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Abstract

Due to the environment’s instability, to reduce inconsistent power supply it is preferable to connect two or more RES in
a grid. Harmonics and other power quality issues are introduced into the distribution grid as a result of integrating these
Hybrid Renewable Energy Storage (HRES) with nonlinear loads, which is a significant concern for the utility and the
consumers, respectively. With the use of the Unified Power Quality Conditioner (UPQC), power quality problems such
as voltage interruptions, actual power, and reactive power can be reduced. For optimal operation of the series and shunt
compensator of UPQC, the outputs of the converters are controlled by PWM signals, which are optimally tuned by
controllers implemented with updated algorithms. An optimized Hybrid metaheuristic-assisted collateral controller
comprising of fractional-order proportional integral derivative (FOPID) controller cum (proportional integral (PI) con-
troller for the enhancement of the Three-Phase HRES system-based Distribution Grid integrated with UPQC is
developed in this paper. The UPQC reduces the harmonics that non-linear loads feed into the power supply and power
quality concerns. The DC link voltage regulation and controller optimization are achieved with the optimal tuning of
gain parameters, fractional orders and weight parameters using a hybrid Metaheuristic Algorithm named Amplified
Slime Mould with WildeBeest Herd Optimization (ASM-WHO) Algorithm. The proposed system is developed in
MATLAB Simulink to compare the effectiveness of compensation for voltage sags and surges and total harmonic
distortion (THD) to more traditional approaches, UPQC with PI controller, FOPID-PI controller, FOPID-PI with
Chicken Swarm Optimization (CSO), SOA, SMA, and WHO optimization. The settling time for the proposed FOPID-PI
controller with ASM —WHO is 147.27 s, which is 1.7%, 13.78%, 1.338% and 13.66% better than the controller without
optimization, the proposed collateral controller method with either SOA or CSO or SMA, WHO optimization and PI
controller respectively.

Keywords UPQC - FOPID controller - PI controller - Shunt and series APF compensator

1 Introduction

Electricity has become a more indispensable form of
energy that provides a highly adaptable human life. As the
demand for electricity rises along with population growth
and technological advancement, the conventional energy
crisis increases. Hence, RES is used widely in power
generation and distribution with global environmental and
economic concerns (Qazi et al. 2019). Due to the
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unstable nature of the environment, connecting two or
more RES in a grid is preferred for the reduction of
intermittent power supply (Carrasco et al. June 2006).
Integration of these HRES with nonlinear loads introduces
harmonics and other power quality problems in the distri-
bution grid, which is a major issue for the utility and the
consumers respectively (Latha et al. September 2011).
Correcting the problems for reliable power transmission
and supply is necessary to guarantee the quality of the
electricity in the distribution system. The power quality
issues, such as voltage interruptions, real power, and
reactive power can be mitigated with the usage of Unified
UPQC (Sivakumar et al. 2019) (Gowrishankar and Rama-
samy 2020).
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The outputs of the converters are controlled by PWM
signals, which are ideally tuned by controllers designed
with updated algorithms, for the best performance of the
series and shunt compensator of UPQC. The P&O algo-
rithm implemented by MPPT was used to optimize the PI
Controller in the PV-UPQC system (Samal and Hota
2017). Atom Search Optimization (ASO) Algorithm-based
FOPID controller was used for the control of UPQC in
the PV-Wind-BESS System (Goud and Loveswara Rao
2021). GSA algorithm for automatic tuning of PI con-
troller parameters was used as the optimization control of
UPQC in the distribution grid (Alam and Arya 2020). As
a result, for tuning the gain parameter optimally more
efficient system needs to be introduced (Privacy-preserv-
ing malware detection in Android-based IoT devices
through federated Markov chains 2023; D’Angelo et al.
2023).

In this proposed method, Solar PV and Wind-based
power generation systems are connected along with the
BESS to reduce the intermittent supply in the distribution
system. A novel control strategy is adopted to govern the
shunt compensator of UPQC in the distribution grid
integrated with interconnected RES by introducing a
Collateral controller. It is a parallel connection of the
FOPID controller and PI controller whose gains are
optimally tuned by an innovative algorithm and summed
up for effective power quality corrections. The weights
and gain parameters are optimally tuned by the ASM-
WHO Algorithm.

