Symbol of load
Base year load Projected load

P (MW) Q (MVAR) Pload (MW) Qload (MVAR)
19 132 kV Dhoriya Chauraha 132 L-6 10.593 5.130 14.647 7.093
20 132 kV Nimbahera 132 L-7 60.585 28.468 83.771 39.363
21 132 kV Chittorgarh 132 L-21 47.894 17.252 66.223 23.854
22 132 kV Ajoliya Khera 132 L-20 24.361 11.031 33.684 15.253
23 132 kV Bassi 132 L-19 13.700 6.635 18.943 9.174
24 132 kV Rashmi 132 L-18 14.741 8.354 20.382 11.551
25 132 kV Bhadesar 132 L-12 16.659 9.135 23.034 12.631
26 132 kV Sawa 132 L-13 22.634 6.669 31.296 9.221
27 132 kV Kapasan 132 L-14 28.469 21.892 39.364 30.270
28 132 kV Bhopalsagar 132 L-15 10.593 5.130 14.647 7.093
29 132 kV Senthi 132 L-17 14.166 5.752 19.587 7.953
30 132 kV Rasoolpura 132 L-16 52.937 11.815 73.196 16.337
31 132 kV Mavli 132 L-9 22.019 9.908 30.446 13.699
32 132 kV Sanwad 132 L-11 14.745 6.787 20.388 9.384
33 132 kV Dariba 132 L-10 17.740 11.310 24.529 15.638
34 132 kV Joojhpura 132 L-8 10.593 5.130 14.647 7.093
35 132 kV Sukher 132 L-22 36.136 17.502 49.965 24.200
36 132 kV Pratapnagar 132 L-23 36.970 10.539 51.118 14.572
37 132 kV Madri 132 L-24 40.515 16.511 56.020 22.829
38 132 kV Dakan Kotda 132 L-25 15.148 4.760 20.945 6.581
39 132 kV Balicha 132 L-26 10.593 5.130 14.647 7.093
40 132 kV Zawarmines 132 L-27 10.868 5.264 15.027 7.278
41 132 kV Sarada 132 L-28 5.261 0.468 7.274 0.647
42 132 kV Salumber 132 L-29 19.290 9.343 26.672 12.918
43 132 kV Bambora 132 L-30 10.593 5.130 14.647 7.093
44 132 kV Aspur 132 L-39 9.677 2.354 13.380 3.255
45 132 kV Dhariyawad 132 L-38 11.426 6.695 15.798 9.257
46 132 kV Banswara 132 L-41 52.944 18.863 73.206 26.082
47 132 kV Partapur 132 L-40 12.676 6.808 17.527 9.413
48 132 kV Sagwara 132 L-37 18.926 8.397 26.169 11.611
49 132 kV Dungarpur 132 L-34 29.710 9.004 41.080 12.449
50 132 kV Rishbhdeo 132 L-31 24.858 8.199 34.371 11.36

Table 2: Details of test system buses and loads (part-B) [17].

Node no. Node name Voltage (kV) Symbol of load
Base year load Projected load

P (MW) Q (MVAR) Pload (MW) Qload (MVAR)
51 132 kV Kherwara 132 L-32 10.289 0.791 14.227 1.094
52 132 kV Bichiwara 132 L-33 6.292 0.833 8.699 1.152
53 132 kV Chitri 132 L-35 10.593 5.130 14.647 7.093
54 132 kV Seemalwara 132 L-36 12.161 1.688 16.815 2.334
55 132 kV Paloda 132 L-42 7.627 3.694 10.546 5.108
56 132 kV Ghatol 132 L-43 5.198 1.497 7.188 2.069
57 132 kV Bagidora 132 L-44 10.480 5.919 14.491 8.184
58 132 kV Chordi 132 L-45 10.00 4.00 13.827 5.531
59 132 kV Kushalgarh 132 L-46 9.181 1.836 12.694 2.5386
60 132 kV Mahi-II 132 — — — — —
61 132 kV Chhotisadri 132 L-54 21.391 10.720 29.577 14.822
62 132 kV Pratapgarh 132 L-51 34.943 17.584 48.315 24.313
63 132 kV Badisadri 132 L-53 23.008 5.089 31.813 7.036
64 132 kV Barawada 132 L-52 10.001 4.002 13.828 5.533
65 132 kV Mokhampura 132 L-50 10.593 5.130 14.647 7.093
66 132 kV Dalot 132 L-48 18.810 11.657 26.008 16.118
67 132 kV Peeplawa 132 L-47 10.593 5.130 14.647 7.093
68 132 kV Negadiya 132 L-49 10.593 5.130 14.647 7.093
69 132 kV Bijapur 132 L-55 10.595 5.110 14.649 7.065
70 132 kV Kanera 132 L-56 9.004 4.361 12.449 6.029

International Transactions on Electrical Energy Systems 5

 itees, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2023/6315918 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [02/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Table 3: Details of generators connected to test system.

Bus no. Bus names Generator symbol Voltage (kV) P (MW) generated Q (MVAR) generated
1 400 kV Kankroli (PGCIL) UGEN-1 400 120 25
2 400 kV Chittorgarh (RVPN) UGEN-2 400 430 20
7 220 kV Debari UGEN-3 220 210 10
5 220 kV Chittorgarh (RVPN) UGEN-4 220 200 10
62 132 kV Pratapgarh UGEN-5 132 60 0.02
66 132 kV Dalot UGEN-6 132 31.25 0.02
46 132 kV Banswara UGEN-7 132 32 10
60 132 kV Mahi-II UGEN-8 132 60 15

Table 4: Description of transmission lines (part-A).

