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Abstract: As fossil fuel stocks are being depleted, alternative sources of energy must be explored. Consequently, traditional
thermal power plants must coexist with renewable resources, such as wind, solar, and hydro units, and all-day planning and operation
techniques are necessary to safeguard nature while meeting the current demand. The fundamental components of contemporary power
systems are the simultaneous decrease in generation costs and increase in the available transfer capacity (ATC) of current systems.
Thermal units are linked to sources of renewable energy such as hydro, wind, and solar power, and are set up to run for 24 h. By
contrast, new research reports that various chaotic maps are merged with various existing optimization methodologies to obtain better
results than those without the inclusion of chaos. Chaos seems to increase the performance and convergence properties of existing
optimization approaches. In this study, selfish animal tendencies, mathematically represented as selfish herd optimizers, were
hybridized with chaotic phenomena and used to improve ATC and/or reduce generation costs, creating a multi-objective optimization
problem. To evaluate the performance of the proposed hybridized optimization technique, an optimal power flow-based ATC was
enforced under various hydro-thermal-solar-wind conditions, that is, the renewable energy source-thermal scheduling concept, on
IEEE 9-bus, IEEE 39-bus, and Indian Northern Region Power Grid 246-bus test systems. The findings show that the proposed
technique outperforms existing well-established optimization strategies.

Keywords: Available transfer capability (ATC), biogeography-based optimization (BBO), chaotic map, chaotic selfish herd
optimizer (CSHO), grey wolf optimizer (GWO), optimum power flow (OPF), power generation cost (PGC), renewable energy
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. The system operator must provide ATC in an
1 Introduction . ]
open-access, publicly assessable domain on an hourly
and daily basis . According to the World Bank and
Central Electricity Authority (CEA) India [2'3], the

world’s power demand is increasing rapidly.

According to the North American Electric Reliability
Council (NERC), the definition of “available transfer
capability” (ATC) is the amount of additional power

that can be moved over the lines that are already in Constructing a new transmission line for highly

pl}allce;vnhlout 1n§r11(11g%;1g on the (Il)ower systex;s limits. populated countries such as India and China is almost
The .our y and dal y. ATC ata must be openly impossible. An ATC assessment provides appropriate
accessible as per the guidelines of the Federal Energy . .
= information to ensure that these types of power
Regulatory Commission (FERC). Presently, the . .
. . . transactions continue to take place over the current
complexity of power systems is very high because the . . . e o
o transmission lines without infringing on the limits of
modern frameworks and distributed generators (DGs) [1,4-5]
. the power system "~
are connected to the grid. ) )
Therefore, the real-time calculation of ATC always

adds an extra burden to the optimization process. The
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when power transactions are happening. An operator

can have ten times more power transaction conditions

in the existing network if the ATC is known in advance.

Scheduling renewable energy sources (RESs) with

thermal generation units introduces additional

uncertainties that require careful consideration. This
problem cannot be ignored from a financial
engineering perspective M In the present era, power
system networks involve grids, DGs, RESs, and
flexible AC transmission systems (FACTS), which
make power-flow equations much more complex and
[61. Hence, known linearization methods
ATC.

computational techniques have been used to obtain an

nonlinear

cannot accurately evaluate the Several
accurate ATC by maintaining the voltage stability,
thermal limit, reactive power generation limit, and
other power system constraints within limits; the
techniques are listed below.
(1) Using an optimal power flow (OPF) method .
(2) Using a distributed contingency analysis method 8
(3) Using a conceding voltage stability monitoring

9-10
process : ].

(4) Using a distributed state estimations process =121

(5) Using a distributed control for distribution power
networks M.

Some standard optimization techniques, such as
biogeography-based optimization (BBO), grey wolf
optimization (GWO), and selfish herd optimizer
(SHO), are widely used to evaluate the OPF. Hence,
these optimization tools can also be used for ATC
calculations. Therefore, a real-time ATC can be
determined by modeling a multiarea OPF problem that
considers both the equality and inequality criteria.
Time and memory complexities are no longer major
issues for modern computers. Meta-heuristic
algorithms are a class of computational techniques
employed to obtain near-optimal solutions to
optimization problems. Genetic algorithms are well
suited for addressing combinatorial optimization
problems because of their ability to efficiently identify
a solution of satisfactory quality within a reasonable
time frame. Meta-heuristic algorithms are a potent set
of procedures that aim to optimize one or more
objective functions for a particular problem while
considering the constraints and limitations. The

techniques in question are problem agnostic, meaning

that they do not rely on any particular characteristics
of the problem at hand and are thus applicable to a
broad spectrum of problems. Metaheuristic algorithms
possess numerous advantages over nonmetaheuristic
techniques. These advantages include the capacity to
discover approximate solutions to optimization
problems, wide-ranging applicability, and the ability to
generate nearly optimal solutions in a computationally
efficient manner. Furthermore, the computation of
ATC wusing the OPF method involves intricate
nonconvex and nonlinear methodologies. Therefore,
the classical techniques are considered inadequate.
Hence, the use of metaheuristics is required. Therefore,
the ATC can be evaluated in real time using OPF by
applying metaheuristic techniques. Briefly, the main
arguments of this study are as follows.

(1) SHO and chaotic selfish herd optimizer
(CSHO) algorithms are employed to formulate the
multiarea ATC problem using OPF.

(2) Usually the generation cost is not considered
when computing the ATC. However, in this study, a
multi-objective optimization problem that includes
generation costs is considered (15471,

(3) According to the ATC

integration of hydro-wind-solar units with thermal

calculation, the

power plants aims to reduce the expenses incurred in
the production of active power and safeguard the
environment.

(4) The problem formulation presented in this
article considers the scheduling of thermal, hydro,
wind, and solar energy systems, along with the
fluctuation in energy demand over a 24-h period
and enhancement of the ATC during this time
frame '®211,

The remainder of this paper is organized as follows.
Section 2 presents a clear mathematical representation
of the
information on wind, solar, thermal, and hydroelectric
describe  the

proposed problem, including relevant

resources. In Section 3, we
implementation of the proposed hybrid chaotic selfish
herd optimizer and selfish herd optimizer algorithms
in detail. Section 4 presents the investigation on the
use of the aforementioned method under different test
conditions, namely the IEEE 9-bus, IEEE 39-bus, and
Indian Northern Regional Power Grid (NRPG)
246-bus systems. Finally, we conclude the paper and
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discuss future implications in Section 5.

2 System modelling using mathematics

The mathematical foundations for wind, solar,
hydrothermal, and ATC calculations are applied

individually in this section.

2.1 Generation of wind energy and its cost

The generation of wind power is unpredictable [22-24]

The probability density function in Eq. (1) can be used

to forecast wind speed, as shown below (23]

S, S -1
(S, S, i) = exp —[15] éi(fiJ (1)

Sy S5,

The cumulative density function (CDF) for wind
speed is denoted by Eq. (2)

Si
cdw(S,,,S ;,vl) =1—exp —(V—j 2)

A linear model can be used to illustrate the
relationship between wind speed and viability of wind

power generation, as shown in Eq. (3)

wnd,, visvli<vi,
0 vi<vl, orvi=vl ,
wnd = d(vi-i,) 3)
wnd (=) <y
vl, —vi,

The authors computed the likelihood of wind power
under wind and zero wind conditions using Eqs. (4)

and (5) as follows

P, .(wnd =0)=cdw(l,)—(cdw(l,)—-1)=

Sh Sh
1+exp —(Vl””’ J —exp —(EJ 4)
Sf S f

P..,(wnd =wnd,)=cdw(vl ) — (cdw(vi,)-1)=

1 Y LY
exp _(v out J —exp —{hJ (5)
Sf Sf

where cdw is a random variable (wnd) obtained using

Egs. (4) and (5) that can be rewritten as follows

1 wnd >wnd,
0 wnd<0

VIin Sh Hwnd (WndR + HW”d ) VZf" x
wnd S, wnd S, (6)

ina Wnid)=

(WndR + Hwnd )vzin \J
exp| —

wnd S,
0 <wnd < wnd,

where

H, , = —1+(ﬂj (7)
vl,

Wind power output is not constant because of
variations in wind speed. Consequently, the amount of
wind power produced is sometimes less than the
demand (an overstated scenario), whereas at other
times, it is greater than the load demand (under the
estimated scenario). Both scenarios include two
additional cost factors for the production of wind
power: overestimation and underestimation costs. The
formulas for underestimating and overestimating costs

can be stated as follows

Sh.z Sh..
VIM,Z VIoul,Z
Ewnd,Z,T = Cwnd,z (WndR,Z - Wndz,T) eXp - S_ - exp - T4 +

Vl[n 4 " [
exp| — : —exp| —
Sf Z

Shz
1 VI[n
Ty —| — +1r+7
)

