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Abstract—The unpredictability of solar and wind energy sources
affects contemporary power networks and adds frequency
variations. An appropriate intelligent controller is necessary to
balance electricity between generation and demand. As a result, in
this research, we present a sine-cosine adaptive improved
equilibrium optimization (SCalEO) method tuned to Adaptive
Type 2 Fuzzy PID Controller (AT2FPID) for frequency
management of cutting-edge power systems. The efficiency of the
SCalEO approach is assessed by comparing it to the original
equilibrium optimization (EO) and other comparable algorithms
for the test function. Moreover, engineering applications of the
SCalEO technique are carried out by constructing an AT2FPID
controller to manage the frequency of power systems that include
renewable energy and dispersed sources. First, we show that
SCalEO outperforms EO, Particle Swarm Optimization, Genetic
Algorithm, Moth Flame Optimization, and Gravitational Search
Algorithm in the PID controller (Gravity Search Algorithm). The
AT2FPID is next evaluated, and the SCalEO AT2FPID
controller’s dominance is proven by equating the outcome to the
original, PID Type 1 Fuzzy PID, Type 2 Fuzzy PID controller.

1. INTRODUCTION

Renewable energy networking decreases dependency on
non-renewable resources, which causes generation load dis-
parity and frequency variations. The frequency variation is
kept within an acceptable range by the load frequency con-
troller (LFC) [1]. According to a survey of the literature,
numerous approaches have been devised to handle the load
frequency problem [2-5]. In traditional power systems
(PS), most techniques to LFC are focused on frequency
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control. Few studies, however, have looked at the influence
of renewable and decentralized energy sources in the LFC
context. As a result, we suggest an LFC technique in this
study in which renewable and decentralized resources exist
in the traditional energy system.

In the past, studies have shown that managing a PS’s
operating frequency relies on the controller setup and the
method used to derive controller parameters. Conventional
PID-based techniques may not deliver the desired perform-
ance for complex systems [6—8]. In contrast, FLC (Fuzzy
Logic Controller) may increase PID controller performance
and deal with non-linearity and uncertainty. An FLC-based
controller’s design comprises the right selection of scaling
factors (SF) for inputs and/or outputs, as well as other
parameters. There are several FLC-based controllers avail-
able, such as hybrid particle swarm optimization (PSO)-PS
regulated FLC [6], ICA tuned to fractionally ordered (FO)
fuzzy logic-based PID (FPID) [7], and BFOA pitched to
FO FPID [8]. With big uncertainty, conventional fuzzy
controllers may be inefficient. In this scenario, however,
the second type of FPID structure (T2FPID) based on the
twin membership function gives enhanced dynamics [9].
The T2FPID setup can be altered to correspond to the rec-
ommendations for fuzzy PID controllers [10]. In this
research, we present an adaptive T2FPID controller
(AT2FPID), which takes an input signal and applies it to
the fuzzy type 2 and PID controllers, changing the output
control operation correspondingly.

In accordance with an investigation into the literature,
numerous strategies are used to build AGC controllers. In
Ref. [11], a Simple Grey Wolf Optimizer (SGWO) scheme
was presented for an Adaptive Fuzzy PID (AFPID) struc-
ture for a power system with energy storage through EV.
In Ref. [12], a three-dimensional fuzzy-PID structure is
proposed to regulate the frequency of a different energy
integrated power system. [13] Proposes a resilient frac-
tional ordered 3DOF-FOPID structure for frequency control
in a distributed power system. [14] Presents a hybrid tech-
nique for electric power system frequency management.
[15] Investigates a 2DOF-PIDN-FOID frequency control
scheme. Other strategies, such as the “Grasshopper opti-
mization algorithm (GOA),” are also used. “Sunflower
optimization (SFO),” [16] “Sine Cosine Algorithm (SCA),”
[17] “PSO” [18], and “Search for symbiotic organisms
(SOS)” [19], the Equilibrium Optimization (EO) Algorithm
[20, 21].

Design of a PID regulator using Kharitonov theorem
and future search algorithm for an Automatic Voltage
Regulator (AVR) is presented in Ref. [22]. The results are

compared with Teaching—Learning-Based Optimization
(TLBO), Attificial Bee Colony (ABC), non-dominated sort-
ing genetic algorithm (GA) II, and multi-objective extremal
optimization to demonstrate the superiority. In Ref. [23],
the charging scheme of batteries is achieved by employing
a hybrid GA tuned PI controller with adaptive neuro-fuzzy
inference system in a isolated PS with wind & solar ener-
gies and batteries for load management. Fuzzy logic (FL)
and Harris Hawks optimization-based energy management
system is proposed for a seawater desalination plant to
attain the best performance under variations and uncer-
tainty in energy price has been presented in Ref. [24]. An
imperialist competitive algorithm tuned neural network pre-
dictive controller for automatic voltage regulator is pro-
posed in Ref. [25]. The results are equated with GA-tuned
NN and Ziegler—Nichols-based PID controller to authenti-
cate the advantage. Frequency control of a three-area
hybrid PS using honey badger algorithm-based FOPID con-
troller has been proposed in Ref. [26]. It is demonstrated
that the proposed approach is suitable for the frequency
regulation with different RES penetration and under param-
eter variation. A modified multiverse optimizer method to
tune the values of a 2 degree of freedom fuzzy PID struc-
ture for LFC of microgrid (MG) systems has been pre-
sented in Ref. [27]. The superiority of MMVO technique
over MVO, GWO, gravitational search algorithm, GA and
PSO has been shown using benchmark test functions.
Marine predator algorithm tuned PD-(1 + PI) structure LFC
of MG system is proposed in Ref. [28]. To exhibit its dom-
inance, the algorithm is equated with GA, Differential
Evolution (DE), and Grey Wolf Optimization (GWO) tech-
niques. A modified EO scheme using scaling factors is pro-
posed in Ref. [29] for LFC of interconnected distributed
PS. The scheme is equated with EO and similar techniques
in benchmark test functions. A detailed study of recent pro-
gress in the meta-heuristics field is presented in Ref. [30].