Transmission line symbol From node no. To node no. Voltage level (kV) Line length (km) Conductor type Line circuit type
TL-1 1 2 400 71.03 Twin moose D/C
TL-2 3 6 220 63.00 ACSR zebra S/C
TL-3 6 7 220 30.00 ACSR zebra S/C
TL-4 7 4 220 90.00 ACSR zebra S/C
TL-5 4 8 220 50.00 ACSR zebra S/C
TL-6 4 5 220 10.10 ACSR zebra S/C
TL-7 4 13 220 120.00 ACSR zebra S/C
TL-8 4 9 220 25.00 ACSR zebra D/C
TL-9 5 9 220 25.00 ACSR zebra S/C
TL-10 8 9 220 21.50 ACSR zebra S/C
TL-11 8 13 220 80.94 ACSR zebra S/C
TL-12 7 10 220 25.60 ACSR zebra S/C
TL-13 7 11 220 91.96 ACSR zebra S/C
TL-14 10 12 132 156.90 ACSR zebra S/C
TL-15 14 15 132 17.50 ACSR panther S/C
TL-16 15 16 132 26.50 ACSR panther S/C
TL-17 16 17 132 31.80 ACSR panther S/C
TL-18 17 18 132 22.00 ACSR panther S/C
TL-19 18 19 132 25.00 ACSR panther S/C
TL-20 19 20 132 25.00 ACSR panther S/C
TL-21 20 25 132 27.22 ACSR panther S/C
TL-22 20 30 132 7.35 ACSR panther S/C
TL-23 20 61 132 28.00 ACSR panther S/C
TL-24 20 69 132 47.94 ACSR panther S/C
TL-25 20 70 132 46.64 ACSR panther S/C
TL-26 25 26 132 23.22 ACSR panther S/C
TL-27 26 27 132 32.82 ACSR panther S/C
TL-28 26 21 132 21.00 ACSR panther S/C
TL-29 27 28 132 15.00 ACSR panther S/C
TL-30 21 22 132 13.40 ACSR panther S/C
TL-31 21 29 132 11.00 ACSR panther S/C
TL-32 22 23 132 13.28 ACSR panther S/C
TL-33 22 24 132 28.00 ACSR panther S/C
TL-34 29 30 132 23.35 ACSR panther S/C
TL-35 17 34 132 22.99 ACSR panther S/C
TL-36 15 31 132 33.84 ACSR panther D/C
TL-37 31 32 132 16.74 ACSR panther S/C
TL-38 31 33 132 23.80 ACSR panther S/C
TL-39 14 35 132 6.50 ACSR panther D/C
TL-40 35 36 132 8.34 ACSR panther S/C
TL-41 36 37 132 5.71 ACSR panther S/C
TL-42 37 38 132 9.37 ACSR panther S/C
TL-43 37 39 132 22.00 ACSR panther S/C
TL-44 39 40 132 22.00 ACSR panther S/C
TL-45 40 50 132 34.00 ACSR panther S/C
TL-46 40 41 132 16.00 ACSR panther S/C
TL-47 41 42 132 17.33 ACSR panther S/C
TL-48 42 43 132 25.00 ACSR panther S/C
TL-49 42 44 132 38.52 ACSR panther D/C
TL-50 44 45 132 64.52 ACSR panther S/C
TL-51 44 48 132 46.60 ACSR panther S/C
TL-52 48 53 132 23.00 ACSR panther S/C
TL-53 53 54 132 23.00 ACSR panther S/C

6 International Transactions on Electrical Energy Systems
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2.1. REGenerator. A solar photovoltaic power plant (SPP) is
used for this study. Te basic block scheme of the proposed
SPP is detailed in Figure 2. Solar energy is trapped by the
solar photovoltaic (PV) plates and converted into electrical
power of a DC nature at a lower voltage. Tis DC power is
converted to a higher DC voltage using the DC to DC
converter, which is further converted to AC power using an
inverter. Filters are used to flter out the undesired harmonic
components. AC power is supplied to the utility grid, and a
transformer may be used to match the AC voltage levels of
the inverter and utility grid.

Details and technical parameters of the solar PV plates,
array confguration, DC-DC converter, inverter, flter, and
transformers used for the study are available in [21–23].

3. Load Projection

Te average load recorded on the buses of the test network
during fve consecutive years is included in Table 8. Fur-
thermore, the average annual load growth rate (ALGR) is
also included in Table 8. Load projection curve is illustrated
in Figure 3. Careful analysis of the data included in Table 8
indicates that average load as well as ALGR both increases
continuously year-on-year basis.Te linear ftting method of
the curve ftting tool of MATLAB software is used to forecast
the loads for a period of ten years (from year 2022 to year
2031). Tis method used the best-ft linear model using least
square approximation technique for computing the load
projections. A mathematical description of this technique is
presented in [24, 25].

Te following equation is used by the linear ft mathe-
matical model for computation of projected average load
(PAL) for time horizon of ten years from year 2022 to the
year 2031.

