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Metaheuristic-Based Harmonic Parameter Estimation in Smart Power Systems
Using Salp Swarm Optimization

Khalid Mehmood Cheema ', Khizer Mehmood 2, Naveed Ishtiaq Chaudhary *

ABSTRACT

The transition of conventional power systems into modern and smart systems is being carried out to improve reliability and
power quality and integrate renewable energy sources. The power quality issue has attracted significant attention because elec-
tronic devices and renewable energy sources are integrated with nonlinear loads into modern and smart power systems. The power
electronic devices and nonlinear loads cause severe harmonic generation in the power system; therefore, accurate estimation and
elimination are necessary for the smooth and efficient working of power systems with appropriate power quality. Consequently, this
paper proposes the Salp Swarm Algorithm (SSA) for sustainable power systems harmonic estimation for boisterous and dynamic
power signals. The proposed SSA is evaluated against five well-established metaheuristic optimization algorithms under multiple
noise levels, population sizes, and iteration settings. The results demonstrate that SSA consistently achieves the lowest fitness values
and more accurate harmonic parameter estimates, while exhibiting faster convergence and lower computational time than the bench-
mark algorithms. These findings confirm the suitability of SSA for robust harmonic parameter estimation in smart power systems.
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1. INTRODUCTION

The transformation of the conventional grid system into
the smart grid continues rapidly, and many countries have trans-
formed large parts of the conventional grid into smart grids. Re-
newable energy source-based power generation units are crucial
to the smart grid [1]. However, these distributed power generation
units cause severe power reliability issues due to the power signal
harmonics generated by various system components, such as rec-
tifiers, discharge lighting, saturated electric machines, converters,
and HVDC transmission equipment [2-4]. Harmonics increase the
risk of problems such as corona loss, eddy-current loss, skin effect,
electromagnetic interference, protection device failure, etc. There-
fore, considering these problems, it is necessary to develop an ac-
curate, robust, effective, and simple solution mechanism to assess
the quality of generated power signals. Upon the completion of an
accurate estimation of harmonic parameters, it is necessary to in-
corporate efficient filters and compensators to suppress the effects
of harmonics [5, 6].

The harmonic parameter estimation problem is a dynamic,
linear, nonlinear, multimodal, and complex problem [7]. There-
fore, scientists and researchers have tried to solve the harmonic
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problem by developing various statistical, mathematical, and heu-
ristic methods [8, 9]. The power system harmonics are interpreted
in phase and amplitude; however, the true model of power system
harmonics consists of linear and nonlinear estimation of amplitude
and phase, respectively [10].

According to available literature, it is concluded that several
solution techniques are available for harmonic estimation, such as
mathematical solution techniques [11], artificial intelligence solu-
tion techniques [12], and statistical solution techniques [13]. Con-
sidering the mathematical solution techniques, the discrete Fourier
transform, fast Fourier transform, and Fourier transform were used
for power system harmonic parameter estimation [14]. However,
these techniques only apply to static signals and cannot effective-
ly control the spectral leakage, aliasing, and picket fence effect.
On the other hand, artificial intelligence techniques such as fuzzy
logic [15], neural networks [16], and expert systems [17] are used
for harmonic estimation, but their results are only partially accu-
rate. Consequently, statistical methods such as least mean square
[18], Kalman filter recursive least square [19], and linear least
square [20] can also be applied with minor modifications, and they
slightly improve results compared with the above-mentioned tech-
niques. However, these techniques require detailed information on
the observation system and the components of the fundamental
frequency. Moreover, in order to achieve an accurate estimation,
fine-tuning is necessary. Subsequently, in [21], researchers pro-
posed a Kalman filter based on the local ensemble method for
harmonic estimation, whereas in [22], the authors proposed the
Kalman filter with the least squares error.

Similarly, in [23], the authors proposed a Kalman filter
with least mean square on a phase-locked loop methodology for
harmonic estimation. In [24], passive congregation and particle
swarm optimization are used for the harmonic estimation. Simi-
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larly, sparse Bayesian learning algorithm [25], Modified Artificial
Bee Colony [26], Gravity Search Algorithm [27], Evolutionary
Backtracking Search Algorithm [28], Marine Predator Algorithm
[29], Fractional Order Swarm Intelligence [30], sub-synchronous
oscillations parameter estimator [31], and Ant Lion Algorithm
[32] are applied for the estimation of distorted signals.

Distributed generator units and modern power grids are high-
ly complex and challenging power systems because they incorpo-
rate sensitive and nonlinear devices, subtle loads, and complex dis-
tribution and utilization structures, which severely affect accurate
estimation by the above-mentioned techniques [33-36]. Therefore,
research continues to develop an accurate and suitable solution
for harmonic estimation possessing specific characteristics such
as adaptability, efficiency, lower complexity, and high flexibility.
However, using traditional computational methods, the harmonic
estimation of modern power systems at varying DC levels, vari-
able noise levels, and significantly large search dimensions is in-
accurate, complex, and inflexible. Therefore, these optimization
problems can be solved using new and advanced heuristic tech-
niques. Modern bio-inspired metaheuristics have been developed
and effectively applied to solve various engineering problems
[37]. The Salp Swarm Algorithm (SSA) is an advanced heuristic
technical tool that has the capability to solve extensive search-di-
mensional, complex, and nonlinear problems.

Despite recent advances in optimization-based harmonic es-
timation methods, several problems remain unsolved. Some of
the currently available approaches require careful parameter tun-
ing, have premature convergence, or compromise estimation accu-
racy when attempting nonlinear search spaces or different levels
of noise [38]. Furthermore, there have been several bio-inspired
optimization techniques explored for solving the problem of har-
monic parameter estimation; however, little research has been
done to apply the Salp Swarm Algorithm (SSA) to this problem.
The main features of SSA are adaptive leader-follower search and
a balance between exploration and exploitation, making it suitable
for optimization in the complex environments of a power system
for estimating the harmonic amplitudes and phase angles. Thus,
timely and valuable evaluation of SSA in harmonic parameter es-
timation is of great importance for assessing its effectiveness and
applicability [39].

Based on these observations, this research aims to explore
the use of Salp Swarm Algorithm for estimation of the harmonic
parameters in smart power systems under various operating con-
ditions. While studies focused on the optimization of the SSA are
still possible, this paper addresses another important issue: testing
the capacity of the original formulation of the SSA to solve the
nonlinear harmonic estimation problem and comparing its perfor-
mance with some of the state-of-the-art metaheuristics [40]. To
thoroughly examine the accuracy of the estimation, convergence
behavior, and computational efficiency under the proposed frame-
work, the proposed framework is tested with different Gaussian
noise levels, population sizes, and iteration numbers. The results
are useful for understanding the feasibility of SSA to estimate the
harmonic parameters and serve as a good performance reference
for future developments in optimization-based power quality eval-
uation [41].

Besides these, the main focus of this research is to develop
and present a framework based on SSA for solving the harmonic
estimation problem in an effective, accurate, least complex, and
rapid manner. The suitable balance between exploitation and ex-
ploration makes it simple and convenient for SSA to solve the
complex nonlinear approximation of power system harmonics.
The simulation analysis and comparison with other heuristics de-

pict that the proposed SSA’s efficiency, accuracy, and convergence
time are fairly better than other heuristics. Furthermore, the re-
maining paper is arranged as follows. The system model is pre-
sented in Section 2, whereas the proposed heuristic is explained in
Section 3. The simulation results and their discussion are present-
ed in Section 4, while Section 5 concludes this study and explains
the outcomes.