It is observed from literature survey that innovative
strategies for solving optimization issues are constantly
welcome. Equilibrium Optimizer (EO) has recently been
designed to address optimization challenges [31]. Although
the EO technique is effective, it has a few drawbacks [32].
The biggest issue with EO is that it might become caught
in local minima [33]. As a result, in this study, the EO
technique is improved by using Sine Cosine adopted scal-
ing factors to control the progress of parameters during
iterations in the EO algorithm. The use of Scaling Factors
(SFS) using Sine and Cosine expressions improves the
symmetry of the exploration and exploitation mix in the
search method.
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FIGURE 1. Hybrid multi-area system (a) TIFPID and T2FPID (b) AT2FPID.
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Hence, in this work, the AT2FPID controller is tuned using
the SCalEO algorithm for LFC of the PS with dispersed and
non-conventional sources. This work’s contributions are:

e By incorporating Sine Cosine adopted SFS into the
standard EO method, the Sine Cosine adopted
improved EO (SCalEO) approach is created.

e The SCalEO method is compared to EO and other
processes such as the ABC algorithm [34], GA [35],
Cuckoo Search (CS) [36], PSO [37], GSA [38],
Hybrid PSO and GSA (PSOGSA) [39], Water Cycle
Algorithm (WCA) [40], Moth Flame Optimization
(MFO) [41], Dragonfly Algorithm (DA) [42], and
hybrid WCA-MFO [43].

e To assess SCalEO's effectiveness in engineering
design problems using EO, GSA, MFO, PSO, and GA
methodologies.

e Systems related to various controllers were explored in
relation to SCalEO-based AT2FPID for frequency
management under various altered circumstances.

2. INVESTIGATION OF HYBRID POWER
SYSTEM

Figure 1 depicts the investigated PS, which includes ther-
mal unit distributed generation (DG) sources. Photovoltaics
(PV), Hydro Aqua Electrolyzers (HAE), Wind Energy
Generator (WEQG), Battery Energy Storage System (BESS),
Fuel cell (FC), Diesel Engine Generator (DEG), Micro
Turbine (MTG), and other sources are included in the DG
system [44, 45]. Table 1 lists the relevant parameters.

2.1. Modeling of Various Components in the Studied
System

2.1.1. Wind Energy Generator. The WEG is characterized by
its different parameters. The ratio of tip speed given by: [44]:

J— Rplade Wplade (1)
Vi

where Ryj.qe is the blade radius and wy.q. 1S blade speed.
The C, is found as:

.| I(A=3)
Cp = (0.44 — 0.0167p) sin lm] —0.0184(/. — 3)p

2
The output power of WEG is:
1
Pyp = EPARCPV;'V

where p is density of atmospheric air and Ar is swept area
of turbine blade.

Components Gain (K) Time constant (7)
Thermal power B=0425K,=05, T,=0.08,T, =023,
system Kp =120 T, = 10.0,
T1,=0.0866,
Tp = 20.0
Wind energy Kweg =1 Tweg = 1.5
generator
Photovoltaic Kpy =1 Tpy = 1.8
system
Micro-turbine Kyrg =1 Tmtg = 1.5
Fuel cell Krc = 0.01 Trc = 4
Hydro-aqua Kyag = 0.002 Tuag = 0.5
electrolyzer
Diesel energy Kpeg = 0.003 Tpeg = 2
storage system
Flywheel energy | Kggss = —0.01 Tress = —0.1
storage system

TABLE 1. Parameters of the studied system.

e

e EXN LN ZER Lp EXP
EXN EXN EXN LN LN ZER
LN EXN LN EXN ZER Lp
ZER LN LN ZER Lp Lp
Lp LN ZER Lp Lp EXP
EXP ZER Lp LpP EXP EXP

TABLE 2. Rule-base for 3MFs.

WEQG is represented by a transfer function (TF) as [44]:

Kwec

—fwee 3
I + sTweg )

Gwea ()

2.1.2. Solar PV Modeling. The output power from solar
photovoltaic given by [11]:

P,, = nSy[1 — 0.005(T + 25)], 4)

where n= PV cell conversion efficiency taken as 10%, S =
PV array area equal to 4084 m>
¢= solar irradiation in kW/m
perature (7'=25°C).
This system’s transfer function is
_ Kpy  APpy
o 1+ sT; PV o A(j)

2.1.3. Hydrogen Aqua-Electrolyzer. The transfer function
of HAE is [11]:

2 and T, = ambient tem-

GPV (S )

)

Kuag

) = T T

(6)
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FIGURE 2. TIFPID, T2FPID, and AT2FPID controller structures.
2.1.4. Fuel Cell. The fuel cell’s TF is [11]: Kwvra
i Gt (s) = T (10)
Krc . + sTmre
Gre(s) = ———
rel(s) =1 T (7

2.1.5. Diesel Engine Generator. The diesel energy genera-
tor’s TF is:

Kpeg

—_DEG 8
I+STDEG ( )

Gpeg(s)

2.1.6. Battery Energy Storage System. The BESS has its
rate constraints to deal with the electromechanical character
and work in the non-linear zone and represented by [11]:

KgEgss

GBEss (S) = TTBESS

)

2.1.7. Micro-Turbine Generator. The TF for a micro-tur-
bine is [11]:

2.1.8. Thermal Control Unit. The thermal control unit is made
up of a turbine, re-heater and a governor with TFs [20]:

K,
Gels) = 157 (n
K
Gs) =157 (12)
L+ sK T,
Gl =77, (13

Equations (11)—(13) shows the transfer function model
of governor, turbine and re-heater system, respectively.
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2.1.9. Load. The TF of the load power system is [1]:

Kp

Gp(s) = 1+ sTp

(15)

3. ADAPTIVE TYPE 2 FUZZY PID STRUCTURE
3.1.

Given significant uncertainties, standard FLC may be inef-

Controller Structure

fective for improving system performance. In this situation,
the paired Membership function-based Type 2 (T2) control-
ler performs enhanced. The structure proposed in this study
is an adaptive type 2 fuzzy PID (AT2FPID), where the
input signal is fed to T2 fuzzy PID. AT2FPID's efficacy is
comparable to its previous generations. T1FPID/T2FPID
structure is shown in Figure 2(a), while AT2FPID structure
is shown in Figure 2(b). Upper (UMF) and lower (LMF)
are employed as the MFs of the type 2 FLC (LMF) as
shown in Figure 3. A barrier is formed when you combine
UMF with LMF. A footprint of uncertainty (FOU) is cre-
ated by constraining UMF and LMF.