2 Objectives

To design and develop amplified slime mould with
wildebeest herd optimization algorithm focuses on con-
troller development for the optimal current and voltage
compensation in UPQC compensators.

The following are this work’s main contributions:

e Introduces a collateral control model of FOPID con-
troller shunted with PI Controller.

e Introduces a novel algorithm by updating the Wilde-
beest Herd Optimization algorithm with SMA.

e The optimal solution of WHO is given as an input to
Slime Mould Algorithm, in which the best solution is
attained for tuning the gain parameters and weight
parameters.

e The DC link voltage regulation and controller opti-
mization are attained with the optimal tuning of gain
parameters, such as k), k; k; fractional orders (4, 1) and
weight parameters (w,w;) using a hybrid Metaheuris-
tic Algorithm named Amplified Slime Mould with
WildeBeest Herd  Optimization (ASM-WHO)
Algorithm.

The following is how this paper is organised: the current
approaches are briefly reviewed in Sect. 2. The system
setup of the HRES-integrated Distribution Grid with UPQC
is described in Sect. 3. The developed ASM-WHO Algo-
rithm for the optimization of FOPID and PI controller
settings is described in Sect. 4. The outcomes of the
implemented system are explained in Sect. 5, and Sect. 6
concludes with the article summary.
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Fig.1 Diagrammatic representation of HRES—utility grid system integrated with UPQC
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Fig. 3 Diagrammatic representation of Shunt Controller
3 Literature review

In 2020, Muhammad Murtadha Othman et al. (Mansor
et al. 2020) developed a hybrid PV-BESS system with
UPQC. An STF with a Unit vector Integration approach is
implemented for phase synchronization of the Shunt Active
Power Filter (APF) and Series APF and to address the
unbalanced voltage and power quality problems by
increasing the overall efficiency.

In 2020, R. Pavan Kumar Naidu and S. Meikandasivam
(Naidu et al. 2020) developed FACTS-based Distributed
Power Flow Controller (DPFC) Controller comprising a
shunt and series compensator. It is also integrated with a

FOPID controller to solve the PQ issues that arise in the
grid due to the connected hybrid source. It improves the
voltage transition and voltage compensation with reduced
oscillation.

In 2020, Tao jin et al. (Jin et al. 2020) established an
efficient control approach for the UPQC-assisted dq0
detection technique, which eliminates PQ problems in
power distribution. In the technique created an SVPWM
algorithm with a fundamental and harmonic detection
mechanism, which enhances PQ and results in superior
tracking voltage performance.

In 2020, Ch. Sivakumar and Mallesham (Kumar and
Mallesham 2020) developed a revolutionary design that
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integrates RES, such as fuel cells and wind turbines with a
squirrel cage induction motor to reduce greenhouse gas
emissions. Also discussed is an Artificial Neural Network
(ANN) controller-based UPQC that can tolerate voltage
variations while enhancing PQ.

In 2020, V Nanthagopal et al. (Nanthagopal, Dr.S.
Chitra. 2020) designed a unique technique for studying the
solar integrated UPQC, which combines a shunt and series
compensator with a shared DC-link, under current and
voltage distortion. It enhances the system’s stability and
reduces voltage disturbances.

In 2021, Ch. Phani Kumar et al. (2021) described the
importance of PQ improvement in an integrated hybrid grid
energy system with UPQC. It uses discrete three-phase
active power converters in series and shunt. The PSCAD
simulation platform is used to simulate and analyse the
system while a fuzzy logic controller performs the optimal
tuning of UPQC. The system enhances PQ and provides
effective harmonic reduction within the permissible level.

In 2021, Ch. Rami Reddy et al. (2021) designed a UPQC
with an ASO Algorithm for the mitigation of PQ issues in
the HRES system. The addition of an ASO-based FOPID
controller improves UPQC performance. THD and PQ
issues at two modes (Power injection > 0 and Power
Injection < 0) are analyzed. It also retains the system’s
stability and durability.