S,z

The “direct cost of wind power” or the money spent
buying electricity from a wind farm operator in

response to a specific demand, is expressed as follows

E,,r=wnd, xg, ©)

Sh.z
wnd, Vi,
out,Z Wﬂdrz + R,Z " %in,z +
B

[z [z

fZ in, out,Z
L, )" d, i
1 Vigz 41 L AL
| &z Rz mz ]
Sh,z Sf,Z Vin,z ™ Vour,z ( )

Thus, the following are the wind power production
estimates for each period, which considers the
potential for under and overestimation, as well as the

direct cost of wind generation
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Nng

wnd tot Z z dr. Zt UN Z.t + EOVR,Z.t) (10)

z=1 t=1

where N,q 1s the total number of wind generators.
2.2 Solar energy and its cost of production

In a solar power plant, the amount of energy produced
is proportional to the amount of incoming solar
radiation (S/;) and the surrounding temperature (7amp).
Consequently, the solar energy output may be written

as

SP

solar :SP.volnr

_§L6x{a5(zﬂn-7;m)+l} (11)

The total solar share (Sy;) from the units that have
been placed may be regulated by whether or not the
solar panels are turned ON or OFF.

s

S - Z S volnrt yolar,t (12)

solar=1

The solar share, denoted by Sy, has a maximum
limit that is capped at X% of the total demand
power at any sub-interval ¢ within the total interval 7,
and the method for determining that limit can be
expressed in mathematical terms as follows
x PD, (13)

To obtain the greatest advantage from the installed

Smt g x.volar
solar capacity, clients are assessed a penalty factor.
Therefore, the cost of the difference between the
installed power capacity and amount of solar power
produced is as follows

solal Z Z S solart covfim,w. (14)

t=1 solar=1

T ns

mlar : :

( solar,t S.mlar,t ) (15)

2.3 The economics of producing electricity from
hydropower

Compared with other forms of power generation, the
costs associated with operating a hydropower plant are
| [2627]

minima . Combining a hydropower-producing

unit with a thermal power plant is a viable option to

[28]

reduce fuel and pollution costs ™. Production of

hydroelectric power, denoted by PHY,, , may be
expressed in terms of water flow rate and reservoir

capacity as follows
PHY, ,=HO,,+HO; disq,,+HO, Vol, ,+
HO, disq,,Vol,, + HOz,[Volzu +HO, ,disq’,, (16)

where HO,;, HO,;, HO;,;, HO4;, HOs; and HOg; are
the coefficients for hydroelectric power generating
units, and Vol; ; and disq;, ; represent the water volume
of the ith unit and discharge rate water of ith unit,

respectively 291,

2.4 Generation of thermal electricity and its
associated costs

The valve-point effect and quadratic function are often
used to illustrate how a thermal power generator

operates, as follows [30-31]
T Neain
=2 Z (OtP2 +BE, +7, +‘el,» sin(ez,-(—l?,,ml +P, ))‘)

=1 i=l

(17)
where the total number of thermal units is given by
Ngenth; i , 5, and y are the fuel coefficients; ey; and
ey are the valve point loading effect constants; and
Bin is the lowest active power production of the ith
thermal unit. Thus, the active power production cost
for the thermal unit, along with the solar, wind, and
hydro units, may be calculated as follows

genHY

Fgen_tat = I;Tmlar + Ewnd_tot Th tot + }/M Z z PH it
i=

(13)
where the scalar constant y,, maps water volume
discharge to the price of generating an equal amount of

electricity [32-34],

2.5 Formulation of the ATC and RES-thermal
scheduling issue

In this study, the OPF concept is used to address the
challenges faced by ATC. A target function or cost
function is created to maximize -electricity
transmission from a source region of generating units
to a sink region of loads through a network of
transmission or tie lines without breaching the limits
and restrictions imposed by the operation of the power
grid. The thermal limit of a power line is the maximum
power that can be transmitted across it. The purpose is
to develop a mathematical formulation of the ATC cost
function. Unlike most cases in which only the cost of
producing power is considered, both the ATC and
power generation cost (PGC) are considered here. This
study focused on three major situations.

(1) Case A: Schedule RES with thermal units

strategically to minimize the cost of active power
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production (33371

(2) Case B: Maximize ATC without exceeding
restraints imposed by the electrical system.

(3) Case C: Maximize ATC while minimizing the
cost of producing electricity from RES (multi-
objective).

Therefore, the cost function may be expressed as

FTot = ¢TLFTL + ¢TLAFTLA + ¢VFVmis + ¢geanenJo: (19)

For the objective function, &, , ¢, , ¢, ,and deen
are positive scalar values. Using these scalar factors, a
single or multi-objection cost function may be
produced with appropriate weighting. Power flow
through certain lines can be increased to improve ATC,
as indicated below

1
F, =
STLi - STLB‘-

TLA

(20)

where S;,, is the power flowing down the ith line
and Sy is the base power flowing along the line. A
mathematical safeguard against transmission line

overload has been included into the cost function in

the form of the following if statement Sy, ... < Sy,
true
N
F, = Z(Sﬂmaxi - STLi )2 (21)

The following is the equality requirement placed on
load flow

NHL’S

QG, _QD, - z V:YUVJ Sin(aij +§j -6,)=0 (22)
j=1

The following are the limits placed on the production

of voltage, active power, and reactive power

VS Y S Y™ =1, Ny (23)
PM"<P. <P™ i=1,--,Ng, (24)
oM <0, <O i=1,Ngy (25)

where Npys and Nggy are the total bus and generator
bus counts, respectively. V™ , FP;*,and Qg are
the maximum and lowest voltages and active and
reactive power production limitations, respectively, in
the IEEE test system. The test system’s tap setting
transformer and shunt reactor compensations are as

follows
T™<T<T™ i=1,-,N, (26)

;"I1lj1§'1SQSHng;;Ia'X i=L-,Ng (27)

where Ngy and Nr are the total number of shunt
reactors and tap-transformers, respectively. Their
minimum and maximum values are denoted by the
superscripts min and max, respectively. The values of
the scalar constants used in Eq. (19) are provided in
Tab. 1, in which the scalar factor varies depending on
the specifics of the case.

Tab.1 System parameters

Case bn ¢ b Been
Case A 1000 1 000 0 1
Case B 20 20 10 0
Case C 20 20 10 0.001

3 Implementing the proposed algorithms

This section discusses several metaheuristic
algorithms developed to address these issues, such as

the proposed CSHO.
3.1 Incorporating the BBO algorithm

Biogeography studies the emergence of novel species,
movement of populations from one ecosystem to
another, and extinction of populations elsewhere. In
BBO, a habitat is conceptualized as an island (region)
separated from other islands by physical distance. To
qualify as an ideal residential location, a habitat must
have a high habitat suitability index (HSI). Suitability
index variables (SIVs) are used to describe the factors
that make space habitable B8 The SIV index is
assumed to be the habitat’s independent variable, and
thus the HSI is dependent on it. The basic BBO
method for solving optimization problems comprises
two steps migration and mutation 091,

3.1.1 Phase of migration

During the migration phase of BBO, characteristics
migrate to other islands and emigration from the
population occurs, resulting in creation of the next set
of solutions. Rates of emigration and immigration
from and to the kth island may be modelled as shown
in Egs. (28) and (29)

S
/’i'k :Imax [1 - Sm];x ] (28)
— EmSk
M= (29)

max
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where A, and g, are the immigration and
emigration rates for the kth individual, respectively;
Ernax> Imax, and Smax, represent for the kth individual’s
species count and the maximum number of species
that may exist, respectively.

3.1.2 Phase of mutations

The BBO mutation process is meant to increase the
population density to sustainably feed on excellent
solutions. At this stage, the mutation rate determines

the random change in the habitat SIV index (40l

1-P,
mu, =mu_, (30)

max

Each of these potential habitats, or candidate
solutions, is denoted by m SIVs (a vector), with each
SIV consisting of the value of the associated control
parameter and Py as shown in Eq. (31)

Hoy By ~(A 1) B 50
B= tpoy By ~ (A +14) B+ B 1SSSS, -1
By -duoy ~(A+#)- B S=Su
(31

3.2 Incorporating the GWO algorithm

In 2014, Mirjalili et al. "I

implementation of the GWO. The algorithm addresses

pioneered the

the mechanics of hunting and the democratic behavior
of grey wolves living together in a pack in the wild.
Grey wolves adhere to a very hierarchical and
domineering social structure when they are in a pack.
The order of the social dominance hierarchy is as
follows.

(1) Alpha wolves (a) (a female and a male): the
pack’s highest-ranking leaders who make the
decisions.

(2) Beta wolves (B): subordinate wolves who assist
the alpha.

(3) Delta wolves (8): responsible for relaying
information to the higher two tiers.