Starting stage in fuzzy control is fuzzification where the
input data are analyzed and needed fuzzy sets are created
using MFs. The language words utilized for MFs include
Extreme Negative (EXN), Least Negative (LN), Zero
(ZER), Least Positive (LP), and Extreme Positive (EXP).

The type 2 fuzzy set is:

FS = ((Var,a), uy(Var,a)),vVar € P,va € Jy,[0,1] (16)

where p (Var,a) is the UMF, Var is the main variable, a
is the added variable of domain Jy,,
The universe of discourse is expressed as:

ug(Var,a)
FS = —_— 17
| ] 4
VarePacJy, 1
where | [= Union on ACE and a
ug(Var,a) = FOU(U)vVar € P,va € Jy,[0,1]  (18)

where Jy,, is expressed as:
JVar = [,uU(Var, a), ,uU(Var,a)} vVar € P,va € Jy,[0,1]
(19)

The MF linked with type 1 FLC motivates to nurture
LMF and UMF.

Table 2 shows the rule basis.

Individually Var and dAVar are the inputs to type 2
Fuzzy logic controller which produces output y.

0.8

0.6

0.4

0.2

0 1 . - 1 _
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

FIGURE 3. MFs of T2F controller.

The representative of the T2 FLC is

LMF : forVar = LN;dVar = Z;Y = LN (20)
UMF : forVar = LN;dVar =Z;Y = LN (21)
The associated FS firing forte is
S* = min(ugs(Var, a), ugg(dvar, a)) (22)
f* = max(ugg(Var, a), ugg(dVar, a)) (23)
F = 77| (24)

TR is used to convert T2 FS to type-1 FS. The techniques
used for defuzzification is center of sets (SOC). The results
are as follows:

25 rsys
Ycos:ZFY =

Y1, Yo 25
2 (Y1, Yoo (25)
25
Sy
le - % (26)
s=1
25
§ fSyS
Yoo == @7

25

D

s=1

where Y,,; and Y, are linked to 2 MF of type-1 FLC. The
output is obtained by averaging.

4. OPTIMIZATION PROBLEM

In the existing effort, an integral squared-based objective
function (J) to reduce the frequency deviation and control
action is formulated as cost function J:
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Set the no. of particles (n), maximum no. of iteration (Max_I,), Dimension, lower/upper bounds of variables &
the algorithm parameters
Initialize the particle’spositions i=1,2..., n
Set the fitness of equilibrium candidates’ to a high value
while (I<Max 1)
fori=I:n
Find the fitness of i-th particle

- -
WAt X,)< fit( X))
- -
Replace X with X;
- - - -
Else if fil( X, )> fit( Xy ) &fit( X, )< fit( X 3 )
- -
Replace X, with X,
- - - - - -
Else if fit( X; )> fi Xpy ) &Ffit( X; )> fit( X o Yandfit( X; )< fit( Xp3)
- -
Replace X5 with X;
- - - - - - - -
Else if fit( X; )> fi Xpy ) &Ffir( X; )> fit( X ) &Ffit( X; )> fit( X 3 ) &fit( X; )< fit X g )

- -
Replace X, with X;
End (if)

End (for)

N
Calculate X, using Eq. (43)
Form the equilibrium pool using Eq. (32)
Carry out memory saving (if > 1)
Set ‘t’ using Eq. (34)
fori=I:n
Randomly select one candidate from the equilibrium pool

- - -
Generate random vectors of 1 & o & construct E, using Eq. (36)

Generate G—m: , 5,0 & E;, using Eqs. (39)-(37)
-

Update X using Eq. (40)

End (for)

11:1[“"1
End (while)

FIGURE 4. Pseudo code for SCalEO algorithm.

t

/= H’W{Z (M) + (AP b+ (1 =)D (AU} ar

Now, the problem is characterized by:

0 Minimize J (29)
(28)
SubjeCt to KPimin S KPi S KPimaxa Klimin S Kli S Klimax:
where ¢ is the time, Af; and APy, are the frequency deviation Kimin < K1 < Kimao Komin < Ky < Ko ma
of area-i & tieline power, and AU; controller output of area- (30)

i. To make certain that all the terms in Eq. (19) contribute in
optimization process, the weighting factors k,, and w are allo- The limiting parameters are represented by the sub-
cated values of 1000 and 0.5 correspondingly. scripts “min/max.”
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Method Parameter Explanation
PSO Social & cognitive components, ¢; g ¢» 2
Inertia weight, w Reduces from 0.9 to 0.2
DA Inertia weight, w Reduces s from 0.9 to 0.2
Alignment & Separation weight, s & a 0.1
Food factor f, Cohesion, ¢, and Enemy position, e 0.7, 1,1
ABC % of onlooker bees & employed bees 50% of the colony
Scout bees 1
MFO Convergence constant, Reduces from —1 to —2
GSA Value of G, andConstant, o 1, 20
PSOGSA Social & Cognitive components, ¢; g ¢ 2
Value of G, andConstant, o 1, 20
CS Step size, a and Number of nests, n 1, 15
Probability of discovering Cuckoo’s egg by the host bird, p, 0.25
WCA Total no. of rivers, Ny, 8
Search intensity near the sea, dpax 1 E-03
Factor p 0.1
WCMFO Convergence factor, a Reduces from —1 to —2
Total no. of rivers, N, 8
Search intensity near the sea, dpax 1 E-03
GA Crossover rate and mutation rate 0.9 and 0.2
Selection Tournament
EO Algorithm parameters =2, co=1, G,=0.5
Equilibrium pool vector )?E’PL _ ()?El,)?ﬂ,)?m’)?m,f“v)
Average position calculation 7 (X1 +X g+ X g3 +X £4)
Edv — 4
SCalEO Algorithm parameters c1=2, co=1, G,=0.5
Equilibrium pool vector )?E’PL _ (751,?52,?53,)?15@)
Average position calculation 7 SCaSF(S_X> o+ 3X o+ X )
v = 10  SCaSF
Scaling factor (W= 100) ) I, '
W x Sin (Max_[,) ifRND1 < 0.5
W COS( h >ifRND1 >0.5
Max_I,

TABLE 3. Parameter of various methods.