In 2022, Tongfei Lei et al. (2022) dealt with the har-
monics and voltage/current variations generated in the
distributed generation system combined with UPQC. Since
FFCL is dedicated to providing current series converter
references, Wind-PV-UPQC is based on a dual compen-
sation technique with the parallel converter and series
converter. It achieves quick power balance and enhances
the transition level of DC bus voltage and converter
current.

In 2022, Mahdi (2022) have utilized UPQC with a
sensitive load that is connected to a grid power system.
Using pulse-width modulation and hysteresis as switching
mechanisms, the UPQC will function under various dis-
turbances such as phase-to-ground fault, non-linear load on
the grid side, and non-linear load in parallel with the sen-
sitive load. The two pulsing-generating systems are com-
pared using simulation results from MATLAB/Simulink,
which demonstrate that electrical power is constantly pro-
vided to the load in all disturbances with THD less than 5%
for voltage and 4.5% for current.

In 2023, Thangella (2023) have described a control
strategy for UPQC that combines the BESS (UPVBSS) and
PV system. Introduced artificial neural network controller
(ANNC) for UPQC series and MPPT for PV systems,
shunting active filters to reduce THD, power factor, and
overall it increases the power supply voltage to remove
changes and maintain a constant DC-link voltage with
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short settle point. Through the use of multiple test cases
with different source and load characteristics, this study
examines the performance of UPVBSS. The waveforms,
power quality enhancement, total harmonic distortion
(THD), and power factor all show good performance.

A self-tuning filter with a Unit vector Integration tech-
nique is implemented for phase synchronization of Shunt
APF and Series APF in UPQC (Mansor et al. 2020). This
enables the operation of distorted and imbalanced grid
voltage circumstances. It overcomes the limitations of the
DC capacitor system as it is connected with a BESS. In
addition, it overcomes the disadvantages of the PLL filter
by reducing THD and phase differences between the source
voltage and current. However, it requires consideration of
environment-dependent features due to unreliable renew-
able energy. A novel FACTS-based DPFC that integrates a
coordinated PQ theory with the FOPID controller was
introduced in Naidu et al. (2020). This reduces the ripples
and provides a preferable voltage transition profile in the
grid-connected hybrid system. However the switching
frequency control must be added in addition to the hys-
teresis controller. An efficient UPQC control scheme based
on the dq0 detection method and improved SVPWM
technique was implemented in Jin et al. (2020). However,
concern must be taken for the three-level SVPWM. The
power quality optimization of PEMFC Wind energy sys-
tems was built by an ANN-based UPQC with an FFBP
algorithm (Kumar and Mallesham 2020). The system
handles voltage fluctuation and reduces PQ issues. How-
ever, needs consideration, especially in a weak grid system.
A DVR with a PI controller was used as a series com-
pensator in PV-UPQC (Nanthagopal et al. 2020). It
increases the system’s stability and reduces voltage dis-
turbance. However, unwanted PQ disturbances may cause
voltage collapse. HRES implemented with UPQC uses
PLL-based FLC control (Phani et al. 2021). It improves
system stability and lessens voltage fluctuations. Voltage
breakdown, however, may result from unintended PQ
disturbances. In UPQC connected with HRES, an ASO-
based FOPID controller is utilised (Reddy et al. 2021). It
offers efficient PQ issue mitigation while maintaining the
system’s stability and dependability. However, the har-
monic reduction in voltage source and active power fil-
tering procedure is not taken into account. A PV-wind
UPQC uses FFCL for optimal control of harmonic distor-
tions. It can achieve quick power balance and enhance the
transition level of DC bus voltage and converter current.
However, Only 3 out of 16 conditions are considered for
the neutral point clamped inverter with transistors as others
may induce a DC link short circuit. The FOPID controller
outperforms all others in terms of voltage transition,
compensation, and harmonic reduction.
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4 Hybrid energy system configuration
with UPQC integration

To overcome the aforementioned issues, the researchers
innovate effective hybrid metaheuristic-assisted collateral
fractional-order controller for three-phase solar PV, BESS,
and wind-integrated UPQC. The implementation of HRES
combining the BESS, PV array, and wind power generation
system ensures continuous power production and distri-
bution stability. The shunt compensator protects the load
by regulating the current harmonics in the grid together
with the maximum power extraction from the HRES, while
the series compensator of UPQC lowers the voltage har-
monics in the grid. By optimally tuning the gain parameters
using a hybrid ASM-WHO algorithm the regulation in DC
link voltage and controller optimization are attained.