PAL(x) � a ×(sin(x − π)) + b × (x − 10)
2

  + c, (1)

where x indicates the load projection year; a� 8.276;
b� 0.01107; c� −4.364 × 104. Here, coefcients a, b, and c are
estimated with 95% confdence limits. Te summation of
squared estimate of errors (SSE) is equal to 2.776. Te root
mean square error (RMSE) is 1.178. R-square is equal to
0.9999. Te magnitude of R-square near to unity is a strong
indication that load projections are obtained with high
accuracy level. A computed total projected load for the test
network over a ten years’ time horizon is provided in Table 9.
Furthermore, load projections refected on individual buses
of the test network are included in Tables 1 and 2.

4. Proposed GOMOHSA Method and
Performance Indexes

Te proposed method of grid-oriented multiobjective har-
mony search algorithm (GOMOHSA) used for deployment
of RE generators in a practical transmission network of
RVPN to improve voltage profle and minimize losses is
described in this section. Further, performance function
indexes used to evaluate improvements in the grid’s health
are also described in this Section.

4.1. Objective Function Formulation. Te main objectives of
the proposed study are the minimization of network active
power loss, minimization of network reactive power loss,
and the improvement in voltage profle by the minimization
of total voltage deviations. Tese three objective functions
are described in this section.

Active power loss minimization function (APF) is
expressed by the following expression:

APF � 
m

i�1
I
2
i.real × Ri . (2)

Reactive power loss minimization function (RPF) is
expressed by the following expression:

RPF � 
m

i�1
I
2
i.img × Ri . (3)

Total voltage deviationminimization function (TVDF) is
expressed by the following expression:

TVDF � 
m

i�1
1 − Vi( 

2
. (4)

4.1.1. Constraints. Optimal deployment of RE generators
having optimal sizes has been achieved with constraint limits
of bus voltages, RE generator capacity, thermal limits of
transmission lines, active power loss constraints, and re-
active power loss constraints. Bus voltage limits are defned
as follows:

V
min
i ≤Vi ≤V

max
i . (5)

Voltage limits are considered between 97% and 103% of
rated voltage of each bus as per Indian electricity grid codes.
Termal limit constraint of transmission line is defned by
the following relation:

Ii,j ≤ Irated. (6)

Termal limits used for the transmission lines are
considered as specifed in transmission planning criteria for
the Indian transmission network [20]. Limit for RE gen-
erators is defned by the following relation:

S
min
DGi
≤ SDGi
≤ S

max
DGi

, (7)

where maximum and minimum limits for RE generator
capacity are considered as 50MW and 200MW, respectively.

Active power loss constraint is defned in terms of active
power loss in the presence of RE generator (PL−DG) and
active power loss in the absence of RE generator placement
(PL−without−DG) by following relation:

PL−DG ≤PL−without−DG. (8)

Reactive power loss constraint is defned in terms of
reactive power loss in the presence of RE generator (QL−DG)

and reactive power loss in the absence of RE generator
placement (QL−without−DG) by following relation:

International Transactions on Electrical Energy Systems 7
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QL−DG ≤QL−without−DG. (9)

4.2. Grid-Oriented Multiobjective Harmony Search
Algorithm. Te GOMOHSA is implemented for optimal
placement and sizing of RE generators to minimize the total
voltage deviations, active power loss, and reactive power
loss. Te algorithm is implemented for the base network of
year 2021 and the projected network of year 2031. Following
modifcations are applied to the conventional harmony
search algorithm to design the GOMOHSA:

(i) Critical grid parameters such voltage deviation,
active power loss and reactive power loss are con-
sidered to design the research objective function

(ii) Te grid coordinates (V, P, and Q) are utilized by
GOMOHSA to locate individuals in the objective
space

(iii) Constraint limits of the objective are recognized in
whole population to set the grid structure of ob-
jective functions

(iv) To compute ftness, three grid dependent criteria
such as grid ranking (GR), grid crowding distance,
and grid coordinate point distance are used by the
GOMOHSA to rank the individuals with better
ftness

(v) Convergence is computed utilizing the GR and grid
coordinate point distance (GCPD)

(vi) Grid crowding distance (GCD) is utilized for
computing the diversity of entities

Te grid coordinates are utilized by GOMOHSA to
locate individuals in the objective space. Constraint limits of
the objective are recognized in whole population to set the
grid structure of objective functions. Lower and upper limits
of grid in the objective are determined as follows [26].

llk � P
min
m −

P
max
m − P

min
m 

2 × NDOS
, (10)

where llk: lower limit of kth objective; ulk: upper limit of kth

objective; NDOS: number of divisions of objective space;
Pmin

m : minimum range of kth objective; Pmax
m : maximum

range of kth objective

Table 5: Description of transmission lines (part-B).

Transmission line symbol From node no. To node no. Voltage level (kV) Line length (km) Conductor type Line circuit type
TL-54 48 49 132 46.60 ACSR panther S/C
TL-55 49 51 132 25.62 ACSR panther S/C
TL-56 51 52 132 21.3 ACSR panther S/C
TL-57 51 50 132 30.02 ACSR panther S/C
TL-58 46 47 132 36.11 ACSR panther S/C
TL-59 47 48 132 37.46 ACSR panther S/C
TL-60 46 55 132 35.47 ACSR panther S/C
TL-61 55 56 132 40.50 ACSR panther S/C
TL-62 46 60 132 42.00 ACSR panther D/C
TL-63 46 57 132 22.40 ACSR panther S/C
TL-64 57 59 132 31.63 ACSR panther S/C
TL-65 57 58 132 4.90 ACSR panther S/C
TL-66 58 60 132 5.00 ACSR panther S/C
TL-67 46 67 132 8.47 ACSR panther S/C
TL-68 67 66 132 21.50 ACSR panther S/C
TL-69 66 68 132 35.00 ACSR panther S/C
TL-70 66 65 132 54.00 ACSR panther S/C
TL-71 65 62 132 20.85 ACSR panther S/C
TL-72 62 64 132 10 ACSR panther S/C
TL-73 64 61 132 12.68 ACSR panther S/C
TL-74 61 63 132 22.68 ACSR panther S/C

Table 6: Description of conductors of transmission lines.