5. SINE COSINE ADOPTED IMPROVED
EQUILIBRIUM OPTIMIZATION (SCAIEO)
ALGORITHM

EO is a new optimization technique motivated by control
volume mass equilibrium models engaged to assessment of
various states.

The overviews of some terms/steps of EO are:

5.1. Initialization

The initial population is created as per the problem dimen-
sion as:

X™ = Xopin + RND;(Xyy — Xoy), i=1,2,.n (31)

XiInt is the initial vector of the ith particle, Xy and Xjyx
are limiting values for the dimensions, RND; is a arbitrary
vector in the range [0,1], and # is the no. of particles.

5.2. Equilibrium Pool and Candidates (Xg)

Five particles are engaged to build a equilibrium pool as:

Xep = X1, Xe2, X3, Xay Xea) (32)

5.3. Exponential Term (E;)

An exponential term (E;) is used in updating rule and is
calculated as:
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IEO EO GA [43] PSO [43]
Function Avg. Std.Dev Avg. Std.Dev Avg. Std.Dev Avg. Std.Dev
bfi(») 0 0 1.58 E — 202 0 8E-4 87E-4 738E-54 217E-53
bh () 0 0 135E-110 473 E-110 3E-3 1.8E-3 568E-31 138E-30
bf3(y) 0 0 934 E-113 264 E-112 13.213 8.042 315E-18 9.67E-18
bfa(y) 0 0 471 E-177 .72 E-77 0.209 58E-2 43E—-16 9.76E — 16
bfs(¥) 3.3411 0.2315 3.181 0.1669 16.913 22.375 3.311 1.647
bfs(») S14E-34 231E-33 0 0 75E -4 72E-4 0 0
bf1(y) 337E-05 294E-05 851E-05 547 E - 05 81E-4 S5E-4 14E-3 7E-4
Function DA [43] WCA [43] GSA [43] MFO [43]

Avg. Std.Dev Avg. Std.Dev Avg. Std.Dev Avg. Std.Dev
bfi(») 5303 E-1 1.3180 3.1E— 14 5.8E— 14 1.02E-18 33E-19 165E-31 491E-31
bh () 2.392 3912 211 E-07 396E-07 233E-09 439E-10 269E-19 622E-19
bf3(y) 215.45 935.17 356 E-12 956 E - 12 ILOOE-05 S5S50E-05 205E-11 421E-11
bfa(y) 1.153 2.702 1.08 E - 11 S7T3E-11 476E-10 844E-11 579E-06 3.17E-05
bfs(y) 6784.5 21974.5 1.252 1.831 5.423 0.1238 133.11 555.57
bfs(y) 2.2023 5.528 46 E - 18 2206E-17 640E-19 230E-19 478E-32 127E-3l1
b (y) 69E-3 76 E-3 0.5155 0.2552 1.86 E—-3 6.7E -4 12E-3 72E-4
Function CS [43] PSOGSA [43] ABC [43] WCMFO [43]

Avg. Std.Dev Avg. Std.Dev Avg. Std.Dev Avg. Std.Dev
bfi(») 9.48E — 13 1.46E —2 1.24 E - 20 3E-21 1.93E—-2 1.46E —2 I.I0E-95  6.05E—95
bh(y) 1.67 E - 05 13E-2 2.58 E-10 457TE - 11 342E-2 13E-2 352E-33 135E-32
b3 (y) 2.17 E - 06 227.45 248 E - 20 934 E -21 848.34 227.45 1.62E-32 8883 E-32
bfa(y) 49 E-03 1.938 635E-11 126 E-11 7.939 1.938 3.29E—24 1.31E—23
bfs(¥) 0.68946 0.57142 1.1607 2.0941 44.513 15.196 2.4259 3.467
bfs(») 148E—-12 83E-13 1.38 E-20 337E-21 1.13E-2 73E-3 697E—-29 329E-28
bf1(») 4735E-3 1754E-3 23E-3 12E-3 393 E-2 1.0O9E -2 0.4987 0.305

TABLE 4. (a) Results for 10-dimensional unimodal benchmark functions.
IEO EO GA [43] PSO [43]
Function Av. St.Dev Av. St.Dev Av. St.Dev Av. St.Dev
bfs(y) —3321.2 242.6 —3318.2 247.2 —3692.39 182.42 —2742.78 274.7175
bfs(y) 0 0 0 0 38E-4 32E-4 1.757 1.1592
bfio(») 888E-16 0 349E-15 159E-15 B88E-16 1.0E-3l1 888 E - 16 1.00 E - 31
bfi1(») 0 0 0 0 56E-2 3E-2 0.1244 8.04E —2
bfia(y) 471E-32 19E-34 471E-32 18E-34 573E-05 14E-4 471 E-32 1.67 E — 47
bfi3(») 135E-32 23E-34 135E-32 0 621E-05 11E-4 1.34 E - 32 5.56 E — 48
Function DA [43] WCA [43] GSA [43] MFO [43]
Av. St.Dev Av. St.Dev Av. St.Dev Av. St.Dev
bis(») —3213.66 431.748 —3422.55 304.572 —1694.53 190.6721 —3329.13 288.317
bfo(y) 11.561 10.177 20.993 10.524 1.392 1.214 12.8372 7.352
bfio(») 314E-05 17E-04 242E-15 179E-15 128E-10 671 E-11 883E-16 1.00 E - 31
bfin(y) 0.3846 0.3826 0.1502 944 E -2 1.67E -2 279E-2 1.78 E - 01 843 E—-02
bfia () 0.5296 0.6912 1036 E-2 S567E-2 795E-21 323E-21 311E-02 9487 E -2
bfi3 () 0.5292 0.7173 73E-4 27E-3 567E-20 18E-20 110E-3 333E-3
Function CS [43] PSOGSA [43] ABC [43] WCMFO [43]
Av. St.Dev Av. St.Dev Av. St.Dev Av. St.Dev
bfs(¥) —3712.01 167.4447 —3271.6 278.08 —3922.73 88.61857 —3729.7 96.325
bfs(») 6.574 1.367 23.281 12.968 3.677 1.0365 2.089 1.508
bfio() 124E-15 108E-15 494E-12 226E-12 121E-06 937E-07 888E-16 1.00 E - 31
bfi1(») 396 E-02 88E-3 0.2004 0.1141 0.281 0.1086 991 E-02 S31E-2
bfia(y) 977E-05 13E-4 0.2491 0.581 19E-3 13E-3 2.00 E - 29 6.44 E - 29
bfi3(y) 131E-09 139E-09 311E-21 106E-21 83E-3 51E-3 449 E -22 2.06 E -21