(4) Omega wolves: the lowest level in the wolf
hierarchy that comprises infant and weak wolves who
relay information to all other ranks.

This

surrounding, and

social order, which comprises tracking,

attacking prey, can be
mathematically modelled as discussed in the following

section.

3.2.1
The optimal solution is designated as an alpha wolf
(alpha), the second-best as a beta wolf (beta), and the
third-best as a delta wolf (delta). The remaining

Rank in society

candidate solution sets are assumed to be omega
(omega). Although this described method, which is
similar to a hunting mechanism, is mostly controlled
by alpha, beta and delta also have an effect.

3.2.2 Phase of encircling prey

The surroundings of the prey that successfully use the
hunting mechanism may be mathematically defined as

follows
D=[C-X,(t,)- X, (&) (32)
X, (6, +1)=X,(t)-A-D (33)
A=2a-rand, —a (34)
C=2-rand, (35)
D=C-X -X, (36)

where fy is the current iteration; X, and X,, are the
position vectors for a prey and a grey wolf,
respectively; C and A are coefficient vectors; rand,
and rand, are two different random vectors in between
[0, 1]; and a is linearly reduced from 2 to 0 over the
progress of said iterations. The three best solutions
(Xpe» Xpp, and X)) are saved including the latest
positions of the omegas according to the current best
position. The final position, X,(z+2) is defined by the
positions of alpha, beta, and delta in the search space.

X1:Xi_Al(Di) 37)
Xw(toﬂ):é(X] +X,+X,) (38)

where i is ¢. Similarly X, and X3 can be evaluated by
replacing i as fand 6, respectively.

During the course of the simulation, the alpha, beta,
and delta wolves each make an educated guess on the
location of the prey. If A>1, then the candidate
solutions have moved away from the prey, and if 4 <I,
then the candidate solutions have moved closer to the

prey.
3.3 Incorporating the SHO algorithm

The SHO method is concerned with how a prey animal
(within a herd) might improve its chances of surviving
a predator assault; however, it does not consider how
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this would affect the chances of surviving prey
animals %]

3.3.1 Phase of initializing the population

The first phase of the SHO algorithm involves random
construction of predators and prey. During
initialization, the total size of the 4 of N population is
set to A=ai, az, ***, ai, ***, an, where a; is the position
of an individual. Each n-dimensional search space
solution is a;=[ai1, aip, ***, ai.]- The Iinitial

population is produced randomly as follows
afj =rand (0, 1) . (xﬁlp - xfW) (39)

where xi-/P and x;" denote the upper and lower
limit of the jth dimension, respectively, and rand(0, 1)
is a random value between 1 and 0. The SHO method
considers two distinct groups of search agents: the
predatory pack (P={pi, p2,***, pnr}), and the more
peaceful herd (H ={h1, hy,***, hyy}). It has been noted
that, in the wild, 90% to 70% of a population may be
classified as a herd. As a result, we may write NH and
NP as

NP=-NH + N (40)
NH = floor(rand(0.7,0.9) x N) 41)

3.3.2  Survival value assignment stage

Notably, when predators and prey interact, each member
of a pack or herd has a unique survival profile, and thus,
a unique likelihood of surviving an attack or killing a
target animal. The mathematical representation of this
survival value S Va, for each individual animal in

n-dimensional search space is as follows
SV — _](best + f(ai)
a;
f;vest - f;mrst
where f,,, and f,

worst

(42)

are the best and worst fitness
values recorded thus far depending on the pace of
convergence.

3.3.3 Aselfish herd’s structure

There are a few distinct positions within a herd’s
hierarchy. During aggregation, the herd leader controls
the direction of the prey. Many members of a herd
decide where to go based on their shared knowledge of
how to stay alive and the proximity of other members
of the herd. Those who abandon the herd choose their
own path independent of the rest of the quarry.

3.3.4 Operators of herd movements

The SHO method is regulated by two distinct

evolutionary theories. One set of leaders in the herd
functions as the operator of the herd’s movement,
whereas another set of leaders in the herd acts as the
operator of desertion and follows the movement. All
animals in a selfish herd learn crucial details about one
another during these operational movements, such as
how far away they are from other members of the
aggregation and the value of their own survival.

3.3.5 Operators of predator movement
The danger of predation for solitary individuals is
greater than that for herd members. Mass motion
causes a predator to become disoriented and misjudge
where to launch an assault. An SHO model predicts
how a predator’s pack will travel in relation to a herd
based on how well its members will be able to avoid
being killed by the herd and how far away from it they
are when the attack begins.
3.3.6 Probabilities of pursuing
In SHO, the equation for the pursuit probability is

Voo,

NH
Z Y by,
m=1

where 7, are the degrees to which 4; and p; are

pp,,h =

J

(43)

interested in the prey. At the kth iteration, the
following equation is used to change the position of

the predator
Pt =2-rand (0,0 (h - pt)+ pf (44)

where /' is a member of the herd that was picked at
random during the kth iteration of the process.

3.3.7 Period of predation

In the SHO technique, the predation phase determines
how the prey and predator interact. It is thought that
after both the pack of predators and the selfish herd
(prey) move, the exclusion of a solution from the
current set of solutions and the dangerous area can be

shown as follows for n-dimensional space

R=t
2xn (45)

3.3.8 Period of restoration

Predation causes the size of prey populations to
change dynamically throughout the year. This effect is
reflected in the manner in which the SHO algorithm
returns the number of prey items. By replacing the
members of the herd who were kicked out and letting
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them mate, the original balance of the herd’s

population is restored.
3.4 An introduction of chaotic maps

In this section, the authors describe their devised
hybrid SHO algorithm, which uses the idea of a
chaotic scale factor. In a chaotic system, the most
important concerns are the preliminary factors and
sensitivity of the conditions. The process of initializing
the SHO algorithm has been significantly aided by the
chaos concept. Therefore, to achieve better
convergence, a hybridization of chaos and SHO is
According to previous

proposed in this study.

papers 1748

], chaotic combinations are often nonlinear
stimulation systems. Therefore, the response of chaotic
combinations depends on both the changes in the
system parameters and the starting expressions.
Numerous chaotic map iterations have been proposed.
In this article, ten distinct chaotic maps were
considered. These maps are as follows: circle, cubic,
logistic, Gaussian/mouse, iterative, sinusoidal, sine,
singer, tent, and piece-wise 1 A quick tabulation of
these maps is presented in Tab. 2. After combining the

Tab.2 Names of the different chaotic maps and their

mathematical expressions

SINo. Name of map Chaotic map equation

A .
COM1  Circle map x,,; =mod (x" +B (2—] sin (ZTan ), 1J
T
COM2  Cubic map X, = Ax, (l - xnz)
COM3  Logistic map x,, =A4x,(1-x,)
) 1 x,=0
COM4 Mouse/Gussian X, = 1 '
map ——— Otherwise
mod(x,,1)
L[4
COMS  Iterative map X,,, =sin [—EJ
xﬂ
. A4 .
COM6  Sine map X, = 7 sin(mx, )

COM?7 Sinusoidal map X, = Ax; sin (7, )

COMS  Singermap ¥, =107(7.86x, —23.31x] +28.75x; —13.30287x;)
Loog<y <P
P
o 8‘"5_‘; P<x, <05
COM9 P1e<r:§é—lw1se X, = 1. ;_P
P = 05<x <1-P
05-P
1% _p<y <1
- x,<0.7
COMI10  Tent map X, =

above ten chaotic maps with the SHO algorithms to
create an initial SHO population for resetting the
simulation, the optimal chaotic map was chosen for
use in the IEEE 9-bus, IEEE 39-bus, and Northern
Regional Power Grid (NRPG) 246-bus systems.

3.5 Issues with CSHO implementation

In this section, the implementation of the proposed
hybrid chaotic SHO is explored using the flowchart
shown in Fig. 1. In a previously described technique,
the SHO-COMS5 A chaotic map is interchangeable
with several other possibilities. As presented in Tab. 3,
SHO-COMS was used in this study.