2. SYSTEM MODEL

The sinusoidal signal with multiple frequency elements, such
as amplitude y , phase ¢, and angular frequency f'can be stated as:

h(t) =y, sin(fit+ &)+ y,sin(f,t + & )+,....,+y, sin(f,t+&,) (1)

Incorporating the noise 7(?) in equation (1), the above equa-
tion can be written as:

W0 = Y7, sin(fo-+,)+70) @

The signal in equation (2) is sampled with j period #,= dj and
h(t) = h(j)gives

()= 7, sin(f,j+ &)+ n()) 3)

k=1

Consequently, by applying the trigonometric function sin
(a+b)=sin a cosh+cosasind into equation (3), the result is as fol-
lows:

W)= X[ tsin(, eose, +eos(, sina [ 4n() (@)

Now it can be assumed that

Wi =7 COS &, (%)
and
z, =y, sing, (6)

Placing equations (5) and (6) into equation (4), the result is
as follows:

h(j)zi[wk sin( f, /) + z, cos(fkj)]+77(j) 7

k=1
Subsequently, the intermediate parameter vector is presented
in (8), the information parameter vector in (9), and the model for
identification is presented in (10) and (11)

d)=[wl,zz,wz,zz,....,wk,zk] ®)

(/) = [sin(f, ), cos(f, /), sin( £, 1), c08(f, /)s--oosin( £ ) cos(fe N] - (9)

Yk :\/(Wk)2+(zk)2 (10)

=t -1 Zk
g, =tan W (11)
k

The intermediate parameters are used from equations (10)
and (11) to find the actual parameters, such as phase and ampli-
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tude. Moreover, the criterion function is based on the difference
between A(j) and /°(j) signal, and it can be expressed as:

2G)=mean[h(j)~ ()] =[h()~¥" (Ho'] (12)

3. OPTIMIZATION TECHNIQUE: SALP SWARM
OPTIMIZATION

The Salp Swarm Algorithm (SSA) is a recently introduced
bio-inspired metaheuristic with well-established benefits over its
counterparts. Therefore, the research community has exploited the
optimization strength of the SSA to solve different problems, such
as classification, renewable energy, wind speed forecasting, fault
prediction, optimal power flow, and global optimization problems.
The governing relations of the SSA are:

1
U, u, U

|
g
g | (13)
u
! :{r/\» +v((pg, —lg v, +1g,) v 20 (14)
noAv(pg —lg v, +lg,) v <0

where s} the is the position of the first salp in the kth dimen-
sion, and 7, is the food position in the k™ dimension. /g, and pg,
represent the lower bound and the upper bound of the kth dimen-
sion, respectively, and the coefficient v, is calculated by (15). v,
and v, are random numbers between [0,1].

{3

v =2e *° (15)

where / shows the current iteration and Q depicts the maxi-
mum iterations. Additionally, the coefficient v, is a significant SSA
parameter because it keeps the balance between exploitation and

exploration throughout the whole search process. Concerning the
followers, Eq. 16 demonstrates the update of their positions:

o1
s =E§t2+50t (16)

where m > 2, s;" refers to the position of the m™ salp in the
k™ dimension; the initial speed is denoted by d,, time is denoted
by, and ¢ =o(;”’“’ ,where 5=""" Moreover, in optimization scenar-
i0s, the time depicts the iterations. Therefore, the inconsistency
between the iterations can be stated as equal to 1. Furthermore,
suppose that 5,70, then the following equation can be used to solve

the problem.

g":%@:+sﬁj (17)

where m > 2 . If few salps goes out of the search area, equa-
tion (18) can be used to bring them back into the search area.

TR
sp=act if sp >t (18)

5. otherwise

In addition to the above details, Fig. 1 depicts the main steps
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of the SSA algorithm in a pictorial flowchart.

Initialize Parameters
and end condition

{ Identity the food source: V 1

—»| Update leader position

Update followers position [«&—

| |
Identity new food source Vi for
each salp

Yes No

\ 4 \ 4

Update new food source Keep the old food
Vias V source V

The end condition is
satisfied?

Output the food source
position

Fig.1 Flowchart of the salp swarm algorithm

4. RESULTS AND DISCUSSION

The SSA is applied to the power system model for precise
and efficient estimation of harmonics in the power signal. The sim-
ulation test is performed in MATLAB with the signal frequency
set to 2kHz. Moreover, white Gaussian noise is incorporated at
four levels, N, = 20dB, 40dB, 60dB, and 80 dB, to assess the ac-
curacy and robustness of the system model for real-time cases.
Consequently, for each case, the iteration size is set to three i.e. [,=
500, 1000, and 2000, while the population size is also set to three
i.e., P, =30, 60, and 90 to evaluate the system behavior under vari-
ous conditions. The algorithm parameters are adjusted analytically
with utmost care based on the understanding and experience of op-
timization problems to guarantee the best performance. Therefore,
the considered harmonic signal is as follows:

y(t) =1.5sin(2x f,xt+ 1.396) + 0.5 sin(2x f, xt+ 1.047)
+ 0.2 sin(2x f;xt+ 0.785) + 0.15 sin(2x f, xt + 0.628) (19)
+ 0.1sin(2x f,, xt+ 0.523)
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and WOA at P,=90 and 1:=2000

In this study, the harmonic signal is modeled using five domi-
nant harmonic components. This selection is based on the fact that
low-order harmonics typically contribute the majority of waveform
distortion in practical power systems containing nonlinear loads,
power electronic converters, and renewable energy interfaced de-
vices. Moreover, considering five harmonic components provides
a representative benchmark that is widely adopted in harmonic
parameter estimation studies, enabling a balanced assessment of
estimation accuracy while maintaining a manageable optimization
search space. Because each harmonic component is characterized
by its amplitude and phase angle, the optimization problem has ten
decision variables. It is worth noting that the proposed SSA-based
estimation framework is not restricted to five harmonic compo-
nents and can readily be extended to accommodate higher-order
harmonics when required by specific power system applications.
Moreover, the total variables considered for this problem are 10,
out of which 5 represent the phase and 5 represent the amplitude,
and it can be expressed as follows.

d=[7,,70,T3, 74575, P13 P> Py Pas 5]
= [1.50, 0.50, 0.20, 0.15, 0.10, 1.396, 1.047, 0.785, 0.628, 0.523] (20)

Fig. 2-4 shows the convergence plots SSA, AOA, GWO,
RSA, SCA, and WOA. Fig 2 (a-d) shows the convergence plots
at I, = 500. Similarly, Fig 3(a-d) and Fig 4(a-d), show the perfor-
mance of SSA, AOA, GWO, RSA, SCA, and WOA at I, = 1000,
and I;=2000, respectively. It is prominent from Figs. 2-4 that when
noise level increases, then fitness value also increases. Moreover,
when the iteration increases, the fitness values decrease; however,
all variations of SSA achieve the lowest fitness values compared to
AOA, GWO, RSA, SCA, and WOA.