TABLE 4. (b) Results for 10-dimensional multi-modal benchmark function.
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IEO EO GA [43] PSO [43]

Function Av. St.Dev Av. St.Dev Av. St.Dev Av. St.Dev
bfia(») 0.998 0 0.998 0 0.998 883 E- 14 1.56 0.959
bfis(») 30E-4 76 E—-6 1E-3 37E-3 84E -4 29E -4 7E-4 32E-4
bfis(¥) —1.0316 0 —1.0316 0 —1.03 5.02E-10 —1.03 3
bfi7(y) 398 E -1 0 398E -1 0 398E -1 473 E -7 398 E -1 1.13 E - 16
bfis() 3 0 3 0 3 121 E-8 3 452 E-16
bfi9(») —3.86 2.64 E - 15 —3.86 2.67E - 15 —3.86 2203 E-3 —3.86 27E-15
b () —-3.25 6.01 E-2 —3.25 6.03 E-2 -3.32 2.170 E - 2 —3.26 6.04 E -2
Function DA [43] WCA [43] GSA [43] MFO [43]

Av. St.Dev Av. St.Dev Av. St.Dev Av. St.Dev
bfia(y) 1.1 0.303 0.998 339E-16 34 2.578637 1.03 0.1814836
bfis () 134 E -3 SA1E-4 3.69E -4 232E-4 1.8 E-3 49E -4 837E-4 254E-4
bfi6(») —1.03 2.55E-11 —1.03 0 —1.03 0 —1.03 0
bfi7(») 398 E -1 7.6 E—-13 398E -1 379 E - 16 398 E -1 1.L13E-16 398 E -1 1.L13 E-16
bfis () 3 1.38E-6 3 1.79 E - 14 3 402 E - 15 3 1.95E-15
bfie () —3.86 1.587 E - 03 —3.86 271 E-15 —3.86 271 E-15 —3.86 271 E-15
b () —-3.25 6.72 E — 02 —3.26 6.04 E -2 —3.32 1.36 E — 15 —-3.22 4.5066 E — 2
Function CS [43] PSOGSA [43] ABC [43] WCMFO [43]

Av. St.Dev Av. St.Dev Av. St.Dev Av. St.Dev
bfia(») 0.998 339E-16 1.06 0.252 0.998 1.02E — 13 0.998 536 E-16
bfis() 3E-4 423 E-9 379 E -3 75E-3 7E-4 1.3E-4 30E-4 1.07E - 15
bfis(¥) —1.03 0 —1.03 0 —1.03 736 E — 11 —1.03 0
bhi1() 398 E -1 1.13E-16 398E -1 1.L13 E-16 398E -1 5.68 E — 09 398 E -1 1.L13 E- 16
bfis() 3 452 E-16 3 452 E-16 3 8.64 E — 05 3 9.57TE-15
bfie () —3.86 271 E-15 —3.86 271 E-15 —3.86 7.89 E — 11 —3.86 271 E-15
b () —3.32 1.26 E—- 13 —3.26 6.032 E -2 -3.32 482 E - 06 —-3.25 6.027 E -2

TABLE 4. (c) Results for fixed-dimensional multi-modal benchmark function.
Controller-1 Controller-2

Technique/Controller Kp K; Kp Kp K; Kp J value
GA/PID 1.5860 1.1862 1.2653 0.0269 0.3272 0.0201 9.9342
PSO/PID 1.4998 1.4903 1.4839 0.0165 0.0019 0.0021 8.4844
MFO/PID 1.6878 1.6771 1.6699 0.0018 0.0019 1.6412 6.9061
GSA/PID 1.7277 1.7166 1.7093 0.0018 0.0019 1.6799 6.6421
EO/PID 1.8029 1.7914 1.7837 0.1557 1.7731 1.7530 6.4883
SCalEO/PID 1.8979 1.8779 1.8979 0.0018 0.0019 1.8779 5.6855

where time, ¢, is a function of iteration (/#) given by:

Et — e—d([—l‘o)

RN
t=|1-
( Maxj,)

where I, and Max_ [, are the present and the maximum

number of iterations, and ¢; is a constant which manages
exploitation capability. The parameter #,is calculated as:

1 =
To = aln [—easign(7 — 0.5) (1 —e )] +¢

(33)

TABLE 5. Optimal parameters for PID controller.

where ¢, is a constant which manages the

ability, and 7} is a value from 0 and 1.