Initialization no. of population, no, of B“ﬁé;?eﬂ:w&g?;;nd
0 interration, and other optimization  =— EEETEl SN o
2.8 parameters NRPG 246
£ ]
? g Randomly g,l:m:'ralc the initial populati
£.2 |—{(10,15,18]19,22-28,40) with CM3 chaotic
5 ;o: mapping (Tabs. 2-3)
=5
£s
d Check feasibility an Store all initial
total no. of initial population
population=50
| Starting SHO loop, k=2 | ]
. Split th lation in herd and predator (41,42
i Calculat the survival values of population (1543)
ii. Selfish herd movement operation F44) =
v. Predator movement operation (43) ) S
v. Recalculate the survival values of population (19,43) 5
vi, Predation phase (46) z
vii, Restoration phase w
viil. k=k+1 B
o3
=
| Ending of SHO —
!
_Displayed cost as per case A, B and C;
- Displayed best final control variables; Show
E the convergence curve and voltage profile
=
Fig. 1 Flow chart of CSHO
Tab.3 The chaotic map results for Case A using
the 9-bus system
Chaos Min Average Max
SHO-COM1 16 121.505 1 16 121.501 4 16 136.469 7
SHO-COM2 16 132.793 6 16 122.718 5 16 134.849
SHO-COM3 16 114.133 6 16 127.206 8 16 128.826 8
SHO-COM4 16 116.570 7 16 121.659 1 16 124.529 6
SHO-COM5* 16 113.773 5 16 121.258 4 16 124.518 3
SHO-COM6 16 121.1922 16 142.2757 16 141.282 6
SHO-COM7 16123.2122 16 128.698 3 16 124.593 6
SHO-COMS 16 133.969 7 16 1249777 16 125.522 2
SHO-COM9 16 124.9273 16 121.346 1 16 135.1279
SHO-COM10 16 129.204 3 16 122.621 2 16 130.066 3
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4 Case studies and observations

In this study, three different test systems were used to
assess the efficacy of the recommended algorithms:
IEEE 9-bus, [EEE 39-bus ©**"), and NRPG 246-bus **!
systems. Each of these test systems had a different
number of buses. Thirty trial runs were performed for
each test case and each optimization, utilizing data
from the MATPOWER toolkit and other sources >,
Fifty individuals were chosen randomly from the
entire population to represent each incident. All test
cases were implemented on a system made by ASUS
with a Ryzen 5 processor running at a speed of 2 GHz,
Windows 10 (Home, 64 bits), 12 GB of RAM (DDR3)
memory, and Matlab 2020a. In this study, 30 random
trial runs were performed on a 9-bus system to
generate ten different chaotic map variants for Case A.
A comparative analysis is shown in Tab. 3. Compared
with other chaotic maps of hybridization, the iterative
chaotic map, also known as COMS, provides the most
desirable results when used in conjunction with SHO.
Therefore, an iterative chaotic map hybridization with
SHO was considered for all examples utilized in this
study. A standard MVA of 100 was used for the

calculations.
4.1 Research and findings of the 9-bus test system

In the 9-bus test system, there are nine buses and six
generating units; two are hydro units, one is a wind
unit, two are solar units (consisting of 13 panels each),
and one is a thermal unit. The 9-bus test system was
designed to simulate real-world conditions. The active
and reactive loads are denoted as (PD1, PQ1), (PD2,
PQ?2), and (PD3, PQ3), respectively, and tabulated for
a 24 h load, as shown in Tab. 4. There were three load
buses: buses 5, 7, and 9. In this study, the ATC
computation is performed using line number 2, which
extends from bus 4 to bus 5. In the IEEE 9-bus test
system, the control variables consisted of two
discharges for two hydro units, active power
generation from one thermal unit, active power
generation from one wind unit, and active power
generation from two solar generation units, six
generating bus voltages, two taps that set the
transformer tap positions, and two shunt compensation

Vars. Consequently, the total number of control

variables was 16. Subsequently, three instances were
investigated in chronological order. The authors’
primary goal in the first scenario, which they refer to
as Case study A, was to reduce the cost of generation
to the maximum possible extent. Tab. 4 shows the
active and reactive power demands round the clock for
9 bus. As shown in Tab. 5, the reduction in total cost
after 30 random trial runs using BBO was determined
to be $16 147.286 5/24 h, which is superior to that
achieved using a sine cosine algorithm (SCA) in
conjunction with economic load scheduling,
$18 268.570/24 h P*.. Moreover, GWO vyields better
results for the same $16 142.562 3/24 h, whereas the
proposed algorithm in conjunction with the COMS
method yields the best result of $16 113.773 5/24 h.
Tab. 6 shows the demand for 39 bus system. It is also
noteworthy that in this case, the total thermal cost is
reduced to $11851.6493/24 h, and the control
parameters for these test studies, including water
discharge, wind and thermal generation, six generating
bus voltages, two tap-setting transformers, and two
shunt capacitors injected with Var and two solar units
(panel-wise states), for 24 h are provided in Tab. 7.

Tab.4 Demand in the PU of a 9-bus system that is active

and reactive round the clock

Hour  PDI PD2 PD3 PQI1 PQ2 PQ3

—

0.900 1.000 1.250 0.300 0.350 0.500

2 0.936 1.040 1.300 0.312 0.364 0.520
3 0.840 0.933 1.160 0.280 0.327 0.467
4 0.780 0.867 1.080 0.260 0.303 0.433
5 0.804 0.893 1.117 0.268 0.313 0.447
6 0.960 1.067 1.333 0.320 0.373 0.533
7 1.140 1.267 1.583 0.380 0.443 0.633
8 1.212 1.347 1.683 0.404 0.471 0.673
9 1.308 1.453 1.817 0.436 0.589 0.727
10 1.296 1.440 1.800 0.432 0.504 0.720
11 1.320 1.467 1.833 0.440 0.513 0.733
12 1.380 1.533 1.917 0.460 0.537 0.767
13 1.332 1.480 1.850 0.444 0.518 0.740
14 1.236 1.373 1.717 0.412 0.481 0.687
15 1.212 1.347 1.683 0.404 0.471 0.673
16 1.272 1.413 1.767 0.424 0.495 0.707
17 1.260 1.400 1.750 0.420 0.490 0.700
18 1.344 1.493 1.867 0.448 0.523 0.747
19 1.284 1.427 1.783 0.428 0.499 0.713
20 1.260 1.400 1.750 0.420 0.490 0.700
21 1.092 1.213 1.517 0.364 0.425 0.607
22 1.032 1.147 1.433 0.344 0.401 0.573
23 1.020 1.130 1.417 0.340 0.397 0.567
24 0.960 1.067 1.333 0.320 0.373 0.533




Kingsuk Majumdar et al.: Calculation of Available Transfer Capability Using Hybrid Chaotic Selfish
Herd Optimizer and 24 Hours RES-thermal Scheduling 63

Tab. 5 Maximization of savings by comparing costs over 24 h and 9-bus using various approaches

Mini. Only Thermal . . .
Cases Methods  total Ave. total - Worst total ATC generation  generation Wind cost/$  Solar cost/$ L1_ne ﬂow NO.' of Smmlatlon
fitness cost  fitness cost (24 h) violation  trial time/s
fitness cost cost/$ cost/$
ESIE:S/?SB] 18 268.57 NA NA NA 18 268.57 NA NA NA NA NA 19
BBO 1614729 16154.75 16160.65 0.0184 1614729 1243341 3067984 6458915 0 30 28
Case A:
Only PGC GWO 1614256 16149.56 16153.82  0.0191 16 142,56 1226835  3228.513  645.7025 0 30 22
optimization
SHO 16135.86 16142.65 16 146.51 0.019 8 16 135.86 12 101.89 3752.329 281.6352 0 30 15
CSHO 1611377 1612126 1612452 0.0193 16113.77 11851.65 3593.671  668.453 6 0 30 17
BBO 2652358 271.8198 277.4428  0.0377 1895224 1176934 6633.283  549.614 8 0 30 24
Case B: GWO 263.2547 268.6697 272.9245 0.038 18951.59  12697.56 5685476  568.5476 0 30 18
Only ATC
OPUMIZANON  gpo 960458 1 263.6731 2669231  0.0384 1895255  11940.1  6443.866  568.576 4 0 30 15
CSHO 256.6471 259.8621 262.8745 0.039 18950.08  11289.36  6999.504  661.2178 0 30 16
BBO 272.1065 277.455 286.3304  0.0399 2135424 13666.71  7046.898  640.627 1 0 30 33
Case C: GWO 267.3449 271.5997 2774751 0.040 6 20 857.33 13 765.83 6 465.771 625.719 8 0 30 28
Multi-
objective
SHO 2545435 258.0922 2619676 0.0426 19 636.25 12959.93  6087.239  589.087 6 0 30 25
CSHO 240.2432 2425978 2451665  0.0452  19234.25 12 359.31 6291.21 583.7313 0 30 23
Tab. 6 PU demand of a 39-bus system that is active and reactive round the clock
Hr. H-factor Hr. H-factor Bus Base P, Base O, Bus Base P, Base O, Bus Base P, Base O,
1 0.438 14 0.518 1 0 0 14 0 0 27 2.81 0.755
2 0.422 15 0.542 2 0 0 15 3.2 1.53 28 2.06 0.276
3 0.394 16 0.479 3 3.22 0.024 16 3.29 0.323 29 2.835 0.269
4 0.315 17 0.505 4 5 1.84 17 0 0 30 0 0
5 0.434 18 0.622 5 0 0 18 1.58 0.3 31 0.092 0.046
6 0.413 19 0.688 6 0 0 19 0 0 32 0 0
7 0.457 20 0.635 7 2.338 0.84 20 6.8 1.03 33 0 0
8 0.51 21 0.599 8 5.22 1.766 21 2.74 1.15 34 0 0
9 0.5 22 0.489 9 0.065 —0.666 22 0 0 35 0 0
10 0.494 23 0.433 10 0 0 23 2.475 0.846 36 0 0
11 0.484 24 0.444 11 0 0 24 3.086 —0.922 37 0 0
12 0.524 — — 12 0.085 0.88 25 2.24 0.472 38 0 0