4.1 Overview of system configuration

In the suggested system model, the power distribution
system to nonlinear loads that is integrated with UPQC is
shown diagrammatically in Fig. 1. The power source in
this proposed model includes wind energy turbines, PV
arrays, and BESS. PV arrays and wind turbines supply
electric energy based on the availability of sunlight and
wind respectively. Due to the controvert nature of the
environmental climatic condition intermittent curbs may
occur. For the incessant supply of electricity, a BESS is
included. The BESS system supplies the unsatisfied
amount of energy required for the load in addition to the
simultaneous storage of energy. Moreover, the BESS can
also act as a standalone power source to supply the total
load demand when there is no alternative source (Nehrir
et al. 2011).

Harmonics may be introduced to the grid by the con-
nectivity of RES and the addition of nonlinear loads, which
causes problems with power quality such as voltage sag,
swell, and harmonic distortions. The widely used advanced
power conditioner UPQC mitigates power quality problems
(Khadkikar 2011). The distortion-free balanced load ter-
minal voltage is maintained with the insertion of voltage by
the series component of the UPQC, while the current in the
bus is maintained to be sinusoidal with the insertion of
current using the shunt component of the UPQC (Alam and
Arya 2020). The voltage fluctuation between the shunt and
series APF is controlled by a DC-link capacitor. The UPQC
control heavily relies on reference signal generation(Singh
et al. 2016). In consequence, a double harmonic component
exists in the axis current during unbalancing load condi-
tions which is filtered using the MAF (Singh et al. 2014).
The grid synchronization is achieved by PLL.

4.2 Control of UPQC

To maintain a unity power factor, the load voltage and
current are regulated by the series and shunt compensators.
A shunt compensator is used to reduce harmonics and
compensate for reactive power, and a series compensator
shields the load from grid-side PQ problems. Moreover, the
shunt compensator extracts more power from RES. The
optimal power conditioning is achieved with optimal con-
trol of PWM Signals. The architecture of the series con-
troller in UPQC is shown in Fig. 2.

The PLL extracts a fundamental PCC voltage compo-
nent to generate a reference axis in dq0 with its phase and
frequency information(Javadi et al. 2016). To generate
appropriate reference signals, PI controllers exploit the
discrepancy between the reference and actual series com-
pensator voltages. To create adequate gate pulses of the
series controller, these signals are translated to the a—b—c
domain and fed via a PWM voltage controller (Sadigh and
Smedley 2012). The architecture of the shunt controller is
shown in Fig. 3.

The equivalent source current component is extracted
from the power output of the RES interconnected bus and
the voltage source component(Devassy and Singh 2017).
The MPPT with INC algorithm is used to extract maximum
power from the RES and the reference source voltage is
compared with filtered dc-link capacitor voltage to draw a
loss current using the optimal controller (Subudhi and
Pradhan 2012). The shunt compensator optimization is
performed using the proposed optimal controller to obtain a
distortion-less load current at the DC-link reference volt-
age. Thus, the optimized current signals, such as ;5 and
Ipp gets concatenated to obtain,

Ispa = Ligr + ITop (1)

Thus, the procured current signal with an a—b—c refer-
ence frame is used to generate a gating pulse for the shunt
compensator via the hysteresis current controller.

4.3 Proposed optimal controller

The shunt compensator controller employs an optimal
collateral controller of a FOPID and a PI Controller opti-
mized by a hybrid metaheuristic algorithm that blends the
concepts of both WHO and SMA algorithms. These con-
trollers are widely applied in industrial control systems that
use a closed-loop DC-link capacitor voltage regulation
method.