(34

So E‘t can be stated as:

E, = cpsign(7; — 0.5) (e — 1)

5.4. Generation Rate (G,)

exploration cap-

(36)

The G, helps in improving the exploitation phase of EO

(35)

and calculated as:
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G, =G ™" = GuF, (37)
where
Gro=Gu(Xg—7X) (38)
= 0.57‘2 ifl"3 Z Gp
Gre = { 0 ifr; <G, (39)

where r, and 3 are random values in [0, 1], G,. is Generation
rate Control factor, and G, is Generation Probability.
The updating rule of EO is:

o o e =y = G -
X=&+@—&%a+< —a) (40)
O(CV
Where Cy is control volume.
In the proposed optimization technique, four best elements
beside the average of element are employed to shape the
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FIGURE 5. Comparison of techniques.

equilibrium pool vector as Eq. (32). The average of particles is
found by in Eq. (41). In the suggested SCalEO method, the
equilibrium pool vector is constructed by considering only three
best-so-far particles as given in Eq. (42). Also, in original EO,
equal importance is given to all particles irrespective of their fit-
ness as given in Eq. (41), where as in proposed SCalEO, more
weightage is given to the best particles as given in Eq. (43)

— — — —
Xen+Xo+Xp+ X

N
XEAV = 4 (41)
— — — — —
XepL = (XEI > X g2, X B3, XEAv) (42)
SCaSF (5_)() +3X g+ 2X )
— a El E2 E3
X g4y = (43)
10 « SCaSF
SCaSF is the sine cosine adapted scaling factor (SF):
. 1 .
W x Sin Mo ] if RNDI1 < 0.5
ScaSF = "‘;‘ ' (44)
W C d f RND1 > 0.5
o8 (Maxj,) i =

RNDI1 is a random quantity in the limit [0, 1], and W is a
weighting factor. The optimal solution sites are unknown
in the early stages. As a result, taking large steps initially
may have an influence on particles distant from the ideal
placements. As a result, SF are used to vary the effort of

Max. undershoots
Controller/ Integral errors Max. overshoots (MOg) (MUy) (-ve)
Technique ISE x 102 ITAE ITSE x 102 1IAE x 107" ISTAE AF; x 102 AF, x 102 AF; x 1072 AF, x 102
GA/PID 1.9561 2.8556  6.2655 5.6664 26.1249  6.2561 5.9394 4.0211 2.7024
PSO/PID 1.6678 24301 5.1681 5.0817 20.8221 6.0309 5.6918 3.7616 2.5105
MFO/PID 1.3509 2.1535 4.1012 4.5567 18.3866  5.4437 5.1163 3.7321 2.4473
GSA/PID 1.2981 2.1048 3.9304 4.4625 17.9491 5.3425 5.0174 3.6922 2.4179
EO/PID 1.2411 2.0466 3.7721 4.3652 17.1578 5.2267 4.9068 3.6265 2.3678
SCalEO/PID | 1.1063 1.9318 3.3342 4.1139 16.4018 4.9427 4.6312 3.5238 2.2908

TABLE 6. Comparison of Performance index for different techniques.
Controller area-1 Controller area-2
Technique/Controller K; K, Kp K; Kp K; K> Kp K; Kp J value
T1FPID 1.9255 1.7845 1.8241 1.6826 1.2532 0.3007 1.8779 0.1070 0.0017 0.0307 1.6778
T2FPID 1.1679 12731 1.7957 1.7209 0.3463 0.3007 0.1591 0.1829 0.0017 0.0018  0.7862
AT2FPID 1.8779 1.8070 1.8979 1.8979 1.8054 1.5001 0.0305 1.8961 0.1707 1.5975 0.2188
1.8679 1.8731 0.3852 1.8979  1.8721  0.0402

TABLE 7. Tuned controller parameters for SCalEO.
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FIGURE 6. Responses for Case 1 (a) Comparison of power (b) AF, (c) AF5.

particles in the premature phases of the process. For proper 6. RESULTS AND DISCUSSION
selection of weights, several values for W are attempted
and assessed. It has been discovered that best results are
obtained at W is set to 100. The pseudocodes of the pro- In this work, the recommended SCalEQO is verified on sev-
posed optimization algorithm is provided in Figure 4. eral standard benchmark functions (bf’s) as given in Ref.

6.1. Authentication of SCalEO
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FIGURE 6. Continued.

[34]. Functions 1 to 7 are 10-dimensional unimodal bf’s, 8
to 13 are 10-dimensional multi-modal bf’s and 14 to 20 are
multi-modal bf’s of fixed dimensions. To validate the worth
of the proposed SCalEO technique, it is compared to EO
and various recently developed optimization processes such
as [34-43] as presented in Ref. [43]. For all techniques,

the number of function evaluations is set at 100,000 to
ensure fair assessment. One thousand iterations with hun-
dred number of search agents are considered in the antici-
pated SCalEO. The parameters of all procedures are taken
from the literature [14-21, 31] and compiled in Table 3.
Tables 4(a)-4(c) show the average and standard deviation
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Errors (MOsg) (MUjy)
Controller/ ISE ITSE IAE ISTAE AF, AF, AF, AF,
Technique J value x 107 ITAE x 1072 x 107! x 107 x 1072 x 107 x 107 x 107
PID 10.1729  19.4397  27.8935 452447  9.1472  14.8231 23185  4.0397 03212  0.3872
T1FPID 3.91047  7.1264 18,6332  21.7302 55965  10.0862  1.8951  3.1343  0.1577  0.2129
T2FPID 1.72046  2.1748 119025  7.7211 35923 6.4841 1.0431 1.6663  0.1048  0.1252
AT2FPID 0.55453  0.4086 43142 1.0561 13567  2.3406 03674  0.6169  0.0401  0.0528

TABLE 8. Comparative results for Case 1.

values of the objective function obtained in 30 runs for 10-
dimensional unimodal bf’s, 10-dimensional multi-modal
bf’s, and fixed-dimensional unimodal bf’s, respectively.
For comparison, the results of Ref. [43] are also gathered
in Tables 4(a)—-4(c) from which i It can be seen that sug-
gested SCalEO outperforms other considered techniques in
11 out of 13 bf’s of 10-dimension. For remaining 7 bf’s of
fixed dimension, SCalEO provides equally best results in

all 7 bf’s.