S. no. Details of technical parameters
Numerical magnitudes of technical parameter used for line conductors
Twin moose ACSR zebra ACSR panther

1 Positive sequence resistance (R1) 0.0298Ω/km/circuit 0.0749Ω/km/circuit 0.1622Ω/km/circuit
2 Positive sequence reactance (X1) 0.332Ω/km/circuit 0.3992Ω/km/circuit 0.3861Ω/km/circuit
3 Positive sequence susceptance (B/2) 1.7344×10−6 [/km/circuit 1.4670×10−6 [/km/circuit 1.4635×10−6 [/km/circuit
4 Zero sequence resistance (R0) 0.1619Ω/km/circuit 0.2200Ω/km/circuit 0.4056Ω/km/circuit
5 Zero sequence reactance (X0) 1.24Ω/km/circuit 1.3392Ω/km/circuit 1.6222Ω[/km/circuit
6 Zero sequence susceptance 1.12×10−6 [/km/circuit 9.2004×10−7 [/km/circuit 1.3171× 10−7 [/km/circuit
7 Line thermal rating 515MVA 176MVA 71MVA

8 International Transactions on Electrical Energy Systems
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ulk � P
max
m +

P
max
m − P

min
m 

2 × NDOS
. (11)

Objective space for the M number of objective function
is divided into hyper boxes.Te width wk of hyper box in the
kth objective is described by the following relation:

wk �
ulk − llk( 

NDOS
. (12)

Grid coordinates of individuals in the objective are
computed using the following relation.

Gk(x) �
fk(k) − llk(

wk

, (13)

where Gk(x) is grid coordinates of individual x in the kth

objective and fk(k) is actual objective value in the kth

objective.

Table 7: Description of transformers.

From node no. To node no. Transformer symbol Voltage ratio (kV) MVAR capacity (MVA) Values of transformer parameters

1 3 UT-1 400/220 3× 315 Z1� 0.14 pu; (X1/R1)� 20;
Z0� 0.14 pu; (X0/R0)� 20

2 4 UT-2 400/220 2× 315 Z1� 0.14 pu; (X1/R1)� 20;
Z0� 0.14 pu; (X0/R0)� 20

5 21 UT-3 220/132 3×100 Z1� 0.12 pu; (X1/R1)� 20;
Z0� 0.12 pu; (X0/R0)� 20

8 20 UT-4 220/132 260 Z1� 0.12 pu; (X1/R1)� 20;
Z0� 0.12 pu; (X0/R0)� 20

7 15 UT-5 220/132 570 Z1� 0.12 pu; (X1/R1)� 20;
Z0� 0.12 pu; (X0/R0)� 20

6 14 UT-6 220/132 160 Z1� 0.12 pu; (X1/R1)� 20;
Z0� 0.12 pu; (X0/R0)� 20

10 37 UT-7 220/132 100 Z1� 0.12 pu; (X1/R1)� 20;
Z0� 0.12 pu; (X0/R0)� 20

9 26 UT-8 220/132 kV 260 Z1� 0.12 pu; (X1/R1)� 20;
Z0� 0.12 pu; (X0/R0)� 20

11 44 UT-9 220/132 100 Z1� 0.12 pu; (X1/R1)� 20;
Z0� 0.12 pu; (X0/R0)� 20

12 46 UT-10 220/132 2×100 Z1� 0.12 pu; (X1/R1)� 20;
Z0� 0.12 pu; (X0/R0)� 20

13 62 UT-11 220/132 2×160 Z1� 0.12 pu; (X1/R1)� 20;
Z0� 0.12 pu; (X0/R0)� 20

SUN

Local loads Utility Grid

Main Distribution
PannelFilterInverterDC-DC

Converter

PV array

Figure 2: Basic structure of solar PV power plant.

Table 8: Average load recorded in last fve years for the test system network.

S. no. Description
Years

2017 2018 2019 2020 2021
1 Recorded average load (MW) 947.44 984.29 1030.85 1080.13 1132.955
2 Annual load growth rate (%) — 3.89% 4.73% 4.78% 4.89%

International Transactions on Electrical Energy Systems 9
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To compute ftness, three grid dependent criteria such as
grid ranking (GR), grid crowding distance, and grid coor-
dinate point distance are used by the GOMOHSA to rank the
individuals with better ftness. Convergence is computed
utilizing the GR and grid coordinate point distance (GCPD).
Grid crowding distance (GCD) is utilized for computing the
diversity of entities. GR is expressed as summation of its grid
coordinates in every objective:

GRx � 
M

k�1
Gk(x). (14)

GCD takes care of density estimation and considers the
distribution of neighbours of a solution. It is expressed by
the following expression with condition that G D(x, y)<M

GCD(x) � 
y∈N(x)

(M − G D(x, y)).
(15)

Euclidean distance among an individual and best corner
solution of the respective hyper box is considered as GCPD
which is computed using the following relation:

GCPD(x) �

��������������������������



M

k�1
Fk(x) −

lbk + Gk(x) × dk

dk

 

2



. (16)

Te problem of optimal sizing and optimal location of
RE generators in the practical network of the RVPN
transmission system is solved by optimization of the fol-
lowing objective function using the GOMOHSA approach to
minimize the active power loss (PL), reactive power loss
(QL), and total voltage deviations:

min(APF,RPF,TVDF) � Min PL, QL,TVD( . (17)

Te pareto multiobjective method is considered to solve
the problem of DG units placement and sizing rather than a
weighted sum-based multiobjective approach because total
voltage deviations are primarily depended on the reactive
power in the grid. However, TVD is also dependent on the
loading of the lines relative to their surge impedance loading
(SIL). Hence, parameters of the multiobjective function of
the investigated problem are not absolutely independent of
each other.

Te proposed GOMOHSA used for solving the problem
of optimal sizing and optimal location of RE generators in
the practical transmission network of RVPN is summarized
and illustrated in Figure 4.

4.3. Computation of Performance Function Indexes. Te
performance of the proposed method for loss minimization
and voltage profle improvement in the practical trans-
mission grid network by optimal sizing and deployment of
RE generators is evaluated in terms of three performance
indexes, namely, active power loss minimization index
(APLMI), the reactive power loss minimization index
(RPLMI), and the total voltage deviation improvement index
(TVDII). Tese three indexes are essentially required for
overall health of the grid. Hence, all these three have equal
importance for the assessment of the performance of the
grid. Tese indexes are described in the following
subsections.

4.3.1. Active Power Loss Minimization Indexes. Te efec-
tiveness of optimal sizing and deployment of RE generators
using the grid-oriented multiobjective harmony search al-
gorithm (GOMOHSA) on active power loss minimization is
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Figure 3: Load projection curve for ten year time horizon.

Table 9: Test network average load projection for ten years.

Years 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031
Projected average load (MW) 1180.6 1219 1256.10 1298.70 1348.70 1401.10 1448.90 1489.10 1525.80 1566.50
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Yes

No

i>imax

Yes

No

i=i+1 NCS=NCS+1

Yes

NCS>3
No

Stop

START

Enter test system data, test parameters, REG data and REG ranges

Set parameters of GOMOHSA.
Set number of case study (NCS)=1

Consider test network for a case study (NCS) and perform
load flow study to compute PL, QL and TVD

Perform initialization of GOMOHSA with random decision variables

Select bus count m=2

Perform GOMOHSA at bus m and compute APF, RPF and TVDF

Utilize GOMOHSA improvising process to improve
the existing population of decision variables

Utilize best harmonies for updating new population

Perform load flow with REG

Constraints satisfied?

Optimal sizes of REG Generators and
optimal location node for all cases of study

Select next suitable bus
with its REG size

Figure 4: Illustration of proposed GOMOHSA.
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evaluated in terms of APLMI. APMLI is expressed as a
percentage ratio of total active power loss with RE generator
placement (PLWRE) to the total active power loss without RE
generator placement (PLNRE) as described by the following
expression:

APMLI �
PLWRE

PLNRE
× 100%. (18)

Lower the value of APMLI compared to 100%, the active
power losses will be minimum. Hence, efciency of the
network to transmit power from generating stations to the
load centers will be high.

4.3.2. Reactive Power Loss Minimization Index. Te efec-
tiveness of optimal sizing and deployment of RE generators
using the grid-oriented multiobjective harmony search al-
gorithm (GOMOHSA) on reactive power loss minimization
is evaluated in terms of RPLMI. RPMLI is expressed as a
percentage ratio of total reactive power loss with RE gen-
erator placement (QLWRE) to the total reactive power loss
without RE generator placement (QLNRE) as described by the
following expression:

RPMLI �
QLWRE

QLNRE
× 100%. (19)

Lower the value of RPMLI compared to 100%, the re-
active power losses will be minimum.

4.3.3. Total Voltage Deviation Improvement Index. Te ef-
fectiveness of optimal sizing and deployment of RE gen-
erators using grid-oriented multiobjective harmony search
algorithm (GOMOHSA) to minimize the voltage deviations
at all buses of the network is evaluated in terms of TVDII.
TVDII is expressed as a percentage ratio of total voltage
deviation (summation of voltage deviations at all buses) with
RE generator placement (ΔVLWRE) to the total voltage de-
viation without RE generator placement (ΔVLNRE) as de-
scribed by the following expression:

TVDII �
ΔVLWRE

ΔVLNRE
× 100%. (20)

Lower the value of TVDII compared to unity, the better
will be the voltage profle. Lower value of TVDII helps to
maintain voltage at each bus of the power system within the
acceptable range.

5. Simulation Results and Discussion

Results without the deployment of RE generators and with
the deployment of optimally sized RE generators for the
scenarios of base year 2021 and projected year 2031 are
discussed in this section. Results for all the investigated eight
cases of study are discussed in this section.

5.1. Cases of Study. Performance of proposed method is
evaluated considering two diferent scenario of the RVPN
transmission network for base year 2021 and year 2031.

Further, for each of base year and projected year scenario
study is performed with deployment of one, two and three
RE generator units. All cases of networks considered for the
study are detailed in the following:

(i) Case-1: scenario of base year 2021 network without
RE generator unit deployment.

(ii) Case-1A: scenario of base year 2021 network with
one RE generator unit deployment.