4.3.1 FOPID Controller

The FOPID controller is the more advanced version of the
PID controller with fractional calculus that offers more
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Table 1 Algorithm parameters

Algorithm Parameters and values

CSO G=10
r=0.15
h=0.7
m = 0.5
SOA b=1
SMA z =0.03
WHO ns=3
ne=3
=0.15
local_move = [0.9, 0.3]
global_move = [0.2, 0.8]
p_hi = 0.9
delta A = [2.0, 2.0]
AO Alpha o = 0.1
delta A=0.1
u =.0265
0 =10
omega o= .005
beta p=6
C=2
N =30
ns=3
n=0.15
z =0.03

HBA

ASM-WHO

tuning flexibility, durability, and frequency responsiveness
(Jumani et al. 2020). The differential equation of the
FOPID in time domain form is given by.

ci(t) =K, <e(t) + %Diie(l‘) + TdD“e(t)) (2)
1

where 4 and p are the fractional orders in which A =u

= l.e(r) represents the deviation between the values mea-

sured and set-point, k, indicates the proportional gain, T

and s T, are the integral and derivative time constants

respectively and D is the fractional operator.

4.3.2 Pl Controller

PI controller algorithm includes Proportional and Integral
factors. The current error is determined by the proportional
value, whereas the aggregate errors are determined by the
integral value. The output of the PI controller may be
expressed as

c2(t) = Kpe(t) + K; / e(t)dt (3)
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where K, and K; represent the proportional gain and inte-
gral gain, respectively. The voltage error value e is pro-
vided to the FOPID-PI collateral controller. The optimal
collateral controller output is fed into the shunt inverter’s
current control system, which draws the needed amount of
active power from the grid to sustain the DC link voltage
(O’Dwyer 2000).

In the proposed work, the gain parameters, such as, K,
and K; of the PI controller, K,,K;,K;, and fractional-order
parameters, such as A and p of the FOPID controller, and
the weight parameters including w; and w, are optimally
tuned, which significantly influence the DC voltage regu-
lation. The DC-link capacitor requires real power propor-
tional to the deviated voltage between the actual and
reference voltage values to retain capacitor voltage within
its reference value.

DC-bus voltage regulation is dominant when gain
parameters (K, K;, K,) are large, and steady-state dc-bus
voltage error is minimal. When the gain parameters are
small, however, the real power imbalance has no impact on
transient performance. As a result, accurate selection is
essential to meet control performance and sustain the
capacitor’s power requirements. In the first approach, the
values (K, K;,K,) are selected at random. The following
conditions must be considered while selecting K, and K;: a
high value of K}, leads to control system instability and low
K, increases in the response time. The steady-state inac-
curacy in the voltage control system is corrected by the
integral gain of the controller. The UPQC efficiency under
dynamic power system conditions can be achieved by fast
DC link voltage control along with the maintenance of
capacitor voltage with the shortest delay time and reduced
overshoot.
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Fig. 4 Source voltage waveform without UPQC
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Fig. 7 continued 400
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5 Optimal tuning of gain parameters using
hybrid ASM-WHO algorithm

Recently, MAs have become more popular in many prac-
tical fields as they perform better and need less computa-
tional power and time than the predetermined optimization
algorithms. MAs are often motivated by natural

(p) Compensated load voltage waveform with
HBA controller at sag

observations of biological processes to develop better so-
lutions to optimization issues. It is a global optimization
approach with stronger resilience and application. Bio
groupings in nature that have social behaviour and intellect
to pursue a specific goal are frequently the source of
inspiration. Despite their differences, all MAs have two
steps in search optimization: exploration and exploitation
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Fig. 8 Source voltage waveform without UPQC

(Lin and Gen 2009). The exploration phase entails probing
the search area feasibly as broad, random, and worldwide.
The algorithm’s ability to précised searching gained at the
exploration phase is referred to as the exploitation phase.
Thus, finding a good balance between the two phases that is
efficient for all optimization tasks is quite difficult. This
paper offers a more adaptable and efficient meta-heuristic
algorithm by combining the aspects of the WHO with
SMA. Here, the proposed method optimally tunes the gain
parameters, such as kjk; k; fractional orders (4,p) and
weight parameters (wy, w,), thereby regulating the DC link
voltage.