13 0.564 — — 13 0 0 26 1.39 0.17 39 11.04 2.5
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Tab.7 Parameters for maximizing CSHO’s cost-effectiveness in a 9-bus system sole generator (PGC)

. Do DR o Wl T T T T T T 00 00 s s o
1 057 147 152 025 097 1.09 091 102 097 091 1.06 099 0.04 0.03 0.00 0.00 0000000000000 0000000000000
2 124 150 161 000 097 1.03 101 1.03 091 097 1.05 095 001 0.00 0.00 0.00 0000000000000 0000000000000
3060 060 1.86 003 094 1.04 099 1.04 1.03 097 1.04 097 004 0.0 0.00 0.00 0000000000000 0000000000000
4 08 125 109 006 101 098 1.04 101 095 1.04 099 094 0.03 0.01 0.00 0.00 0000000000000 0000000000000
5 080 136 088 035 098 091 103 1.04 093 100 097 091 000 0.04 0.01 0.01 0000000111011 1000000000101
6 08 122 08 045 092 101 091 098 099 1.00 092 096 004 0.02 021 0.7 0100100001011 1010110011011
7070 143 132 009 1.08 108 092 096 1.09 1.09 092 1.04 000 001 045 0.61 0111010000110 0100111000111
8 066 060 076 015 092 094 102 1.04 097 099 097 094 001 004 1.10 1.13 0010101000111 0001101101100
9 050 130 073 052 1.02 092 092 1.04 091 1.03 1.02 101 001 004 043 1.53 0110000000010 1101110110101
10 050 127 059 026 094 098 095 108 1.06 1.03 091 1.05 002 003 138 0.92 0101001101010 1001000001100
11 070 131 013 021 094 098 095 107 107 1.0l 096 093 0.03 0.03 046 230 0101000000000 0001001011011
12 058 134 016 017 092 099 1.04 096 098 091 1.07 1.02 004 001 154 1.60 0110110000010 0000100011010
13076 134 011 002 100 110 103 094 108 096 093 1.0l 001 004 167 1.33 0010001100110 0010010010010
14 098 125 019 016 101 1.05 100 095 091 1.03 094 095 002 0.0l 084 1.44 0001000001010 1000000011011
15 056 149 066 005 106 093 099 094 1.10 091 1.04 097 0.04 003 126 0.75 0111000100001 0001000100010
16 050 148 034 031 106 101 093 094 105 1.00 092 1.08 0.02 001 128 1.07 0111110001010 0100100011001
17 057 140 150 030 099 099 093 091 101 096 1.02 090 0.00 001 0.64 0.40 0100001011100 0001000011000
18 050 122 209 033 101 1.06 096 102 1.04 092 1.04 1.09 004 002 049 038 0110000101101 0000100011101
19 060 141 256 018 1.02 1.01 100 093 106 1.0l 099 091 0.0l 0.04 0.09 0.09 0111110001110 0101101011010
20 131 134 228 0.2 096 101 098 097 099 1.04 093 090 005 0.03 0.00 0.00 0000000000000 0000000000000
21 050 149 207 026 098 1.00 107 1.09 094 099 1.09 091 004 0.01 0.00 0.00 0000000000000 0000000000000
22076 133 169 016 1.10 1.09 105 1.09 099 094 107 104 001 0.05 0.00 0.00 0000000000000 0000000000000
23 150 138 129 0.7 093 1.09 1.05 092 1.02 094 090 1.05 0.00 0.02 0.00 0.00 0000000000000 0000000000000
24 150 142 123 002 1.04 095 093 1.06 094 1.06 1.09 1.00 0.5 0.01 0.00 0.00 0000000000000 0000000000000
Observations indicate that thirteen solar panels in proposed CSHO method.

each solar unit have two states, ON and OFF, o Cost convergence IEEE 9 bus Case A

. . . 219¢

represented by “1”” and “0”, respectively. Fig. 2 depicts 298 —— Case A SHO

the costs ($/24 h) of the various described algorithms "§ :; : i

for all instances and Fig. 3 shows a 3D picture of é . = R‘:?;, of '.temﬁ,?] st i

how the voltages of all nine buses changed over the 8320 Cost convergence IEEE 9 bus Case B

2 300 —— Case B SHO
course of 24 h. In scenario B (maximum ATC) for the Z 280 — Case B CSHO

suggested CSHO, the maximum values are 0.039 p.u. 2008 20 30 60 80 100

. . L. . No. of iteration

for 24 h, which is the best of the optimization 55k Cost convergence IEEE 9 bus Case C

strategies presented. Case study C concludes the -“Eggg: s

discussion of multi-objective  optimization by §250~ L ] : . :

20 40 60 80 100

minimizing the total cost and maximizing the ATC. All
controlled parameters are shown in Tab. 8. Again,
the CSHO approach delivered the best results of
$240243.2/24 h
algorithms based on 30 separate trial runs, with all

compared to other suggested
control parameters shown in Tab. 9. In Fig. 3, the
voltage profiles of all nine buses are shown in 3D for
all times in a 24-h period. In addition, Tab. 10
summarizes the lowest (best), average, and maximum
(worst) production costs of other approaches for each
case’s 30 unique trial runs. The simulation results

demonstrated the computational efficacy of the

No. of iteration

Fig. 2 The cost-effectiveness of the 9-bus system in

a range of simulations

Case A

Case B

Fig. 3 Voltage across a 9-bus system subjected to a variety of

stress conditions (Bus voltage of IEEE 9 bus: 24 h)
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Tab. 8 All parameters for ATC optimization by CSHO for 9-bus system

Discharge Discharge Thermal Wind

Varl

Vel

Vel

Ved

Vgs/

Vgé/

oC/ oG

Hr. 1 ) Vpu 1/pu. pu pu  pu  pu  pu  pu TR, TR, pu.  pu Lewn Piotaz Solar unit; Solar unit,

1 0.63 1.47 1.55 0.18 1.03 1.09 098 1.06 0.96 1.02 0.95 0.94 0.04 0.04 0.00 0.00 0000000000000 0000000000000
2 0.71 1.31 1.47 039 096 090 094 091 1.04 099 097 091 0.04 0.04 0.00 0.00 0000000000000 0000000000000
3 0.50 1.47 098 0.65 094 1.03 1.05 097 1.02 1.08 1.09 095 0.01 0.03 0.00 0.00 0000000000000 0000000000000
4 0.88 1.48 1.00 0.13 090 1.00 096 1.03 1.04 1.01 1.06 091 0.05 0.02 0.00 0.00 0000000000000 0000000000000
5 0.76 0.60 1.13 048 1.06 1.05 1.06 099 1.01 1.02 098 092 0.04 0.03 0.01 0.01 1111010100100 0000001000111
6 0.50 1.40 126 035 1.05 090 1.05 093 1.05 1.09 1.05 1.02 0.00 0.03 0.23 0.19 1001111101000 1101000010110
7 0.71 1.44 1.06 022 1.02 1.07 109 1.09 1.09 096 095 1.08 0.04 0.05 0.83 039 1111001111101 0111010001000
8 0.58 1.13 1.00 0.12 094 096 091 099 097 093 090 0.90 0.05 0.04 0.68 1.15 0100101000010 0100001010111
9 0.50 1.35 0.30 0.11 1.01 1.05 097 098 1.00 091 1.03 1.09 0.03 0.03 150 1.48 1101111010101 1110111010110
10 0.56 1.38 0.85 0.18 099 1.09 090 093 1.03 099 097 091 0.01 0.04 131 0.85 1101100000101 0000000011001
11 0.52 1.42 022 036 099 098 092 1.06 097 095 1.07 1.03 0.02 0.02 133 1.43 0110000000011 1000000000111
12 0.53 0.60 041 0.08 1.10 1.07 1.05 1.04 092 1.00 1.07 1.08 0.03 0.01 239 1.06 1010111001100 0100010010000
13 0.52 1.27 032 0.13 1.02 093 093 1.04 098 098 097 1.08 0.04 0.02 195 1.00 0110001010011 0100000000110
14 1.17 1.29 0.18 0.00 099 1.01 096 1.10 1.03 099 095 1.09 0.02 0.04 1.55 0.84 0110110110000 0010000001100
15 0.76 1.34 0.75 048 091 1.06 091 099 093 1.05 1.01 1.10 0.01 0.03 0.68 0.72 1000000100100 0001010100000
16 1.00 1.39 0.73 0.05 1.10 095 1.10 1.09 096 1.01 1.07 1.05 0.04 0.00 0.83 1.07 0100100011000 0010100100110
17 1.09 1.33 0.71 079 095 097 092 1.09 094 1.06 1.01 1.06 0.02 0.02 0.51 0.53 1000000110100 0010000011100
18 0.93 1.40 1.82 035 098 1.01 096 1.10 095 099 1.06 1.09 0.04 0.05 045 0.27 1010111100100 0100100010001
19 0.81 1.31 1.92 0.69 095 095 098 1.08 096 1.07 1.00 1.03 0.04 0.03 0.10 0.05 1010010101111 0110000100010
20 0.54 1.48 272 0.15 098 1.07 1.01 1.00 1.07 1.06 1.01 1.03 0.00 0.01 0.00 0.00 0000000000000 0000000000000
21 0.52 1.09 2.00 041 096 097 1.00 096 1.08 1.07 1.08 1.04 0.02 0.00 0.00 0.00 0000000000000 0000000000000
22 0.80 1.50 1.65 0.11 1.03 092 1.10 1.09 1.10 1.04 095 1.06 0.03 0.04 0.00 0.00 0000000000000 0000000000000
23 1.50 1.32 0.66 0.82 096 094 1.04 1.08 098 094 1.05 1.09 0.01 0.00 0.00 0.00 0000000000000 0000000000000
24 1.49 1.45 1.06 0.17 093 1.03 099 096 1.04 0.99 097 1.02 0.01 0.02 0.00 0.00 0000000000000 0000000000000