6.2. Implementation of SCalEO for Controller Design

The efficacy of the recommended approach for LFC of the
examined PS revealed in Figure 1 is evaluated. Table 1
displays the system data. A five percent disturbance in area
1 and a three percent SLP in area 2 are used to calculate
the goal function. The system frequency changes due to
load disturbances. The frequency fluctuation is controlled
by the proper execution of controllers. To validate the
superiority of the SCalEO approach, a PID controller is
used initially, and the gains are determined using the
SCalEO, EO, GSA, MFO, PSO, and GA methods. The
controller parameter range has been set to [0, 2]. For each
method, 30 search agents and 100 iterations are chosen.
All techniques are performed 30 times, and the best results
achieved as the lowest J value supplied by Eq. (19) in 30
runs are employed as the final settings. Table 5 shows the
results, which show that EO (J=6.4883) has a lower J
value than GA (J=9.9342), PSO (J=8.4844), MFO
(/=16.9061), and GSA (J=6.6421). When SCalEO is on,
the J value drops to 5.6855. The percentage decrease in J
value using the SCalEO approach for GA, PSO, MFO,
GSA, and EO is 42.76%, 32.98%, 17.67%, 14.4%, and
12.37%, accordingly. Figure 5 depicts the AF| response to
the aforementioned disruption. As shown in Figure 4, the
performance of the SCalEO approach with the PID struc-
ture outperforms the GA, PSO, MFO, GSA, and EO
procedures.

Table 6 illustrates the assessment of transient character-
istics AFy, AF,, APr;. of the proposed system with PID
adjusted by the preceding methodologies
employing multiple parameters. It is witnessed that the
mathematical values integral errors (ISE = 1.1063 x 102,
ITAE = 19318, ITSE = 3.3342x10% IAE =
4.1139 x 107", ISTAE = 16.4018), maximum overshoots
(Os = 4.9427x 1072 and 4.6312 x 107%) and maximum
undershoots (Us = 3.5238 x 102 and 2.2908 x 10~?) due
to SCalEO enhanced PID controller is shown to be the
least when compared to GA, PSO, MFO, GSA, and EO
optimized PID controller. This validates the SCalEO tech-
nique’s superiority over GA, PSO, MFO, GSA, and EO
methodologies in the controller design issue.
In the next step, similar previous generation PID and
Adaptive Type-2 Fuzzy PID (AT2FPID) structures are
optimized by SCalEO method. The results are gathered in
Table 7. It is apparent that, less J worth is achieved with
AT2FPID (J=0.2188) compared to T2FPID (J=0.7862)
and T1FPID (J=1.6778).
The following instances are being reviewed further:
Case 1: Change in SLPs with the variation in wind speed
and sun irradiance.

Case 2: The effect of a 100% increase in wind and solar
power on SLPs.

Case 3: Increasing SLPs due to a lack of wind and
Photovoltaic electricity

Case 4: Uncertainty in system parameter

Case 5: Inclusion of physical constraints

controller

Case 1:

In this case, change in SLPs, wind speed and sun irradi-
ance is considered. Figure 5(a) depicts these load and power
changes (a). Figures 6(b)-6(d) show the response with
SCalEO-based PID, TIFPID, T2FPID, and AT2FPID (d).
Table 8 shows the numerical values of different integral
errors the studied system. It is noted that the numerical val-
ues J (J=0.2899), errors (ISE = 0.2256 x 107, ITAE =
0.7331, ITSE = 0.0929 x 107, IAE = 0.7219 x 10", ISTAE
= 18.421), MUs (0.1752 x 10, 0.1162 x 10) and MUs
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Errors (MOg) (MUgy)
Controller/ ISE ITSE IAE ISTAE AF, AF, AF, AF,
Technique J value x 1073 ITAE x 107! x 107! x 10 x 1072 x 107 x 107 x 107
PID 41.6738 774027 47713 124756 173786 254611 114779  10.6277 42684  2.9468
T1FPID 183791  32.6743  32.0967  6.1477 11.3064 173292 6.9232 6.1924  3.0951  2.1415
T2FPID 8.2598 124296  20.7899  2.2738 7.2006 113109 43294 3.9318  1.6579  1.1495
AT2FPID 2.8948 1.6489 7.4621 0.3012 2.5947 4.0544 1.6213 14461  0.6135  0.4041

TABLE 9. Comparative results for Case 2.

(0.16335 x 102, 0.1085) owing to SCalEO optimized
AT2FPID controller are determined to be least compared to
other techniques. In Case 1, the AT2FPID approach reduces
J value by 67.76%, 85.81%, and 94.54% when compared to
T2FPID, T1FPID, and PID controllers, respectively.

Case 2:

In this case, wind and solar power are enhanced by
100%. Figure 6(a) depicts these power fluctuations (a).
Figures 7(b) and 7(c) show the reaction with SCalEO-
based PID, T1FPID, T2FPID, and AT2FPID. In compari-
son to other structures, the response of the SCalEO-based
AT2FPID regulator is better. Table 9 shows the arithmet-
ical values of different errors for investigated Case. As
compared to alternative techniques, the numerical values of
J, integral errors, and Mos/MUs owing to the SCalEO opti-
mized AT2FPID controller are determined to be the lowest.
The percentage reduction of J value using AT2FPID
approach compared to previous generation controller is
64.95%, 84.24%, and 93.05% in Case 2.

Case 3:

Wind and solar power are no longer accessible, whereas
SLP-1 and SLP-2 are boosted by 200% and 100%, respect-
ively, relative to nominal SLPs as indicated in Case 1.
Figure 8(a) depicts these power fluctuations. Figures 7(b)
and 7(c) show the response with SCalEO-based PID,
T1FPID, T2FPID, and AT2FPID. In comparison to other
controllers, the transient performance of the SCalEO-based
AT2FPID controller is greater. Table 10 displays the arith-
metical values of different performance for Case 3.As com-
pared to alternative techniques, the J, errors, and Mos/MUs
caused by the SCalEO optimized AT2FPID controller are
determined to be the lowest. In Case 3, the AT2FPID
approach reduces J value by 62.59%, 81.87%, and 93.2%
when compared to T2FPID, T1FPID, and PID controllers,
respectively.

Case 4:

In actual systems, the parameters used to build the sys-
tem are likely to be imprecise. Moreover, the settings may
vary over time, influencing system performance. As a

result, it is critical to analyze system performance under

system parameter fluctuations. In this scenario, uncertain-

ties in system parameters are examined to assess the adapt-

ability and resilience of the projected control approach.