) Y o M M P A P P P

g 0 0.05 01 0.15 02 0.25 03 035 04
E:g Eﬂﬁ-‘@-’é“-‘ "";—"-)Y‘&‘VJ,‘V‘?“V“V“V“"&*Mj
>;500 005 01 0.15 0.2 0.25 03 0.35

E Sg E'"" ] *’t‘&?&‘!‘!’&!’!‘!!\‘!\'!"jml
;50 005 01 0.15 025 03 0.35 04
| e ’w“x"'&'&"&"a‘a“'&"&' 1
> os 0.15 0.25 03 0.35 0.4
i :§‘r~ e J&'&*&”&”&*&*«.‘f&”«*&m‘i
S . .05 0.1 0.15 0.25 0.35

e E-'*-* et J&'&*&”&”&”&*&*&*&"—J
2 0 005 0.15 0.25 0.35 0.4
52 E’*""-""w."&"‘a'&"a.'t'a"&":. ==
> 0.05 0.15 0.25 03 0 35 0 4

(a)Voltage Compensation waveform at the
swell

5.1 Slime mould algorithm

Slime mould is a unicellular organism that thrives in chilly,
moist environments. With a special mathematical model
that mimics the biological wave using adaptive weights, it
has some novel features. It offers the best route for estab-
lishing a connection between food and highly effective
exploration and exploitation. Plasmodium is the energetic
movement stage of slime mould, which is a major nutri-
tional stage, where the organic matter searches for food,
traps, and produces enzymes to break it down. The extre-
me part of the cell forms a fan-shaped structure accom-
panied by an interlinked vein structure which permits a
cytoplasmic move within (Li et al. 2020). With their dis-
tinct pattern and features, they may utilize many food
sources simultaneously by developing interlinked veins. A
propagation wave is produced by the bio-oscillator
dependent on the calibre of the meal. When a vein hits a
supply of high-quality food, it speeds up the cytoplasm
flow to produce a thicker vein; conversely, if the food
quality is relatively low, slime mould moves on to find a
better food source. The slime constructs the perfect link to
the food using this mix of positive and negative signals
(Latty and Beekman 2015). Several actions of the slime
mould stated above were mathematically represented
below.

5.1.1 Food exploration

The stench of food simulates the slime mould to search for
food. The fungus permits the extension of its exterior layer

SE'& §: W vaoa%ripvlsgﬂﬁ
0 05

< IS

‘ga §f‘ ,Q ,Q 51(:: p(:}!')(\ Q,Q ’Q.mmw FOPID-PI-Swell
0 0.1 015 025

<

g iKyfm’w(\W::*vmmfxrxmmt“*““‘hsm St '1
2% 0.05 0.1 0.15 02 025 03 035 0.4
<

g ig‘&ﬁwwﬂk‘m"&%‘%’*&*&*&m
) 005 01 0.15 02 025 03 0.35 04
< 4F T T T = 3
2 2L

o 0.05 0.1 0.15 02 025 03 0.35 04
< T T

I3 §W‘bﬂm e WHO-Sweell d
;ﬁ 0 0.05 01 0.15 02 025 03 038 04
g iiyﬂxwmwx.’:x.‘*x.‘kmm*x.’*ﬁ PROP-Swell

g 0.1 0.15 02 0.25 03 035

(b)Current Compensation waveform at the
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Fig. 9 Compensation waveforms of the suggested approach over the extant methods under Swell condition
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Fig. 10 Case 1— Proposed approach under Swell condition, (a) Compensated Load voltage and (b) Compensated current waveform

in response to environmental smell variations. Depending
on the amount of food present, the cytoplasmic flow in the
enlarged vein rises to widen the vein and form a thick link.
When food quality is poor or knowledge about food is
lacking, a recession occurs in extension and attempts to
discover alternative sources. The method of food approach
is mathematically formulated as

Y, = Yb+vb*(Ws*(YA_YB))7 sp<l (4)