Table 1 Pseudocode for salp swarm algorithm

Initialize the salp population x; (i = 1, 2, ..., n) considering ub and Ib
while (end criterion is not met)
Calculate the fitness of each search agent (salp)
Determine the non-dominated salps
Update the repository considering the obtained non-dominated salps
if the repository becomes full
Call the repository maintenance procedure to remove one repository resident
Add the non-dominated salp to the repository
end
Choose a source of food from repository: F=SelectFood(repository)
4y
Update vy by v, =2e (Q"'
for each salp (xi)
if(i==1)
Update the position of the leading salp by s; = {"‘ +v((pge —1g)v: +lg)  v;=0
1 +i(pgp —lg v, +1g) - vi <0

else
Update the position of the follower salp by s;' = %(.v;" + x"”")
end
end
Amend the salps based on the upper and lower bounds of variables
end
return repository
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Fig. 5 Convergence plots of SSA for all noise
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Fig. 5 shows the convergence plots of SSA for all noise lev-
els. Fig 5(a) shows the performance of SSA for Ne =20 dB, N.=
40 dB, N, = 60 dB, and N, = 80 dB at I, = 500. Similarly, Figures
5(b) and 5(c) depict performance at It = 1000, and It = 2000, re-
spectively. It can be observed from Fig. 5 (a)- (c¢) that when noise
increases, the fitness value increases. It is also noted that SSA
achieves the highest fitness value for N. =20dB noise and achieves
the lowest fitness for N, = 80dB noise for all iterations.
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Fig. 6-9 shows the amplitude plots of the harmonic signal
for SSA, AOA, RSA, SCA, and WOA for all noise levels. Fig 6
(a-e) shows the weight amplitude plot for Ne = 20dB noise level.
Similarly, Fig. 7-9 shows the performance of SSA, AOA, RSA,
SCA, and WOA at Ne = 40dB, Ne = 60dB, Ne = 80dB. It can be
observed from Fig 6(a-e) that when noise increases, the ampli-
tude value deviates from its true value. It is also noted that SSA
achieves the best amplitude value at Ne = 80dB, outperforming
the other noise.
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Fig. 10-13 show the phase plots of the harmonic signal for
SSA, AOA, RSA, SCA, and WOA for all noise levels. Fig 10 (a-¢)
shows the weight phase plot for a 20 dB noise level. Similarly, Fig.
11-13 show the performance of SSA, AOA, RSA, SCA, and WOA
at N.=40dB, N, = 60dB, and N, = 80dB, respectively. It can be ob-
served from Fig 10(a-e) that when noise increases, the phase value
deviates from its true value. It is also noted that SSA achieves the
best phase value at N, = 80dB, and it outperforms the other noise.
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Table 2 Analysis of SSA, AOA, GWO, RSA, SCA, and WOA at N, =20dB
Method I, P, T T T T4 Ts P P2 p3 n ps Best Fitness

30 1.483 | 0484 | 0.194 | 0.173 | 0.112 | 1.388 | 1.039 | 0.906 | 0.574 | 0.046 6.787¢-3

500 60 1.492 | 0.460 | 0.204 | 0.126 | 0.031 1.401 1.042 | 0.686 | 0.920 | 1.644 8.062¢-3

90 1.488 | 0.483 | 0.187 | 0.179 | 0.072 | 1.380 | 1.082 | 0.850 | 0.435 | 0.090 6.975¢-3

30 1.518 0.480 0.209 0.106 0.088 1.393 1.094 0.930 1.031 0.196 8.084e-3

SSA 1000 60 1.516 | 0452 | 0.188 | 0.181 | 0.075 | 1.419 | 1.044 | 0949 | 0.688 | 0.685 7.257e-3
90 1.485 | 0.503 | 0.205 | 0.147 | 0.099 | 1.396 | 1.108 | 0.857 | 0.896 | 0.027 6.743¢-3

30 1.507 | 0.505 | 0.221 | 0.143 | 0.064 | 1419 | 1.055 | 0.744 | 0.803 | 0.506 6.368¢-3

2000 60 1.473 | 0499 | 0.202 | 0.124 | 0.121 1.404 | 1.041 | 0.789 | 0.918 | 0.204 6.132¢-3

90 1.512 | 0490 | 0.191 | 0.152 | 0.074 | 1.392 | 1.083 1.060 | 0.794 | 1.024 6.433¢-3

30 1.397 | 0.532 | 0.155 | 0.177 | 0.061 1.448 | 0.946 | 0.000 | 0.181 | 0.013 3.219¢-2

500 60 1.590 | 0.556 | 0.194 | 0.121 | 0.000 | 1.401 | 0.965 1.055 | 0.000 | 0.000 2.610e-2

90 1.415 0.446 0.083 0.094 0.000 1.366 1.070 0.838 0.002 2.000 2.954e-2

30 1.619 | 0449 | 0.185 | 0.133 | 0.009 | 1.345 | 1.082 | 0.727 | 0.121 | 0.145 2.855¢-2

AOA 1000 60 1.388 | 0456 | 0.241 | 0.201 | 0.012 | 1.406 | 1.129 | 0.294 | 0.402 | 0.125 2.673¢-2
90 1.412 | 0418 | 0294 | 0.123 | 0.117 | 1.378 | 0.910 | 0.942 | 0.000 | 0.000 2.230e-2

30 1.416 | 0.510 | 0.121 | 0.041 | 0.013 | 1.360 | 1.047 | 0.000 | 0.233 | 0.179 3.004 e-2

2000 60 1.563 | 0417 | 0.276 | 0.135 | 0.068 | 1477 | 1.045 | 0.813 | 0.853 | 0.000 2.895¢-2

90 1.562 | 0.459 | 0.159 | 0.038 | 0.000 | 1.386 | 1.066 | 0.302 | 0.000 | 0.016 3.015¢-2

30 1.554 | 0.455 | 0.219 | 0.188 | 0.075 | 1.408 | 1.085 | 0.546 | 0.798 | 0.543 1.272 ¢-2

500 60 1.478 | 0.524 | 0.188 | 0.146 | 0.0308 | 1.361 1.028 | 0.781 | 0.512 | 0.382 1.345¢-2

90 1.528 0.517 0.192 0.173 0.059 1.434 1.019 0.466 0.713 0.290 1.129 e-2

30 1.521 | 0.510 | 0.247 | 0.114 | 0.000 | 1.385 | 0.893 | 0.720 | 0.650 | 0.000 1.563 -2

GWO 1000 60 1.464 | 0.458 | 0.167 | 0.103 | 0.099 | 1.410 | 1.055 | 0.883 | 0.545 | 0.387 1.137 -2
90 1.503 | 0.506 | 0.182 | 0.117 | 0.090 | 1429 | 0.930 | 0.778 | 0.410 | 0.000 1.288 ¢-2

30 1.489 | 0.553 | 0.147 | 0.135 | 0.016 | 1.407 | 0.958 | 0.875 | 0.434 | 0.083 1.471 e-2

2000 60 1.522 | 0455 | 0.197 | 0.131 | 0.075 | 1417 | 1.173 | 0.619 | 0.548 | 0.118 1.098 e-2

90 1.486 | 0464 | 0.173 | 0.122 | 0.093 | 1.388 | 1.055 | 0.947 | 0.748 | 0.149 1.116e-2