Tab. 9 For a 9-bus system, CSHQO’s full set of multi-objective optimization parameters

. PP e e T T T v T w00 0 i r e o

1 0.90 1.40 127 028 1.10 1.04 1.00 1.08 1.01 1.02 098 1.06 0.01 0.01 0.00 0.00 0000000000000 0000000000000
2 0.83 1.39 1.68 0.08 095 1.03 1.04 1.05 1.05 1.07 099 1.06 0.05 0.00 0.00 0.00 0000000000000 0000000000000
3 0.50 1.36 1.57 0.06 1.08 092 1.08 1.01 098 095 092 1.10 0.05 0.02 0.00 0.00 0000000000000 0000000000000
4 0.50 1.48 1.15 021 094 1.07 1.07 1.09 1.08 1.08 093 1.07 0.03 0.03 0.00 0.00 0000000000000 0000000000000
5 0.50 0.96 091 0.68 1.09 1.00 1.07 093 1.02 092 1.07 094 0.01 0.03 0.01 0.0l 1001001101010 0100010101000
6 0.65 1.38 0.68 0.81 1.04 094 093 1.07 094 1.04 1.03 1.08 0.03 0.03 0.19 021 0110110000110 1000010110101
7 0.79 1.48 0.68 0.76 0.99 1.03 096 093 1.07 092 1.07 091 0.05 0.02 042 0.61 0100110100001 1000110100111
8 0.50 1.49 246 0.00 096 095 099 1.06 098 1.07 095 1.09 0.03 0.03 021 0.26 0000000001000 0110000000000
9 1.12 1.47 0.12 0.81 099 1.05 1.03 1.07 092 095 1.05 1.03 0.02 0.02 092 1.12 1110011000010 0111111000010
10 0.76 1.23 1.18 049 1.05 1.01 091 1.09 098 098 099 1.04 0.05 0.02 046 0.95 0100000100000 1000001100001
11 0.59 1.48 0.38 0.19 090 1.03 093 1.03 094 1.06 1.01 1.02 0.02 0.03 133 138 1001000110000 0010100010100
12 0.78 0.60 1.00 0.20 093 1.09 098 1.05 094 1.05 095 1.02 0.03 0.04 1.17 1.28 0001000000011 0000000110100
13 0.50 1.46 0.20 0.07 097 091 095 1.09 095 097 1.09 1.05 0.04 0.04 181 133 1100110110000 0010001011000
14 0.91 1.45 0.28 0.00 094 1.03 096 097 096 096 095 1.10 0.02 0.04 1.08 1.32 0011000100100 1010000101010
15 1.18 1.49 0.44 0.07 098 1.06 097 1.08 093 099 1.06 1.09 0.03 0.03 1.06 0.85 1010011000001 1001001010000
16 0.53 1.05 0.38 0.11 1.06 091 099 1.02 099 092 1.10 1.09 0.02 0.00 1.68 1.04 1011000111011 0101001100100
17 0.50 0.60 191 026 1.03 1.03 091 1.03 099 1.08 0.99 1.07 0.02 0.04 0.66 0.48 0100001011001 1000100001010
18 0.75 1.50 196 047 097 1.01 093 094 095 092 1.08 096 0.02 0.03 0.27 0.26 0101000110000 0010110000010
19 0.96 1.22 2,51 0.01 092 1.09 1.09 1.08 097 1.05 092 1.05 0.04 0.01 0.10 0.08 1110100011101 1111110100000
20 0.50 1.49 2.74 0.15 1.07 1.04 096 1.05 1.03 1.07 093 1.01 0.03 0.01 0.00 0.00 0000000000000 0000000000000
21 0.50 1.22 233 0.03 1.10 1.05 099 092 097 099 1.02 1.07 0.00 0.01 0.00 0.00 0000000000000 0000000000000
22 0.76 1.36 1.76 ~ 0.09 097 090 099 093 092 1.01 1.06 1.05 0.01 0.01 0.00 0.00 0000000000000 0000000000000
23 1.49 1.49 1.05 038 1.06 091 092 1.02 1.04 1.05 097 1.05 0.01 0.00 0.00 0.00 0000000000000 0000000000000
24 1.50 1.17 1.05 028 1.10 1.08 099 1.07 097 095 1.05 1.09 0.04 0.03 0.00 0.00 0000000000000 0000000000000
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Tab. 10 Maximization of savings by comparing prices over 24 h with 39-bus using various approaches
Worst .
Min. total Ave. total total ATC/ Only_ Thermal Wind Solar Line No. of Simulation
Cases Methods generation  generation flow . .
fitness cost  fitness cost  fitness 24 h cost/$ cost/$ . trial time/s
cost cost/$ cost/$ violation
BBO 352 661 352663.4 352665.7 0.0785 3526657 351255.1 1181.43 229.23217 0 30 42
Case A:Only  GWO  352658.6  352664.3 352668.5 0.0791 352668.5 348708  1183.055 2777.413 0 30 35
PGC
optimization ~ SHO 3526534 3526566 352659 0.0791 352659 3490972 1147.757  2414.099 0 30 32
CSHO 352 651 352653.4 3526557 0.0814 352655.7 350366.6 1277.044 1012.071 0 30 30
BBO 82.363 8 84.729 2 87.0946 0.0806 371992.5 369 785.6 960.958 3 1245.896 0 30 43
Case B:COHIy GWO 771273 79.492 7 83.8581 0.1376 371990.1 369 781.2 1007.617 1201.237 0 30 34
AT
optimization ~ SHO 737619 76.1273 784927 0.1388 3719777 3697757 1214801 987.2548 0 30 32
CSHO 71.396 5 73.7619 771219 0.1401 3719754 369 773.3 1275277  926.778 7 0 30 31
BBO 518.623 1 5249811 5299821 0.0662 3674453 3651463 1385.329 913.6773 0 30 33
Case C: GWO 450.005 7 4572415 463.5995 0.121 367325.1 3651339 1283.111 908.023 3 0 30 28
Multi-objective g0 4484221 4539861 4563511 0.1232 3672449 3649988 1340475 905.6583 0 30 25
CSHO 447.509 8 449.8752 4549752 0.1244 367 144.8 364 975.7 1275.596  893.538 3 0 30 23

4.2 Research and findings of the 39-bus test system

The 39-bus test system has 14 generating units: four
hydro units, two wind units, two solar units (each
consisting of 13 panels), and six thermal units. There
are 39 buses in the system. There are 25 load buses
with a total active base load demand of 61.566 p.u.,
total reactive base load demand of 13.429 p.u., and
load demand over a period of 24 h varied according to
the H factor, as shown in Tab. 4. Subsequently, three
instances were investigated in chronological order. In
the first case, the authors were only concerned with
minimizing the cost of generation; in the second case,
they were concerned with maximizing the ATC; and in
the third case, they were concerned with minimizing
ATC (a

multi-objective problem). These three cases were

the cost while also maximizing the
designated as A, B, and C, respectively. Within the
context of this study, the ATC calculation considers
Line No. 9, which extends from Bus 4 to Bus 14. In
the first scenario, called “Case A” by the authors, they

focused only on lowering the cost of making electricity.