Y. =vexYy s.>1 (5)

where v, decreases from O to 1, x represent the iteration, Y,
the best place at the moment with the most stench, and
Y4, Yp the two slime moulds that were chosen at random.
The value represented by s, is a random number between 0
and 1:

I = tanh|F(i) — F,| (6)

where i € 1,2...n, where F(i) denotes the fitness of Y,
while F, stands for the best alliteration fitness. v, is the
parameter, which spans from —a to a, in which

a = arctanh <— {mai_x] (x) + 1) (7)

The slime mould search position can be optimized by
changing the values of v, and v.. The condition simulates
the food search pattern of slime mould.

5.1.2 Food wrapping

When the food availability is high, a strong bio-oscillator
wave increases the flow of cytoplasm to initiate the slime
mould contraction and make thicker the vein. The corre-
lation of slime mould’s vein width contraction and the
availability of food is updated using the following
equation:.

Ws(ij) (smellindex)

Fp,—F;
1+s,*log(%+l>;
b — I'w

Fy—F; 1
l—s,*log(};flg")+l); SN SF(i) <N
w

where, Wy (smellindex) represents the weight of slime
mould, and the smell index denotes the sorted values of the
sequence of fitness. F,, denotes the worst fitness, Nj
denotes the population.

5.1.3 Food grabbing

Based on the bio oscillation wave slime mould modifies the
flow of cytoplasm through veins, which allows the slime

mould to find a better food content. Wy, ;) (smellindex)
mathematically replicates the oscillation frequency hence
the slime mould may move fast towards the food as they
locate enriched content of food and move slowly when is
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«Fig. 11 Comparison of Compensated Load voltage and current
waveform of the suggested approach over the extant methods under
Swell condition

low, enhancing the slime mould’s efficiency in selecting
the best food source. As the slime mould finds the high-
content food, the vein weight increases; while the vein
weight decreases if the food content is low which causes
search agents to explore other areas. The slime mould
location updating is given by

Y, = (Ub - Lb) * Srand + LB;  Srana <m (9)

where, U, and L, are the upper and lower boundaries of
search respectively, s,.,g generated randomly between 0
and 1, m is the probability of SMA to search for another
food source preferable to the present.

5.2 Wildebeest herd optimization algorithm

The WHO algorithm is a new global search optimization
algorithm developed based on the stimulus evolved by
observing the individual and herd migration of wildebeests
searching high-density grassland with the objective to
minimum cost evaluation. Each movement and the corre-
sponding mathematical modeling of the WHO algorithm
are explained in the following steps (Amali and Dinakaran
2019). The dispersion of a herd of wildebeest in the field is
depicted as a set of random points in the search region.

5.2.1 Local movement (Milling behavior)

The purblind wildebeest, which primarily relies on sniffing
and hearing, can search for food only within a limited
region (Ben-Shahar and Coe 1992). Let N,, be the fixed
number of steps for each exploration. Each step of the
wildebeest varies in length, and hence random exploration
of a wildebeest X is defined as,

E=X+nuv (10)

where #n refers to constant, u refers to a uniform random
number (0,1) multiplied by the random unit vector v.
Furthermore, concerning the exploration E, a, N,, number
of steps were taken to approach the newly identified best
position. This movement is defined as

X = oE" + B(X — E) (11)

5.2.2 Herd Instinct

With herd intuition, wildebeests approach the random
individual far from the herd in the region of high grass
density. The crowd in the herd and the poor vision of the
wildebeest make the instinct less probable. The Wildebeest
at X finding another random individual located X" near
high-density grass is defined as,

X=X+ p,X" (12)

5.2.3 Starvation avoidance

To escape famine, wildebeests migrate away from areas
threatened with extinction (Amali and Dinakaran 2019).
Wildebeest moves from the area with the least grass to find
a better solution.

X' =X+s.(Up — L)y (13)

where v (random unit vector) and s, ranges between [0, 1],
Uy, and L, refers to the upper and lower boundary of search
space, respectively.