(iii) Case-1B: scenario of base year 2021 network with
two RE generator unit deployment.

(iv) Case-1C: scenario of base year 2021 network with
three RE generator unit deployment.

(v) Case-2: scenario of projected year 2031 network
without RE generator unit deployment.

(vi) Case-2A: scenario of projected year 2031 network
with one RE generator unit deployment.

(vii) Case-2B: scenario of projected year 2031 network
with two RE generator unit deployment.

(viii) Case-2C: scenario of projected year 2031 network
with three RE generator unit deployment.

5.2. Objective Function Values Using Simulation Study.
Te proposed objective function, aimed to minimize total
active power loss, total reactive power loss, and total voltage
deviations of the network is optimized by application of
GOMOHSA for all cases of study. Objective functions in
Pareto optimal solutions for the condition of year 2021
without deployment of RE generators are illustrated in
Figure 5. It is observed that the objective function is min-
imized with values of active power loss, reactive power loss,
and maximum voltage deviation (MVD) equal to 7.27MW,
17.31MVAR, and 0.055 p.u., respectively. Optimized values
of objective functions are included in Table 10.

Objective functions in Pareto optimal solutions for the
condition of projected year 2031 without deployment of RE
generators are illustrated in Figure 6. It is observed that the
objective function is minimized with values of active power
loss, reactive power loss, and maximum voltage deviation
(MVD) equal to 13.94MW, 33.18MVAR, and 0.077 p.u.,
respectively. Optimized values of objective functions are
included in Table 10.

Objective functions in Pareto optimal solutions for the
condition of base year 2021 and projected year 2031 are also
computed considering the deployment of one, two, and
three RE generators. Optimized values of objective functions
for all these cases of study are included in Table 10. Objective
functions in pareto optimal solutions for the condition of
base year 2021 considering one RE generator and for the
condition of projected year 2031 considering three RE
generators are illustrated in Figures 7 and 8, respectively. It is
observed that the objective functions are minimized for each
case with a set of values of active power loss, reactive power
loss, and maximum voltage deviation (MVD).

Te data included in Table 10 indicate that the de-
ployment of optimally sized RE generators will improve the
voltage profle of the network and it will reduce the active as

12 International Transactions on Electrical Energy Systems
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well as reactive power losses in the network. Active power
loss saving (APLS) in terms of MW and kWh are included in
Table 11. Electricity saving (ES) in terms of kWh/year is
computed using the following relation:

ES
kWh
year

  � APLS(MW) × 1000 × 8760. (21)

5.3. Optimal Sizing and Placement of RE Generator Units.
Optimal sizing and network buses on which RE generators
are proposed to be placed using the proposed method of
GOMOHSA are included in Table 12. It is observed that the
total capacity for placement of two RE generator units and
three RE generator units is nearly the same. After, detailed
analysis of data of suggested RE generator units, it is

0.05602711

0.056027105

0.0560271

0.056027095

0.05602709

0.056027085

0.05602708
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M
V

D

17.566765 7.3134345
7.313435

7.3134355
7.313436

7.3134365
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Figure 5: Objective functions in Pareto optimal solutions for the condition of year 2021 without deployment of RE generators.

Table 10: Objective function values.

S. no. Objective functions
Without
REG units REG units with 2021 scenario REG units with 2031 scenario

2021 2031 One REG Two REG Tree REG One REG Two REG Tree REG
1 Total active power loss (MW) 7.27 13.94 3.09 1.17 0.82 6.91 4.49 3.95
2 Total reactive power loss (MVAR) 17.31 33.18 7.35 2.79 1.94 16.44 10.68 9.41
3 Total voltage deviation (p.u.) 0.055 0.077 0.044 0.026 0.017 0.053 0.037 0.036

0.07721857

0.077218565

0.07721856

0.077218555

0.07721855

33.385865

33.38586

33.385855
13.9589695
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13.9589705
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M
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Figure 6: Objective functions in Pareto optimal solutions for the condition of year 2031 without deployment of RE generators.
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concluded that two RE generator units each of capacity
175MW may be deployed on the network buses with
numbers 51 and 63. Further, one unit of an RE generator
with a capacity of 80MW may be deployed on the network
bus 25.

5.4. Analysis of Voltages on Network Buses. Voltages on
nodes of network for the scenario of years 2021 and 2031 are
analyzed without deployment of RE generator. Te voltage

profle is also analyzed with the deployment of one, two, and
three generators for each case of study. Te voltage profle of
network buses for the scenario of base year 2021 is illustrated
in Figure 9. Te voltage profle on network nodes for the
scenario of year 2031 without deployment of RE generator
units is also included in Figure 9.

In Figure 9, voltages on the network buses are reduced to
be relatively large extent for the scenario of the projected
year 2031 compared to the base year 2021. Further, im-
provement in network bus voltages is observed with the
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Figure 7: Objective functions in Pareto optimal solutions for the condition of year 2021 with deployment of one RE generator.
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Figure 8: Objective functions in Pareto optimal solutions for the condition of year 2031 with deployment of three RE generators.

Table 11: Active power loss saving.