According to Tab 10, the minimal total cost that may
be achieved with BBO after 30 random trial runs is
$352 660.989 5/24 h. In comparison, SHO delivers
$352 653.383 19/24 h, whereas the suggested CSHO
with CM5 delivered $352 651.017 8/24 h. Fig. 4

shows the convergence curves, which indicate how

much better the suggested CSHO is than what is
already being used. All produced bus voltage
magnitudes are displayed in Fig. 5. Tabs. 11-13 show
the control parameters under different case studies
and the ON/OFF statuses of the solar units are listed in
Tab. 14. Tab.

generation, and wind generation for the CSHO over

11 shows the discharges, thermal

the course of 24 h. Considering the suggested CSHO,
the maximization of ATC produces the highest value
of 0.140 1 p.u. for 24 h, which is the best among all
optimization strategies covered in this study. The
control parameters for the CSHO are listed in Tabs. 12

and 13, respectively.

Cost convergence IEEE 39 bus Case A

v 38
X 37P —— Case A SHO
8~ —— Case A CSHO
=36
-
] 3.5k [l 1 1 L 1
(3 20 40 60 80 100
No. of iteration
1401 Cost convergence IEEE 39 bus Case B
3
=
s 120 — Case BSHO
Z 100 — Case BCSHO
= 80F \ ;
20 40 60 80 100
No. of iteration
600 Cost convergence IEEE 39 bus Case C
L+
= 3 —— Case C SHO
. e <
Z soof Case C CSHO
S
450k
20 40 60 80 100
No. of iteration
Fig. 4 Cost-effectiveness of a 39-bus system in

a range of simulations
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Tab. 11 Total cost minimization of discharge and active power production for CSHO in a 39-bus system (PGC only)

Hr. Discharge Discharge Discharge Discharge Thermal Thermal Thermal Thermal Thermal Thermal  Wind Wind P oow P
1 2 3 4 lpu.  2/pu.  3/pu.  4lpu.  Shpu.  6/pu. 1w 2jpu, " reePY PP

1 0.50 0.99 1.00 1.77 422 4.40 3.44 1.86 4.75 4.09 0.72 0.17 0.00 0.00

2 0.60 1.25 2.26 0.60 6.39 3.44 3.81 2.97 1.43 4.84 0.48 0.22 0.00 0.00

3 0.75 0.60 1.00 0.60 4.79 4.10 2.23 3.36 1.48 5.22 0.57 0.30 0.00 0.00

4 0.90 1.21 1.00 0.60 3.22 0.90 4.40 2.46 0.75 3.55 0.60 0.58 0.00 0.00

5 1.09 0.74 1.55 1.25 4.01 5.69 4.61 3.76 2.75 1.89 0.27 0.45 0.02 0.01

6 0.50 1.19 2.39 0.60 6.59 4.20 2.83 3.93 3.34 0.84 0.86 0.14 0.24 0.25

7 1.33 0.60 1.00 0.60 3.33 6.44 1.58 5.54 3.48 3.34 0.11 0.31 0.54 0.58

8 0.90 1.29 1.00 1.76 4.76 5.92 2.84 4.98 1.67 3.90 0.13 0.39 1.46 1.35

9 0.79 0.60 1.60 1.45 4.17 4.64 0.93 6.47 4.46 341 0.38 0.43 1.20 1.40

10 0.94 0.60 1.00 1.05 3.83 5.62 1.80 3.46 4.63 3.57 0.37 0.54 1.58 1.95

11 0.50 0.60 1.60 0.60 2.92 2.15 3.98 4.02 4.04 4.11 0.34 0.56 2.50 3.12

12 0.57 0.98 2.03 1.97 6.41 4.89 4.47 0.87 1.84 4.08 0.54 0.14 2.57 2.86

13 1.03 0.60 2.21 0.60 5.73 4.10 6.10 2.85 3.39 3.14 0.54 0.56 2.46 3.17

14 0.50 0.60 1.00 1.84 9.25 5.81 1.68 1.21 2.84 4.03 0.80 0.35 1.12 1.46

15 0.63 0.80 1.00 0.60 5.82 6.03 3.81 3.72 4.03 3.47 0.41 0.55 1.30 1.50

16 0.87 0.72 291 0.60 2.66 2.36 3.87 5.99 3.03 5.47 0.06 0.49 1.30 1.94

17 0.98 0.60 2.42 1.77 7.23 1.29 5.68 3.96 2.06 4.71 0.20 0.45 0.87 0.99

18 0.65 0.76 1.16 1.48 9.67 6.01 2.87 4.21 4.16 5.77 0.80 0.24 0.60 0.40

19 0.88 0.60 1.00 1.75 9.81 4.65 6.69 6.21 4.94 5.03 0.89 0.30 0.10 0.08

20 0.62 0.63 1.00 1.02 10.36 5.82 4.37 5.07 4.58 4.94 0.33 0.53 0.00 0.00
21 0.51 0.61 2.36 2.00 8.18 6.48 6.16 5.74 1.84 4.01 0.55 0.51 0.00 0.00
22 0.50 0.75 1.00 0.60 5.74 5.40 4.18 3.03 3.92 4.18 0.75 0.25 0.00 0.00
23 1.47 1.42 2.94 1.99 4.86 4.26 1.74 3.57 3.59 3.26 0.50 0.58 0.00 0.00
24 1.47 1.47 2.93 1.72 4.97 4.20 3.64 4.97 2.12 2.34 0.81 0.24 0.00 0.00
Tab. 12 Optimization of CSHO for 39-bus system using just discharge and active power generation (ATC only)

Hr.  Dischargel Discharge2 Discharge3 Discharge4 The/;?fl ! Tg?;::él Tl31</3};mual T27£a1 Tl;?;?;.al ngﬁal W;nf v W;nj 2 P’;’ﬁl/ P’l;"l‘l’z/
1 0.50 0.60 1.00 0.85 8.82 1.75 4.88 5.18 2.05 1.03 0.45 0.43 0.00 0.00
2 0.85 0.60 1.00 1.80 8.13 332 0.76 2.96 3.64 2.87 0.21 0.53 0.00 0.00
3 0.65 1.23 291 0.60 3.14 4.96 2.02 5.18 1.35 4.41 0.59 0.51 0.00 0.00
4 0.50 0.60 1.00 0.60 5.04 2.61 2.25 1.39 1.92 3.12 0.84 0.33 0.00 0.00
5 1.09 0.60 1.00 1.91 1.54 6.26 4.03 5.60 3.52 1.77 0.84 0.02 0.01 0.01
6 0.51 0.89 2.33 0.60 7.48 2.96 2.77 3.36 3.55 2.73 0.31 0.11 0.23 0.21
7 0.50 1.25 1.13 0.60 5.55 5.34 5.28 2.06 3.72 1.90 0.33 0.45 0.65 0.39
8 0.52 0.76 2.81 1.61 9.50 3.17 0.87 435 4.21 2.97 0.63 0.21 1.31 1.61
9 0.50 0.70 1.00 1.84 7.03 5.80 5.23 1.34 3.61 2.18 0.45 0.03 0.91 1.02
10 0.50 0.60 1.34 0.60 1.74 5.83 7.07 2.98 3.70 4.08 0.21 0.45 1.30 1.01
11 1.15 0.93 1.19 0.60 7.23 3.94 0.69 2.09 0.95 5.38 0.44 0.16 2.61 3.13
12 0.50 0.60 1.00 1.76 291 6.37 1.55 491 2.95 391 0.51 0.53 2.46 245
13 0.50 0.93 1.00 1.86 3.77 6.41 3.28 3.03 4.96 442 0.14 0.35 2.46 2.59
14 1.12 0.60 1.39 1.80 7.58 6.02 0.66 5.44 3.48 1.83 0.47 0.02 0.96 1.70
15 0.50 1.45 2.55 0.60 10.01 5.27 4.39 1.93 3.14 2.66 0.72 0.54 1.29 1.42
16 0.94 0.69 1.00 1.99 8.81 0.87 4.94 0.57 3.08 331 0.75 0.21 1.57 1.52
17 0.50 0.60 1.00 0.60 6.73 1.68 5.52 5.85 441 2.36 0.66 0.30 0.95 0.80
18 0.88 0.60 2.25 0.77 9.55 6.20 5.78 1.29 4.90 6.22 0.39 0.58 0.53 0.34
19 1.20 1.13 1.19 1.44 8.38 5.81 6.40 6.33 4.08 6.38 0.53 0.42 0.09 0.09
20 1.09 0.60 2.10 1.07 9.97 5.45 6.51 3.39 5.04 5.26 0.19 0.28 0.00 0.00
21 0.87 0.60 1.67 0.60 7.51 4.77 6.97 3.93 3.74 6.08 0.76 0.24 0.00 0.00
22 1.15 0.66 1.58 1.64 9.15 4.01 5.47 429 1.44 1.94 0.13 0.15 0.00 0.00
23 1.49 1.49 2.92 1.83 2.63 5.74 6.03 5.79 0.80 0.94 0.61 0.24 0.00 0.00
24 1.50 1.50 2.94 1.28 6.65 5.25 3.63 2.71 3.51 1.60 0.12 0.24 0.00 0.00
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Tab. 13 The 39-bus system’s CSHO is multi-objective optimised for discharge and active power production