30 1.390 | 0.608 | 0.305 | 0.185 | 0.132 | 1.401 1.065 | 0.790 | 0.811 1.272 3.316e-2

500 60 1.414 0.485 0.273 0.024 0.017 1.257 0.911 1.011 1.165 0.000 4.933e-2

90 1.436 | 0.451 | 0.091 | 0.146 | 0.008 | 1.264 | 1.094 | 0.646 | 0.664 | 2.000 4.255¢-2

30 1.365 | 0.408 | 0.083 | 0.000 | 0.002 | 1.226 | 1.020 | 0.013 | 0.125 | 1.218 7.520e-2

RSA 1000 60 1.351 | 0.538 | 0.179 | 0.061 | 0.002 | 1.216 | 1.021 1.072 | 0.562 | 1.535 5.844e-2
90 1.371 | 0.586 | 0.205 | 0.230 | 0.007 | 1.299 | 1.000 | 1.112 | 0.868 | 1.059 3.845¢-2

30 1.480 | 0.549 | 0.228 | 0.105 | 0.020 | 1.273 | 0979 | 1.058 | 0.987 | 1.998 3.458¢-2

2000 60 1.419 | 0.563 | 0.217 | 0.028 | 0.073 | 1.353 | 0980 | 1.027 | 0.791 | 0.367 2411e-2

90 1.344 | 0.532 | 0.172 | 0.137 | 0.170 | 1.268 | 1.170 | 1.249 | 0.727 | 1.355 4.491e-2

30 1.479 0.449 0.000 0.000 0.000 1.312 1.210 0.000 0.000 0.000 4.517e-2

500 60 1.516 | 0.548 | 0.000 | 0.000 | 0.000 | 1.396 | 1.051 | 0.000 | 0.000 | 0.781 4.155¢-2

90 1.440 | 0.467 | 0.000 | 0.113 | 0.000 | 1.351 | 0.883 | 0.442 | 1.311 | 0.000 4.081e-2

30 1.536 | 0.614 | 0.000 | 0.000 | 0.000 | 1.370 | 0.873 | 0.000 | 0.000 | 0.815 5.056e-2

SCA 1000 60 1.555 | 0478 | 0.107 | 0.001 | 0.000 | 1.419 | 0.834 | 1.249 | 0.587 | 0.000 3.519e-2
90 1.512 | 0.546 | 0.000 | 0.000 | 0.000 | 1.388 | 0.964 | 0.000 | 0.022 | 0.057 3.943¢-2

30 1.467 | 0.480 | 0.000 | 0.000 | 0.000 | 1.341 1.145 | 0.000 | 0.000 | 0.000 4.183e-2

2000 60 1.526 | 0.508 | 0.000 | 0.146 | 0.000 | 1.450 | 1.159 | 0.000 | 0.000 | 0.000 3.563e-2

90 1.489 | 0.503 | 0.000 | 0.000 | 0.000 | 1.413 | 1.192 | 0.000 | 0.000 | 0.000 3.757e-2

30 1.424 0.505 0.290 0.167 0.036 1.439 1.013 1.096 0.452 0.141 1.553e-2

500 60 1.473 | 0.554 | 0.122 | 0.131 | 0.131 1.386 | 1.002 | 0.892 | 0.119 | 0.992 1.197e-2

90 1.444 | 0.223 | 0.269 | 0.088 | 0.112 | 1.398 | 0.049 | 0.013 1.420 | 1.106 1.129¢-2

30 1.486 | 0.488 | 0.151 | 0.190 | 0.096 | 1412 | 1.085 1.115 1.304 | 0.000 1.269¢-2

WOA | 1000 60 1.475 | 0442 | 0.195 | 0.159 | 0.101 1.409 | 0.884 | 1.231 | 0.723 | 0.814 1.165¢-2
90 1.512 | 0.396 | 0.196 | 0.189 | 0.093 1.414 | 1.062 | 0.867 | 1.136 | 0.501 1.139¢-2

30 1.465 | 0.439 | 0.202 | 0.097 | 0.137 | 1.450 | 0.965 1.097 | 1.562 | 0.727 1.670e-2

2000 60 1.500 | 0.459 | 0.179 | 0.128 | 0.140 | 1.407 | 0.943 | 0.979 | 0.621 | 0.051 9.348¢-3

90 1.483 0.490 0.182 0.073 0.137 1.395 0.948 0.728 0.504 0.075 8.356e-3

Actual 1.500 | 0.500 | 0.200 | 0.150 | 0.100 | 1.396 | 1.047 | 0.785 | 0.628 | 0.523
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Table 3: Analysis of SSA, AOA, GWO, RSA, SCA, and WOA at N. =40dB

Method I P, T T T3 T4 Ts P s 3 o Ps Best Fitness

30 1.498 | 0.498 | 0.198 | 0.149 | 0.099 | 1.396 | 1.057 | 0.684 | 0.684 | 0.447 2.642¢-04

500 60 1.494 | 0.502 | 0.199 | 0.148 | 0.103 | 1.400 | 1.054 | 0.685 | 0.557 | 0.610 2.916e-04

90 1.497 | 0.501 | 0.198 | 0.144 | 0.107 | 1.396 | 1.040 | 0.874 | 0.587 | 0.624 2.576e-04

30 1.494 | 0.504 | 0.203 | 0.142 | 0.098 | 1.403 | 1.029 | 0.691 | 0.714 | 0.668 4.328e-04

SSA 1000 60 1.498 | 0.501 | 0.201 | 0.148 | 0.098 | 1.397 | 1.063 | 0.795 | 0.514 | 0.317 3.353e-04

90 1.496 | 0.499 | 0.200 | 0.144 | 0.091 1.393 | 1.040 | 0.776 | 0.658 | 0.772 3.072e-04

30 1.497 | 0.496 | 0.198 | 0.146 | 0.092 | 1.396 | 1.048 | 0.783 | 0.537 | 0.710 2.588e-04

2000 60 1.502 | 0.502 | 0.199 | 0.147 | 0.099 | 1.395 | 1.053 | 0.740 | 0.837 | 0.324 6.239¢-04

90 1.500 | 0.499 | 0.199 | 0.151 0.101 1.395 1.045 | 0.752 | 0.722 | 0.472 1.384¢-04

30 1.510 | 0.528 | 0.145 | 0.189 | 0.000 | 1.315 | 1.041 | 0.278 | 0.000 | 0.090 2.338e-02

500 60 1.553 | 0.424 | 0.100 | 0.011 | 0.141 1416 | 1.112 | 0.156 | 0.196 | 0.026 2.589e-02

90 1.503 | 0.453 | 0.171 | 0.016 | 0.000 | 1.351 | 0.914 | 0.576 | 0.000 | 2.000 2.139e-02

30 1.585 | 0.456 | 0.117 | 0.085 | 0.000 | 1.412 | 0.931 | 0.980 | 1.168 | 0.089 1.950e-02

AOA 1000 60 1.600 | 0.501 | 0.221 | 0.238 | 0.013 | 1.424 | 0.948 | 0.425 | 0.369 | 2.000 2.058e-02

90 1.553 | 0.542 | 0.205 | 0.001 | 0.106 | 1.368 | 1.201 | 0.652 | 0.002 | 0.173 1.936e-02

30 1.535 | 0.483 | 0.102 | 0.233 | 0.161 1.388 | 0.983 | 0.109 | 0.350 | 0.618 1.763e-02