S. no. Particular
With respect to 2021 scenario With respect to 2031 scenario

One REG Two REG Tree REG One REG Two REG Tree REG
1 APLS (MW) 4.18 6.10 6.45 7.03 9.45 9.99
2 ES (kWh/year) 36,616,800 53,436,000 56,502,000 61,582,800 82,782,000 87,512,400
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deployment of RE generator units. Improvement in network
bus voltages is highest for the deployment of three RE
generator units and minimum with the deployment of one
RE generator unit. Hence, it is concluded that optimal
deployment of RE generator units of optimal size using the
proposed method improves the voltage profle on the net-
work buses.

Te voltage profle of network buses for the scenario of
the projected year 2031 with and without the deployment of
RE generator units is illustrated in Figure 10. Figure 10
illustrates that an improvement in network bus voltages is
observed with the deployment of RE generator units. Im-
provement in network bus voltages is highest for the de-
ployment of three RE generator units andminimumwith the
deployment of one RE generator unit. Hence, it is concluded
that optimal deployment of RE generator units of optimal
sizes using the proposed method improves the voltage
profle on the network buses for the projected year scenario.

5.5. Computation of Performance Index. Performance in-
dexes, including APMLI, RPMLI, and TVDII are computed
for all the cases of study and tabulated in Table 13. Base

parameters for both the cases of study are taken the pa-
rameters without deployment of RE generator units for the
same case. It is observed that APMLI is maximum for both
the cases of study with one RE generator deployment and
minimum with the deployment of three RE generators.
During the case-1 study, RPMLI is observed to be equal to
42.50, 16.09, and 11.28 with one, two, and three RE gen-
erator units, respectively. During the case-2 study, RPMLI is
observed to be equal to 49.57, 32.21, and 28.33 with one, two
and three RE generator units, respectively. Hence, maximum
reduction in active power loss has been observed with de-
ployment three RE generator units.

Table 13 depicts that RPMLI is maximum for both cases
of study with one RE generator deployment and minimum
with deployment of three RE generators. During the case-1
study, RPMLI is observed to be equal to 42.46, 16.12, and
11.21 with one, two, and three RE generator units, respec-
tively. During the case-2 study, RPMLI is observed to be
equal to 49.55, 32.19, and 28.36 with one, two, and three RE
generator units, respectively. Hence, the maximum reduc-
tion in reactive power loss has been observed with the
deployment of three RE generator units.

Table 12: Optimal capacity of RE generators.

S. no. Bus no.
REG capacity with 2021 scenario (MW) REG units with 2031 scenario (MW) Optimal
One REG Two REG Tree REG One REG Two REG Tree REG RE capacity (MW)

1 25 — — — — — 165.21 80
2 28 — — 62.84 — — — —
3 51 — 198.42 187.42 198.66 173.08 184.43 175
4 52 184.72 — — — — 19.88 —
5 63 — — 194.25 — — — 175
6 64 — 199.45 — — — — —
7 69 — — — — 172.28 — —
8 Total RE capacity 184.72 397.87 444.51 198.66 345.36 369.52 430
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Figure 9: Voltage profle of network buses for the scenario of base year 2021.
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Table 13 depicts that TVDII is maximum for both cases
of study with one RE generator deployment and minimum
with deployment of three RE generators. During the case-1
study, TVDII is observed to be equal to 80, 47.27, and 30.90
with one, two, and three RE generator units, respectively.
During the case-2 study, TVDII is observed to be equal to
68.83, 48.05, and 46.75 with one, two, and three RE gen-
erator units, respectively. Hence, the maximum reduction in
total voltage deviation has been observed with deployment
three RE generator units. Further, total voltage deviations
are minimized with the deployment of RE generator units. It
is concluded that APMLI, RPMLI, and TVDII are mini-
mized by the deployment of RE generator units and min-
imum values of these parameters are observed with the
deployment of three RE generator units.

6. Analysis of Cost Benefits

Te payback period is computed to recover the cost of the
installation of RE generators for all cases of study. Electricity
tarif (ET) for cost beneft computation is taken current tarif
in India, which is equal to Indian Rupees (INR) 7.65/kWh
[27]. Total installation cost for a RE generator (solar pho-
tovoltaic (PV) system) of capacity 10 kW is approximately
equal to INR 82000 [28].Tis cost includes the cost of wiring
charges, operation, and maintenance costs.

Annual cost saving (ACS) due to electricity saving by
deployment of RE generators is computed by the following
relation:

ACS
INR
year

  � ES
kWh
year

  × 7.65
INR
kWh

 . (22)

Total capital cost (TCC) for deployment of RE generator
is expressed by the following relation:

TCC(INR) �
REGCapacity(MW) × 1000 × 82000

10
. (23)

Payback period (PBP) is defned as ratio of total capital
cost (TCC) incurred on deployment of RE generators to
annual cost saving as described in the following [29]:

PBP(year) �
TCC
ACS

. (24)

Annual cost saving, total capital cost and payback period
for all cases of study for deployment of RE generators are
included in Table 14.

Table 14 depicts that the payback period for the de-
ployment of two RE generators and three RE generators is
approximately the same for the base year 2021 and the
projected year 2031. However, performance parameters are
improved by the deployment of three RE generators. Fur-
ther, the payback period for RE generator deployment
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Figure 10: Voltage profle of network buses for the scenario of projected year 2031.

Table 13: Performance indexes.

S. no. Performance index
REG units with 2021 scenario REG units with 2031 scenario

One REG Two REG Tree REG One REG Two REG Tree REG
1 APMLI 42.50 16.09 11.28 49.57 32.21 28.33
2 RPMLI 42.46 16.12 11.21 49.55 32.19 28.36
3 TVDII 80 47.27 30.90 68.83 48.05 46.75
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during the base year is approximately 8 years and 4.5 years
for the projected year 2031. Hence, it is concluded that three
RE generators may be deployed in the base year to get the
maximum beneft in terms of cost savings.