Hr.  Dischargel Discharge2 Discharge3 Discharge4 T?‘Zﬁé] T;j;ﬁé] T? 7;211.31 T}:igi}fl T?j;ﬁél Tge/;ﬁél Wi;g'l/ Wi;ﬂ?/ P;rﬁl/ P’;"l’;z/
1 1.12 0.60 1.15 1.40 5.39 3.50 0.80 3.65 4.04 4.95 0.55 0.59 0.00 0.00
2 0.50 0.90 2.04 0.60 3.50 5.92 1.97 3.36 4.86 3.82 0.02 0.44 0.00 0.00
3 1.21 0.60 1.30 0.60 6.25 429 1.66 5.61 1.30 1.55 0.76 0.50 0.00 0.00
4 1.42 0.94 1.51 0.60 4.62 2.48 1.44 3.52 3.16 1.32 0.06 0.19 0.00 0.00
5 0.50 0.70 1.80 0.60 8.11 3.11 223 3.91 4.09 2.75 0.35 0.06 0.01 0.01
6 0.68 0.91 1.56 0.60 4.10 3.49 4.99 2.11 5.01 230 0.16 0.04 0.30 0.26
7 0.50 0.96 1.28 0.60 6.35 3.82 4.09 2.04 0.78 6.66 0.56 0.14 0.61 0.44
8 0.50 1.15 1.36 0.60 10.27 195 397 460 38 099 035 050 149 070
9 0.50 0.66 2.11 0.60 7.47 543 1.84 4.77 2.05 3.85 0.49 0.37 1.07 1.27
10 0.50 0.60 1.00 1.30 3.40 435 4.47 1.80 4.87 4.26 0.58 0.12 1.66 1.49
11 0.68 0.82 1.00 0.60 3.39 3.01 4.72 332 4.04 3.04 0.39 0.45 1.68 2.87
12 0.91 0.62 1.54 1.45 8.53 1.65 5.38 1.53 4.76 1.54 0.64 0.43 1.90 2.06
13 0.75 0.91 1.00 1.36 7.83 3.48 6.86 2.70 2.59 3.72 0.02 0.43 1.64 2.07
14 0.50 0.71 1.00 1.93 5.78 3.40 3.25 3.93 221 4.68 0.68 0.11 1.66 2.13
15 0.63 0.60 1.00 1.95 6.68 423 5.18 4.62 3.37 1.77 0.27 0.55 1.30 1.59
16 0.88 112 1.00 1.07 3.19 522 6.09 1.48 1.06 372 056 049 167 211
17 0.98 0.66 2.83 1.92 6.21 4.76 0.57 5.85 2.25 542 0.53 0.34 0.67 0.63
18 0.71 0.85 2.36 1.24 9.85 2.20 5.84 6.47 4.26 4.97 0.17 0.35 0.51 0.47
19 1.06 0.85 1.00 1.56 9.31 5.96 7.17 6.40 4.57 4.28 0.68 0.04 0.10 0.11
20 0.65 0.60 241 1.33 10.15 5.86 4.40 4.63 4.74 5.56 0.75 0.38 0.00 0.00
21 0.64 0.60 1.00 1.90 9.63 5.96 6.56 3.92 2.99 3.67 0.53 0.05 0.00 0.00
22 0.75 0.85 2.22 1.71 8.37 0.69 6.00 4.54 4.52 1.82 0.25 0.26 0.00 0.00
23 1.43 1.50 2.79 1.80 0.76 6.13 5.56 5.48 1.79 2.52 0.31 0.32 0.00 0.00
24 1.49 1.49 2.90 1.61 8.82 3.17 2.23 1.08 2.64 4.80 0.58 0.21 0.00 0.00

Tab. 14 Status of CSHO Case A, B, and C solar panels’ ON/OFF switches in the IEEE 39-bus system
Study: Case A Study: Case B Study: Case C
Hr Solar unit; Solar unit, Solar unit, Solar unit, Solar unit, Solar unit,
1 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000
2 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000
3 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000
4 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000
5 1010100011111 1001000101000 0100101111110 0011010110001 0110110111011 0101110111000
6 0100110100111 0111110101110 0001111111100 1011100110000 0110111110110 0011110010111
7 1000101000110 1111000011001 1111100101001 1111000000001 0010110011001 0001001101001
8 1101101110011 0000011111101 1011001001111 0001111110101 0101111110100 0101100000101
9 0010011100111 1111001110111 0001011100000 0100000101100 0011011000110 0011101001111
10 1101000010101 0010011101011 0110101000001 1000100010000 0110101001100 1101101000011
11 1110111010011 1110110111101 1100000110011 1101110010111 0101011100000 0111011101011
12 1101011010101 1100111000111 0000011100110 0101101101000 0101000000001 1000101010011
13 1010100110011 1011101111101 1011100001110 1111101011100 1001110100000 0011011100001
14 1010000110000 1100000110001 0010000011000 0010000101001 1111110000001 1100110110111
15 0001010100110 0100010111001 0100010110010 0100110010010 0111101010000 1000011011011
16 1010010101100 1111101111011 1001010111100 0001111111101 1100001101110 0110111110111
17 1101001010011 1101110100110 1001010101110 0100010110110 0011001100100 1000100011100
18 1000111111110 1010000100101 0110110011011 0011101100000 1101110001011 1111101100010
19 0111010011110 0101101101000 0011011101100 0110011010110 1010110111110 1001100110111
20 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000
21 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000
22 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000
23 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000
24 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000 0000000000000
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Finally, the authors discussed multi-objective
optimization by focusing on lowering the total cost
while increasing the ATC, as shown in Case C.
Compared to the other algorithms, the CSHO approach
yielded the best results, with a value of $447.509/24 h.
This was performed while considering 30 separate trial
runs, and the values for all control parameters are
shown in Tabs. 11-13 for respective best run. Fig. 5
shows a three-dimensional picture of how the voltage

changes over 24 h in each of the three scenarios.

Case A Case B Case C

Fig. 5 Voltage across a 39-bus system subjected to a variety of

stress conditions (Bus voltage of IEEE 39 bus: 24 h)

4.3 Research and findings of NRPG 246-bus test
system

In addition, research is being conducted on the NRPG
246-bus test system. All information was gathered

52,55 - .
I According to previous

from published research [
reports, bus 40 was used as the source, bus 200 was
used as the sink, and the ATC discovered in Ref. [52]
is 3.228 2 p.u.. BBO, GWO, and SHO were compared
to determine the effectiveness of the CSHO. As
indicated in Tab. 15, applying CSHO results in an ATC
of 3.291 6 p.u., which is significantly better than the
results obtained by BBO (3.255 2 p.u), GWO
(3276 5p.u.), and SHO (3.280 8 p.u.) without
violating any power system constraints. This is the

case even though none of the other methods caused

violations.

Tab. 15 NRPG 246-bus results for Case B

Parameters S;SFC[EJ BBO GWO SHO CSHO
Bestfit-val NA 0.307  0.305 0.304 0.303
ATC/p.u. 3.228 3.255  3.276 3.280 3.291
CPU time/s NA 426 450 521 1 889
O
violI;?cfnf}?f“efmy) (19?9{—62500) 0 0 0 0

5 Conclusions

In this study, we discuss a new strategy for ATC
computation and power cost optimization that uses
hydro, solar, and wind power. The proposed method,
called the CSHO method, has been investigated and
shown to be more efficient than previous metaheuristic
optimizations in terms of the number of iterations and
cost values. It also exhibits better convergence
properties. It is necessary to consider both the
unpredictability of wind power and load requirements.
Another purpose of this study is to include solar, wind,
and hydro units in typical thermal-producing units to
decrease the total cost of active power production. The
following is an outline of the outcomes produced by
the proposed methodology. Similar heuristic
approaches, such as SCA, BBO, GWO, and SHO, all
produced similar results, which were shown in the
most recent study. Utilizing the IEEE 9-bus is one way
to demonstrate the effectiveness of the proposed
solution. Test systems for the IEEE 39-bus and NRPG
246-bus, including three separate use cases were
examined. In every case, both the convergence
characteristics and efficiency of computing of the new
method are much better than those of the old methods.
This article discusses the difficulties of ATC and
RES-thermal scheduling for 24 h, which adds to the
overall uniqueness of the study.
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