2000 60 1.536 | 0.436 | 0.162 | 0.036 | 0.152 1.396 | 1.098 | 0.033 | 0.155 | 0.001 2.319¢-02

90 1.490 | 0.503 | 0.177 | 0.105 | 0.000 | 1.478 | 1.139 | 0.758 | 0.000 | 0.160 1.774e-02

30 1.508 | 0.531 | 0.184 | 0.110 | 0.008 | 1.424 | 0.959 | 0.581 | 0.494 | 0.511 8.623e-03

500 60 1.464 | 0.498 | 0.231 | 0.109 | 0.077 | 1.415 | 0.942 | 0.619 | 0.210 | 0.364 6.117e-03

90 1.492 | 0513 | 0.175 | 0.131 | 0.105 | 1.388 | 1.066 | 0.729 | 0.501 | 0.142 1.793e-03

30 1.494 | 0.490 | 0.195 | 0.111 0.034 | 1.446 | 1.058 | 0.755 | 0.495 | 0.437 6.066e-03

GWO | 1000 60 1.484 | 0.468 | 0.160 | 0.151 | 0.093 | 1.366 | 0.995 | 1.037 | 0.841 | 0.805 4.799e-03

90 1.503 | 0.529 | 0.235 | 0.106 | 0.076 | 1.384 | 1.027 | 0.731 | 0.610 | 0.008 3.663e-03

30 1.499 | 0.510 | 0.153 | 0.164 | 0.111 1407 | 1.138 | 0.982 | 0.441 | 0.066 4.804¢-03

2000 60 1.487 | 0.450 | 0.224 | 0.155 | 0.093 1.391 1.097 | 0.724 | 0.184 | 0.048 5.213e-03

90 1.478 | 0.507 | 0.222 | 0.125 | 0.072 | 1.420 | 1.063 | 0.761 | 0.728 | 0.542 2.079e-03

30 1.455 | 0.538 | 0.139 | 0.103 | 0.249 | 1.245 | 1.030 | 1.132 | 0.494 | 1.123 4.716e-02

500 60 1.309 | 0.457 | 0.058 | 0.063 | 0.001 1414 | 1.014 | 0.255 | 0.142 | 0.457 4.129¢-02

90 1.459 | 0.545 | 0.125 | 0.059 | 0.025 | 1.346 | 0.982 | 0.027 | 0.115 | 0.344 2.330e-02

30 1.247 | 0.519 | 0.351 | 0.210 | 0.189 | 1.292 | 1.131 | 0.837 | 0.484 | 0.931 6.241e-02

RSA 1000 60 1.439 | 0.531 | 0.000 | 0.024 | 0.120 | 1.318 | 0.937 | 1.311 1.911 | 0.346 4.125e-02

90 1.432 | 0.470 | 0.260 | 0.020 | 0.040 | 1.366 | 0.894 | 0.760 | 0.555 | 1.497 2.049¢-02

30 1.262 | 0.563 | 0.127 | 0.010 | 0.001 1.291 0.943 | 0.603 1.316 | 0.344 5.971e-02

2000 60 1.409 | 0.561 | 0.089 | 0.026 | 0.137 | 1.321 1.010 | 0.402 | 0.057 | 0.636 2.833e-02

90 1.357 | 0.532 | 0.195 | 0.156 | 0.056 | 1.387 | 1.076 | 0.919 | 0.583 | 0.771 1.235e-02

30 1.466 | 0.489 | 0.000 | 0.000 | 0.000 | 1.433 | 0.948 | 0.000 | 0.000 | 0.000 3.915e-02

500 60 1.405 | 0.673 | 0.171 | 0.155 | 0.091 1.452 | 0965 | 0.979 | 0.998 | 0.476 2.702e-02

90 1.555 | 0.458 | 0.181 | 0.000 | 0.000 | 1.399 | 1.031 | 0.000 | 0.000 | 0.000 2.966e-02

30 1.449 | 0.475 | 0.000 | 0.000 | 0.003 | 1.364 | 1.040 | 0.000 | 0.000 | 1.560 3.927¢-02

SCA 1000 60 1.442 | 0.495 | 0.237 | 0.000 | 0.000 | 1.421 1.124 | 0971 | 0.048 | 0.002 2.064¢-02

90 1.473 | 0.512 | 0.000 | 0.095 | 0.000 | 1.447 1.049 1.621 0.000 | 0.972 3.269¢-02

30 1.505 | 0.482 | 0.000 | 0.000 | 0.000 | 1.372 | 1.030 | 0.000 | 0.000 | 0.000 3.702e-02

2000 60 1.538 | 0.521 | 0.000 | 0.000 | 0.000 | 1.412 | 1.037 | 0.000 | 0.000 | 0.000 3.719e-02

90 1.438 | 0.531 | 0.000 | 0.108 | 0.000 | 1.392 | 1.187 | 0.000 | 0.000 | 0.000 3.363e-02

30 1.496 | 0.487 | 0.204 | 0.171 | 0.041 1.399 | 1.086 | 0.518 | 0.748 | 0.048 3.996e-03

500 60 1.495 | 0.506 | 0.197 | 0.115 | 0.127 | 1.400 | 1.020 | 0.808 | 0.497 | 1.045 2.741e-03

90 1.491 | 0.500 | 0.186 | 0.147 | 0.133 | 1.400 | 1.040 | 0.904 | 0.570 | 0.628 9.641e-04

30 1.505 | 0.484 | 0.221 | 0.144 | 0.115 | 1.395 | 1.011 | 0913 | 0.777 | 0.011 2.440e-03

WOA | 1000 60 1.508 | 0.494 | 0.185 | 0.128 | 0.114 | 1.392 | 1.055 | 0.861 | 0.717 | 0.465 6.377¢-04

90 1.494 | 0.509 | 0.177 | 0.143 | 0.085 1.396 | 1.077 | 0.741 0.676 | 0.260 7.988e-04

30 1.499 | 0.501 | 0.185 | 0.161 | 0.078 | 1.401 1.019 | 1.033 | 0.526 | 0.292 1.718e-03

2000 60 1.495 | 0.509 | 0.199 | 0.119 | 0.096 | 1.397 | 1.060 | 0.714 | 0.716 | 0.925 1.318e-03

90 1.502 | 0.495 | 0.189 | 0.159 | 0.091 1.392 | 1.053 | 0.684 | 0.712 | 0.409 4.337e-04

Actual 1.500 | 0.500 | 0.200 | 0.150 | 0.100 | 1.396 | 1.047 | 0.785 | 0.628 | 0.523
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Table 4 Analysis of SSA, AOA, GWO, RSA, SCA, and WOA at N. = 60dB

Method I, P, T - T T Ts P P2 p3 Pa Ps Best Fitness
30 1.499 | 0.500 | 0.198 | 0.149 | 0.095 | 1.396 | 1.048 | 0.851 | 0.626 | 0.782 4.051e-04

500 60 1.499 | 0.500 | 0.199 | 0.150 | 0.100 | 1.395 | 1.046 | 0.768 | 0.699 | 0.468 7.432¢-05

90 1.500 | 0.500 | 0.200 | 0.150 | 0.099 | 1.395 | 1.045 | 0.810 | 0.664 | 0.459 4.473e-05