7. Performance Comparison

Performance of the proposed GOMOHSA is established for
the deployment of RE generators in a practical transmission
system of RVPN by comparing it with the performance of
the genetic algorithm (GA) reported in [30] for the de-
ployment of RE generators in the RVPN transmission
network used for the study. Te performance comparative
study for deployment of three RE generators for the con-
dition of projected year 2031 using the proposed
GOMOHSA and GA reported in [30] is included in Table 15.

Table 15 depicts that the RE generator capacity for
deployment of three generators using GOMOHSA and GA
are 369.52MW and 475.28MW, respectively. Higher ca-
pacity of RE generator is estimated using GA compared to
the GOMOHSA. Active power loss savings are 9.99MW and
6.92MW by deployment of three RE generators using
GOMOHSA and GA, respectively. Hence, APLS is high by
application of GOMOHSA compared to the GA. Te pay-
back period to recover the capital cost for deployment of RE
generators using GOMOHSA and GA is 4.526 year and
8.404 year, respectively. Hence, capital cost will be recovered
earlier with the use of GOMOHSA.

7.1. Sensitivity Analysis. Parameter sensitivity analysis is
performed for both the GOMOHSA and GA considering a
placement of three DG units each rated at capacity of 50MW
and 20MVAR for condition of projected year 2031. Te rate
of change of active power loss (APL) with respect to change
in active power (P) injection by DG and the rate of change of
total voltage deviation (TVD) with respect to a change in
reactive power (Q) injection are considered to analyze the
parameter sensitivity of the methods. Te rate of change of
active power loss (APL) (ΔAPL) with respect to active
power (P) injection by DG (ΔP) is defned by the following
relation:

ΔAPL
ΔP

�
Total Change inActive Power Loss

Total Change inActive Power Injection
. (25)

Rate of change of total voltage deviation (TVD) (ΔTVD)

with respect to reactive power (Q) injection by DG (ΔQ) is
defned by the following relation:

ΔTVD
ΔQ

�
Change of Total VoltageDeviation

Total Change in Reactive Power Injection
. (26)

Sensitivity analysis is performed by changing the ca-
pacity of each DG unit to 60MW and 25MVAR. Sensitivity
analysis is illustrated in Table 16.

Te active power loss rate change is 1.847 times higher
for the DG placement using GA compared to GOMOHSA.
Similarly, the total voltage deviation rate change is 1.438
times higher for the DG placement using GA compared to
GOMOHSA. Terefore, it is concluded that the proposed
GOMOHSA is less sensitive to the parameter variations
compared to the GA reported in [30].

8. Conclusions

Tis paper presented a grid-oriented multiobjective har-
mony search algorithm for optimal placement and sizing of
the RE generators in a part of the RVPN transmission
network to minimize the active power loss, reactive power
loss, and improvement of voltage profle. Tis is concluded
that the optimal sizes of one, two, and three RE generators
for the base year 2021 is found to be 184.72MW,
397.87MW, and 444.51MW, respectively. Similarly, the
respective values for the projected year 2031 are 198.66MW,
345.36MW, and 369.52MW. Voltage profle has improved
for the base year and projected year after placement of RE
generators. Magnitudes of performance indexes, including
APMLI, RPMLI, and TVDII has magnitudes in descending
order with one REG, two REG, and three REG units for the
scenario of both base year and projected year. Tis has

Table 14: Active power loss saving and payback period.

S. no. Particulars
With respect to year 2021 scenario With respect to year 2031 scenario

One REG Two REG Tree REG One REG Two REG Tree REG
1 ACS (INR/year) 280,118,520 408,785,400 432,240,300 471,108,420 633,282,300 669,469,860
2 TCC (INR) 1,514,704,000 3,262,534,000 3,644,982,000 1,629,012,000 2,831,952,000 3,030,064,000
2 PBP (year) 5.407 7.981 8.433 3.458 4.472 4.526

Table 15: Performance comparison of GOMOHSA and GA.

S. no. Parameters GOMOHSA GA [30]
1 APMLI 28.33 37.48
2 RPMLI 28.36 38.10
3 TVDII 46.75 55.28
4 REG capacity (MW) 369.52 475.28
5 APLS (MW) 9.99 6.92
6 PBP (Year) 4.526 8.404

Table 16: Parameter sensitivity of GOMOHSA and GA.

S. no. Sensitivity criteria GOMOHSA GA [30]
1 ΔAPL/ΔP 0.01072 0.01980
2 ΔTVD/ΔQ 0.01950 0.02804

International Transactions on Electrical Energy Systems 17
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indicated that health of grid network has improved by REG
placement and maximum efect is observed with three REG
units.Te payback period for the placement of one REG, two
REG, and three REG for the base year is found to be
5.407 year, 7.981 year, and 8.433 year, respectively. Similar
values for the projected year are 3.458 year, 4.472 year, and
4.526 year. Recommended capacity of RE generators are
80MW, 175MW, and 175MW on the nodes 25, 51, and 63,
respectively of the test system. Te performance of the
proposed GOMOHSA is better compared to the conven-
tional genetic algorithm (GA) in terms of performance
indexes, RE generator capacity, payback period, and sen-
sitivity of parameters.
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