The following situations are being consideration:

Scenario 1: The system R, Tg, Tt, B and loading are
increased by 25%

Scenario 2: The system R, Tg, Tt, B and loading are
decreased by 25%

Scenario 3: The system R, Tg, Tt, B and loading are varied
randomly by -25%, 50%, 75%, -20% and 100%,
respectively.

Numerical values of various parameters, of frequency
responses, AP, of the investigated system with SCalEO
optimized AT2FPID controller for Case 4 is given in
Table 11. For better illustration, the percentage deviations
for each scenario are also provided in Table 11. As an
example, the AF for the above scenarios are revealed in
Figure 9. It is obvious from Figure 9 and Table 11 that
SCalEO optimized AT2FPID controller performs satisfac-
torily in existence of parameter uncertainty.

Case 5:

To get an accurate comprehension of the AGC issues, it
is obligatory to take account of the vital intrinsic non-line-
arities that are present in power system. The major non-lin-
earities are Governor Dead Band (GBD and Generation
Rate Constraint (GRC) [5]. Therefore, this work is further
stretched by including a GRC of 3%/min and GBD of
0.036 Hz in system model [5]. To examine the consequence
of physical constraints, the optimum parameters which
were obtained without considering non-linearities mentions
in Case 1 are considered.

The results with SCalEO-based PID, T1FPID, T2FPID,
and AT2FPID are exhibited in Figure 10. It can be seen
that, the performance degrades when non-linearities are
considered. But, the response with SCalEO optimized
AT2FPID controller is greater in contrast to other control-
lers. The comparative results for Case 5 are specified in
Table 12 which confirms the improved performance of
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Errors (MOsg) (MUy)
Controller/ ISE ITSE IAE ISTAE AF, AF, AF, AF,
Technique J value x 107 ITAE x 107! x 107! x 10 x 107 x 107 x 107 x 107
PID 36.7124 69.4853 30.1216 7.8151 13.8274 14.3092 4.4245 3.8051 14.2256 10.4318
T1FPID 13.7588 24.3991 18.4592 2.9725 8.2071 8.7489 2.7564 2.2657 8.8148 6.0028
T2FPID 6.6685 10.2161 11.2281 1.0336 5.2085 5.3444 1.6097 1.3979 5.6614 4.1438
AT2FPID 2.4941 1.8086 4.2794 0.1721 2.0358 2.03388 0.7315 0.5961 2.6902 1.7343
TABLE 10. Comparative results for Case 3.
Errors (MOg) (MUgy)
Controller/ J value ISE ITSE IAE ISTAE AF, AF, AF, AF,
Technique x 102 x10° ITAE  x 10?2 x 107 x10® x 107 x 1072 x 107 x 1073
Nominal 55.4534  0.4086 4.3143 1.0561 1.3567 2.3406 0.6723 0.6169 0.5106 0.3621
Scenario 1 (S1) 49.2389  0.2829 3.6025 0.7311 1.1281 1.9598 0.5653 0.5305 0.5411 0.3391
% variation for S1 —11.21 -30.76 —-1649 -30.77 —-16.84 —-1626 —15091 —14.01 5.97 —6.35
Scenario 2 (S2) 68.4109  0.6684 5.4953 1.7283 1.7326 2.9742 0.8412 0.7922 0.5722 0.4604
% variation for S2 | 23.36 63.58 27.37 63.64 27.71 27.07 25.12 28.41 12.06 27.14
Scenario 3(S3) 70.1051  0.6989 5.2101 1.7207 1.6854 2.8141 0.8816 0.8246 0.9756 0.5951
% variation for S3 | 26.42 71.04 20.76 62.92 2422 20.22 31.13 33.66 91.06 64.34
TABLE 11. Comparative results for Case 4.
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FIGURE 9. AF response for Case 4.
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Errors (MOg) (MUy)
Controller/Technique | Jvalue ISE x 102  ITAE ITSE IAE ISTAE x 10°  AF, AF,  AF, AF,
PID 452207  87.706 223.152 22202 7271 11.733 0.258 0.179 0219 0.216
T1FPID 208.031  40.323 70.889 5.809 3.479  2.646 0.193  0.028 0.161 0.152
T2FPID 90.768 16.873 39.486 2.024 2.199 1.426 0.155 0.156 0.102  0.106
AT2FPID 23.942 3.672 4.467 0.811 0.128  0.2669 0.056  0.063 0.085 0.053
TABLE 12. Comparative results for Case 5.
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FIGURE 10. AF| responses for Case 5.

AT2FPID r. When non-linearities are considered, the %
decrease in J value with AT2FPID compared to T2FPID,
T1FPID, and PID regulators are 73.62%, 88.49%, and
94.71, respectively.

7. CONCLUSION

To resolve optimization and engineering problems, a Sine
Cosine Adopted Improved Equilibrium Optimization
(SCalEO) approach was suggested in this research. Taking
benchmark functions demonstrates the SCalEO's supremacy
over EO and other optimization techniques. The method-
ology is then used to create AT2FPID controllers with a %
reduction in J value using the SCalEO method for GA, PSO,
MFO, GSA, and EO of 42.76%, 32.98%, 17.67%, 14.4%,
and 12.37%, respectively. Moreover, for the identical step
load perturbations in each region, the % reduction in J value

with AT2FPID related to T2FPID, T1FPID, and PID is
72.16%, 86.95%, and 96.15%, respectively. When all distur-
bances are evaluated (Case 3), the AT2FPID approach
reduces J value by 67.76%, 85.81%, and 94.54% when com-
pared to T2FPID, T1FPID, and PID controllers, respectively.
It is also observed that the suggested AT2FPID technique
handles non-linearity better than existing approaches. When
non-linearities are taken into account, the percentage reduc-
tion in J value using AT2FPID approach compared to previ-
ous generation PID controllers are 73.62%, 88.49%, and
94.71. The current analysis is applicable to a big system with
multiple systems.

Keeping in view of recent trends, Electric Vehicles (EV)
may be included in the system model and FLC scheme for
EVs to contribute in the LFC of MGs may be studied. Also,
owing to the low inertia of microgrids, virtual inertia control
concept may be explored for better frequency regulation.
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