30 1.499 | 0.500 | 0.199 0.150 0.099 1.396 1.047 0.821 0.634 | 0.595 4.860e-05

SSA 1000 60 1.499 | 0.499 | 0.199 | 0.149 | 0.100 | 1.395 | 1.047 | 0.793 | 0.639 | 0.528 2.882e-06
90 1.500 | 0.499 | 0.200 | 0.150 | 0.100 | 1.395 | 1.045 | 0.790 | 0.654 | 0.551 1.164e-05

30 1.500 | 0.499 | 0.200 | 0.150 | 0.099 | 1.396 | 1.046 | 0.771 | 0.635 | 0471 1.557e-05

2000 60 1.499 | 0.500 | 0.199 | 0.150 | 0.099 | 1.395 | 1.047 | 0.783 | 0.647 | 0.485 1.034e-05

90 1.500 | 0.500 | 0.199 | 0.149 | 0.100 | 1.396 | 1.047 | 0.785 | 0.649 | 0.535 5.072¢-06

30 1.571 | 0476 | 0.117 | 0.003 | 0.126 | 1.468 | 0.951 | 0.031 | 2.000 | 0.217 3.178e-02

500 60 1.473 | 0.497 | 0.190 | 0.153 | 0.000 | 1.329 | 0.929 | 0.101 | 0.000 | 0.119 2.492¢-02

90 1.410 | 0.477 | 0.233 0.010 0.001 1.442 1.111 1.021 2.000 | 0.000 2.484e-02

30 1.489 | 0.601 | 0.179 | 0.171 | 0.141 | 1.299 | 0.998 | 0.331 | 0.318 | 0.262 2.270e-02

AOA 1000 60 1.527 | 0.502 | 0.247 | 0.073 | 0.000 | 1.439 | 1.116 | 0.636 | 0.003 | 0.216 1.482¢-02
90 1.417 | 0478 | 0.245 | 0.155 | 0.000 | 1.476 | 0.922 | 0.534 | 0.184 | 0.000 2.216¢-02

30 1.395 | 0425 | 0.156 | 0.172 | 0.060 | 1.431 | 0.785 | 0.942 | 0.405 | 0.097 2.031e-02

2000 60 1.594 | 0492 | 0.113 | 0.156 | 0.011 1.366 | 1.154 | 0.679 | 0.000 | 0.021 1.938¢-02

90 1.535 | 0478 | 0.167 | 0.083 | 0.082 | 1.447 | 1.152 | 0.058 | 0.017 | 0.000 1.993¢-02

30 1.495 | 0.542 | 0.239 | 0.147 | 0.071 | 1.415 | 0.985 | 0.524 | 0.411 | 0.077 5.876¢-03

500 60 1.511 | 0.478 | 0.185 | 0.127 | 0.068 | 1.404 | 0.968 | 0.665 | 0.570 | 0.014 3.136e-03

90 1.521 0.460 | 0.158 0.159 0.103 1.406 1.089 0.710 | 0.723 0.538 2.456e-03

30 1.510 | 0.567 | 0.233 | 0.175 | 0.122 | 1.388 | 1.131 | 0.789 | 0.506 | 0.448 4.809¢-03

GWO | 1000 60 1.483 | 0.484 | 0.138 | 0.114 | 0.089 | 1.404 | 1.054 | 0.666 | 0.701 | 0.447 3.157¢-03
90 1.530 | 0.457 | 0.201 | 0.163 | 0.095 | 1.403 | 1.060 | 0.961 | 0.560 | 0.334 2.403e-03

30 1.453 | 0463 | 0.211 | 0.144 | 0.071 | 1.386 | 1.012 | 0.983 | 0.328 | 0.019 5.150e-03

2000 60 1.544 | 0.512 | 0.241 | 0.155 | 0.084 | 1.390 | 1.125 | 0.872 | 0.567 | 0.877 3.669¢-03

90 1.480 | 0.503 | 0.216 | 0.164 | 0.103 | 1.385 | 1.122 | 1.018 | 0.464 | 0.683 2.933e-03

30 1.391 | 0.558 | 0.267 | 0.280 | 0.068 | 1.212 | 0.990 | 0.831 | 0.993 | 0.728 5.717e-02

500 60 1.339 | 0.497 | 0.160 0.032 0.024 1.327 1.242 1.180 1.125 1.633 3.728e-02

90 1.457 | 0.544 | 0.150 | 0.167 | 0.088 | 1.314 | 1.011 | 1.109 | 0.656 | 0.025 1.341e-02

30 1.389 | 0.499 | 0.075 | 0.000 | 0.000 | 1.334 | 1.013 | 0.000 | 0.927 | 1.737 3.848e-02

RSA 1000 60 1.312 | 0.449 | 0.209 | 0.207 | 0.080 | 1.272 | 1.040 | 0.711 | 0.236 | 0.920 3.883¢-02
90 1.309 | 0.573 | 0.261 | 0.221 | 0.092 | 1.301 | 1.185 | 0.574 | 0.585 | 0.531 3.802¢-02

30 1.389 | 0.519 | 0.133 | 0.078 | 0.001 1.348 | 0.885 | 0.392 | 0.395 | 2.000 2.408e-02

2000 60 1.326 | 0.475 | 0.186 | 0.009 | 0.212 | 1.218 | 0.905 | 0.356 | 0.005 | 0.306 6.919¢-02

90 1.416 | 0.552 | 0.134 | 0.093 | 0.084 | 1.286 | 1.093 | 1.115 | 0.603 | 1.502 2.689¢-02

30 1.509 | 0.557 | 0.000 0.000 0.000 1.436 1.102 0.000 | 0.989 0.000 4.016e-02

500 60 1.470 | 0.493 | 0.000 | 0.165 | 0.000 | 1.345 | 0.920 | 0.000 | 0.000 | 0.010 3.517e-02

90 1.481 | 0.516 | 0.057 | 0.082 | 0.000 | 1.391 | 1.091 | 0.209 | 0.000 | 0.000 2.227¢-02

30 1.525 | 0.229 | 0.000 | 0.000 | 0.000 | 1.389 | 0.000 | 0.000 | 0.000 | 1.056 1.305¢-01

SCA 1000 60 1.484 | 0.530 | 0.155 | 0.000 | 0.000 | 1.426 | 1.131 | 0.000 | 0.000 | 0.000 2.896¢-02
90 1.500 | 0.471 | 0.000 | 0.000 | 0.000 | 1.383 | 1.035 | 0.000 | 0.000 | 0.000 3.677¢-02

30 1.536 | 0.506 | 0.000 | 0.119 | 0.000 | 1.377 | 0.998 | 0.000 | 0.000 | 0.000 3.030e-02

2000 60 1.501 | 0.497 | 0.000 | 0.000 | 0.097 | 1.389 | 1.147 | 0.000 | 0.000 | 0.000 3.385e-02

90 1.473 | 0.520 | 0.000 | 0.000 | 0.000 | 1.403 | 1.164 | 0.000 | 0.000 | 0.000 3.866¢-02

30 1.499 | 0492 | 0.137 0.160 0.093 1.392 1.058 1.111 0.707 0.455 3.565e-03

500 60 1.500 | 0.499 | 0.189 | 0.152 | 0.106 | 1.395 | 1.047 | 0.833 | 0.667 | 0.565 1.477e-04

90 1.497 | 0.499 | 0.209 | 0.151 | 0.076 | 1.395 | 1.052 | 0.718 | 0.782 | 0.536 6.826¢-04

30 1.498 | 0.498 | 0.208 | 0.144 | 0.102 | 1.395 | 1.053 | 0.805 | 0.237 | 0.709 1.852¢-03

WOA | 1000 60 1.503 | 0.499 | 0.199 | 0.163 | 0.078 | 1.394 | 1.046 | 0.756 | 0.694 | 0.280 6.091e-04
90 1.500 | 0.496 | 0.194 | 0.151 | 0.095 | 1.394 | 1.043 | 0.875 | 0.661 | 0.649 2.730e-04

30 1.500 | 0.501 | 0.202 | 0.124 | 0.081 | 1.397 | 1.033 | 0.624 | 0.803 | 1.077 2.531e-03

2000 60 1.498 | 0.501 | 0.194 | 0.145 | 0.093 | 1.396 | 1.050 | 0.803 | 0.603 | 0.499 6.031e-05

90 1.498 0.499 | 0.2006 | 0.149 0.100 1.397 1.044 | 0.760 | 0.642 0.581 3.403e-05

Actual 1.500 | 0.500 | 0.200 | 0.150 | 0.100 | 1.396 | 1.047 | 0.785 | 0.628 | 0.523
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Table 5 Analysis of SSA, AOA, GWO, RSA, SCA, and WOA at N. = 80dB

Method I, P, T T T T Ts P P2 p3 Pa ps Best Fitness
30 1.500 | 0.500 | 0.199 | 0.149 | 0.098 | 1.395 | 1.047 | 0.789 | 0.700 | 0.713 2.372e-04

500 60 1.500 | 0.500 | 0.199 | 0.150 | 0.099 | 1.395 | 1.046 | 0.798 | 0.615 | 0.673 1.176e-04

90 1.499 | 0.499 | 0.199 | 0.149 | 0.099 | 1.395 | 1.047 | 0.775 | 0.677 | 0.627 8.307¢-05

30 1.500 | 0.500 | 0.199 | 0.150 | 0.099 1.395 1.047 | 0.787 | 0.633 0.544 2.756e-06

SSA 1000 60 1.499 | 0.499 | 0.200 | 0.150 | 0.099 | 1.396 | 1.047 | 0.785 | 0.635 | 0.519 5.730e-07
90 1.500 | 0.500 | 0.200 | 0.149 | 0.100 | 1.396 | 1.047 | 0.786 | 0.631 | 0.514 5.102¢-07

30 1.499 | 0.500 | 0.199 | 0.150 | 0.099 | 1.395 | 1.047 | 0.787 | 0.625 | 0.535 8.648¢-07

2000 60 1.499 | 0.499 | 0.200 | 0.150 | 0.099 | 1.396 | 1.046 | 0.784 | 0.632 | 0.529 4.805¢-07

90 1.500 | 0.500 | 0.200 | 0.149 | 0.100 | 1.395 | 1.046 | 0.784 | 0.630 | 0.524 9.182¢-08

30 1.491 | 0.587 | 0.220 | 0.063 | 0.000 | 1.338 | 1.063 | 0.316 | 0.005 | 2.000 2.299¢-02

500 60 1.379 | 0.559 | 0.154 | 0.003 | 0.112 | 1.424 | 1.054 | 0.705 | 0.006 | 0.547 2.200e-02

90 1.521 0.416 | 0.214 | 0.001 0.000 1.369 1.091 0.930 | 0.090 | 0.016 2.132e-02

30 1.597 | 0.551 | 0.250 | 0.118 | 0.000 | 1.433 | 0.930 | 0.442 | 0.000 | 0.007 2.264¢-02

AOA | 1000 60 1.442 | 0.458 | 0.244 | 0.178 | 0.000 | 1.378 | 0.967 | 1.016 | 0.382 | 0.026 1.211e-02
90 1.592 | 0.562 | 0.175 | 0.151 | 0.000 | 1.427 | 1.211 | 0.544 | 0.289 | 0.024 1.875¢-02

30 1.536 | 0.467 | 0.155 | 0.006 | 0.000 | 1.408 | 1.036 | 0.598 | 2.000 | 2.000 1.897¢-02

2000 60 1.596 | 0480 | 0.233 | 0.129 | 0.000 | 1.414 | 1.082 | 0.534 | 0.000 | 2.000 1.634¢-02

90 1.448 | 0484 | 0.233 | 0.153 | 0.001 | 1.426 | 1.025 | 0.243 | 0.178 | 0.000 1.693¢-02

30 1.520 | 0.450 | 0.211 | 0.174 | 0.082 | 1.417 | 1.010 | 0.484 | 0.394 | 1.084 6.541e-03

500 60 1.479 | 0.484 | 0.239 | 0.139 | 0.136 | 1.415 | 0.987 | 0.642 | 0.522 | 0.388 3.385¢-03

90 1.496 | 0.494 | 0.167 | 0.161 0.056 1.388 1.017 | 0.679 | 0.558 0.621 1.981e-03

30 1.479 | 0481 | 0.191 | 0.144 | 0.061 | 1.402 | 0.952 | 0.672 | 0.071 | 0.083 6.401e-03

GWO | 1000 60 1.513 | 0483 | 0.182 | 0.131 | 0.066 | 1.399 | 1.058 | 0.906 | 0.430 | 0.294 1.986¢-03
90 1.516 | 0.530 | 0.167 | 0.128 | 0.113 | 1.405 | 1.138 | 0.691 | 0.459 | 0.578 3.093e-03

30 1.527 | 0.536 | 0.186 | 0.206 | 0.049 | 1.386 | 1.088 | 0.899 | 0.777 | 0.001 5.582¢-03

2000 60 1.518 | 0468 | 0.184 | 0.169 | 0.048 | 1.406 | 1.035 | 0.778 | 0.593 | 0.190 2.711e-03

90 1.482 | 0.522 | 0.251 | 0.143 | 0.080 | 1.409 | 1.035 | 0.564 | 0.611 | 0.452 3.439¢-03

30 1413 | 0461 | 0.262 | 0.147 | 0.103 | 1.228 | 0.922 | 0.308 | 0.455 | 1.179 4.630e-02

500 60 1.343 0.519 | 0.151 0.000 | 0.032 1.324 1.407 | 0.606 | 0.147 | 0.509 4.932¢-02

90 1.268 | 0.586 | 0.226 | 0.056 | 0.101 | 1.286 | 0.850 | 0.647 | 1.048 | 0.554 5.339e-02

30 1.354 | 0406 | 0.337 | 0.262 | 0.054 | 1.418 | 1.115 | 1.152 | 0.918 | 0.713 3.913e-02

RSA 1000 60 1.308 | 0.577 | 0.322 | 0.191 | 0.081 | 1.327 | 0.860 | 0.840 | 0.676 | 0.909 4.025¢-02
90 1.304 | 0.513 | 0.206 | 0.000 | 0.023 | 1.387 | 1.001 | 0.947 | 1.832 | 0.980 3.447e-02

30 1.247 | 0458 | 0.126 | 0.277 | 0.130 | 1.425 | 1.052 | 0.751 | 0.723 | 0.852 4.587¢-02

2000 60 1.333 | 0456 | 0.306 | 0.165 | 0.054 | 1.357 | 0.999 | 0.629 | 0.982 | 1.761 2.930e-02

90 1.329 | 0.551 | 0.186 | 0.007 | 0.059 | 1.407 | 1.000 | 0.517 | 0.902 | 1.944 3.386¢-02

30 1.480 | 0.499 | 0.000 | 0.000 | 0.000 1.423 1.042 | 0.000 | 0.000 | 0.000 3.729¢-02

500 60 1.413 | 0.518 | 0.304 | 0.000 | 0.000 | 1.372 | 1.015 | 0.667 | 0.000 | 0.000 2.674¢-02

90 1.445 | 0.456 | 0.146 | 0.000 | 0.004 | 1.421 | 1.080 | 0.000 | 0.000 | 0.000 2.916e-02

30 1.478 | 0.571 | 0.166 | 0.000 | 0.000 | 1.423 | 0.981 | 0.207 | 0.000 | 0.000 2.647¢-02

SCA 1000 60 1.498 | 0.531 | 0.000 | 0.000 | 0.000 | 1.375 | 1.074 | 0.000 | 0.526 | 0.000 3.730e-02
90 1.515 | 0.527 | 0.146 | 0.000 | 0.000 | 1.389 | 1.118 | 0.000 | 0.000 | 0.000 2.748e-02

30 1.474 | 0.490 | 0.000 | 0.138 | 0.000 | 1.420 | 1.062 | 0.000 | 0.738 | 0.029 2.627e-02

2000 60 1.464 | 0.491 | 0.156 | 0.000 | 0.000 | 1.404 | 1.087 | 1.012 | 0.000 | 0.000 1.894¢-02

90 1.494 | 0.501 | 0.000 | 0.000 | 0.000 | 1.417 | 1.013 | 0.000 | 0.000 | 0.000 3.693e-02

30 1.500 | 0.505 0.211 0.183 0.138 1.395 0.985 0.406 | 0.282 | 0.595 6.471e-03

500 60 1.500 | 0.491 | 0.193 | 0.157 | 0.119 | 1.394 | 1.042 | 0.777 | 0.793 | 0.747 8.936¢-04

90 1.499 | 0.505 | 0.208 | 0.137 | 0.097 | 1.396 | 1.029 | 0.830 | 0.396 | 0.517 7.650e-04

30 1.498 | 0.510 | 0.199 | 0.137 | 0.104 | 1.396 | 1.047 | 0.574 | 0.640 | 0.195 1.573e-03

WOA | 1000 60 1.500 | 0.500 | 0.195 | 0.158 | 0.084 | 1.395 | 1.044 | 0.786 | 0.657 | 0.664 2.546e-04
90 1.500 | 0.502 | 0.198 | 0.152 | 0.099 | 1.395 | 1.044 | 0.708 | 0.728 | 0.544 2.403e-04

30 1.500 | 0.498 | 0.200 | 0.148 | 0.099 | 1.395 | 1.037 | 0.835 | 0.444 | 0.851 9.705¢-04

2000 60 1.499 | 0.499 | 0.198 | 0.144 | 0.097 | 1.396 | 1.044 | 0.797 | 0.655 | 0.617 7.370e-05

90 1.499 | 0.501 0.200 | 0.146 | 0.099 1.396 1.046 | 0.729 | 0.666 | 0.623 1.339¢-04

Actual 1.500 | 0.500 | 0.200 | 0.150 | 0.100 | 1.396 | 1.047 | 0.785 | 0.628 | 0.523
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Tables 2-5 show the performance of SSA, AOA, GWO, RSA,
SCA, and WOA for best-estimated weights and corresponding best
fitness values for all noise levels. Table 2 shows the best-estimated
weights and best fitness value for Ne = 20dB. Similarly, Table 3-5
shows the best-estimated weights and best fitness values for N, =
40dB, N, = 60dB, and N, = 80dB, respectively. Moreover, it can
be observed that SSA outperformed the other corresponding opti-
mization algorithms AOA, GWO, RSA, SCA, and WOA, for the
developed system model.

Fig. 14 shows the weighted amplitude plots of the harmonic
signal for SSA for all noise levels. Fig. 14 (a) shows the weight
amplitude plot for N, = 20dB noise level. Similarly, Fig. 14(b-d)
shows the weighted amplitude plot for N, = 40dB, N, = 60dB, and
N. = 80dB, respectively. Moreover, it can be observed in Fig. 14
(a-d) that when the noise level increases, the values of harmonics
are affected significantly.
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Fig. 14 SSA analysis of amplitudes w.r.t. noise levels

Consequently, Fig. 15 shows the weighted phase plots of the
harmonic signal for SSA for all noise levels. Specifically, Fig 15
(a) shows the weighted phase plot for N, = 20dB noise level. Sim-
ilarly, Fig. 15(b-d) shows the weighted amplitude plot for Ne =
40dB, N, = 60dB, and N, = 80dB, respectively. Moreover, it can
be observed from Fig 15 (a-d) that when the noise level increases,
the values of harmonics are affected significantly.
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The statistical performance of SSA, AOA, GWO, RSA,
SCA, and WOA is shown in Fig 16. Fig. 16(a) shows the statisti-
cal performance of all methods/techniques for N. = 20dB at Pn =
90 and I, = 2000. Similarly, Fig 16 (b-d) depicts the performance
for N. = 40dB, N, = 60dB, and N, = 80dB, respectively. It can be
seen from Fig 16 (a-d) that SSA achieves better performance than
AOA, GWO, RSA, SCA, and WOA for all independent runs.
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Fig. 16 Statistical plots of SSA, AOA, GWO, RSA, SCA, and
WOA w.r.t. noise levels
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Fig. 17 Average fitness of techniques w.r.t iterations for HPE
model

Average fitness plots of SSA, AOA, GWO, RSA, SCA, and
WOA for all variations is shown in Fig. 17. Fig 17(a) shows the
average fitness values for all noise level at I, = 500. Similarly, Fig
18(b-c) shows the average fitness values for all noise levels at I, =
1000, and I, = 2000, respectively. It is shown in Fig. 17 (a-c) that
the average fitness value of SSA is lowest against AOA, GWO,
RSA, SCA, and WOA.

5. CONCLUSION

Modern and smart power systems entail an instantaneous es-
timation and elimination of harmonic signals present in the pow-
er system that significantly degrade power quality. Therefore, this
paper has exploited an intelligent and sophisticated bio-inspired
optimization of SSA to estimate harmonics in modern and smart
power systems integrated with renewable energy systems. The es-
timation of phase, amplitude, and weights are carried out by the
SSA and compared with other state-of-the-art optimization heu-
ristics i.e. AOA, GWO, RSA, SCA, and WOA. The analysis is
carried out for several I, = [500. 1000. 2000], P, =[30, 60, 90] and
N. = [20dB, 40dB, 60dB, 80dB]. The analysis of simulation re-
sults depicts that the SSA performance is significantly better for all
numbers of iterations, populations, and noise levels compared to
AOA, GWO, RSA, SCA, and WOA. Moreover, future studies can
be extended towards wearable sensors [42], health care monitoring
systems [43], power converter [44], permanent magnet machines
[45].
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terest.
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