5.2.4 Population pressure

The wildebeest are conscious of prevention from local
clashes to move away and balance their shift from con-
gested areas to high grass-density locations. (Thaker et al.
2010). The regional disputes due to the population pressure
in high-density grasslands allow the strongest wildebeest to
stand over and induce the relocation of losers far from
high-density grasslands to the second-best solution.

5.2.5 Herd social memory

Ultimately, the overall wildebeest in the herd maintains
memories of previously known productive places with high
grass density (Latty and Beekman 2015). Furthermore, it
also inquiries about the previously identified excellent
places and models as,

X=X"+0.1v (14)

In the proposed ASM-WHO algorithm, the slime mould
position search is amplified by appending the wildebeest
exploration for starvation avoidance and the best position
search by social memory. Algorithm 1 contains the sug-
gested ASM-WHO strategy’s pseudocode.

Algorithm 1:Proposed Slime Mould Algorithm —WHO
model.
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Step1: Initialization of parameters,

N,N,. X, max_itr, L,,U,

Step2: Initialize slime mould position ;(i,j), Search space range L,,U,

Step3: While x <max itr

Step4: Update the best fitness F, at the best position ¥,

Calculate slime mould fitness Y,

iel,l2.N;jel2,.N,

Calculate the Vein weight fitness using Eq. (8)

Step5: Find the position of the best slime mould

Update search agents

For each search i €1,2...N|

Update the location of slime mould using Eq.(9)

For each exploration

s <l

Calculate Yx,X* using Eq.(4) and (13)

s, =1

Calculate v,,x using Eq.(5) and (14)

End for

End for

Step 6: Increment x=x+1

Step 7: End While

Step 8: Return the Best fitness F}

6 Results and discussion
6.1 Experimental setup
By running the proposed model through a MATLAB

simulation, the system performance is scaled out. The
study took into account the supply voltage, load current,

and voltage concerning time when it was done under
voltage sag and swell (0-0.4 s). The results of the proposed
methodology which includes FOPID-PI controller with
ASM-WHO optimization compared to the system model
with PI controller, FOPID-PI collateral controller without
optimization, and optimization algorithms such as CSO,
SOA, SMA, WHO, Aquila Optimization algorithm (AO)
(Abou El-Ela et al. 2022), and Honey Badger algorithm

Table 2 Stability Analysis for Proposed Work over Conventional Models

Measures PI FOPID- SOA CSO SMA WHO AQO HBA Proposed Method
PI

Rise Time 7191.6 7267.7 7193.5 7193.5 7193.5 7271.1 7276.6 7274 7282.6

Settling Min 7909.6 7926.3 7910.1 7910.1 7910.1 7927.7 7925.5 7924.9 7927.1

Settling Time 170.6 149.9 170.8 170.8 170.8 149.4 149.3 148.7 147.3

Settling Max 189.5 166.5 189.8 189.8 189.8 166 165.9 165.2 163.6

Overshoot 0 0 0 0 0 0 0 0 0

Undershoot 0 0 0 0 0 0 0 0 0

Peak 189.5 166.5 189.76 189.8 189.8 166 165.9 165.2 163.6

Peak time 8001 8001 8001 8001 8001 8001 8001 8001 8001
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Fig. 12 Fitness evaluation for various methods compared

(HBA) (Khadanga et al. 2022). Table 1 depicts the algo-
rithm parameters. Moreover, parameters such as “Rise
time, Settling time, Settling minimum, Settling maximum,
Overshoot, Peak and Peak time” are considered to verify
the proposed model performance, which is discussed as
follows:

Rise time: It is defined as the time required by the
response to reach from zero value to a hundred percent
value of the final value.

Settling time: The amount of time the response needs to
take to attain and fall within the prescribed range of
between (2% and 5%) of its ultimate value is known as the
settling time.

Settling minimum: The settling minimum is the amount
of time that is necessary for settling.

Settling maximum: Settling minimal is the amount of
time that can be settled in.

Overshoot: This term refers to the response’s greatest
positive deviance from the desired value.

Undershoot: When a transition is made from a higher to
a lower value, undershoot occurs, because the initial value
is lower than the final value.

Peak time: The period needed for the response to the
peak value is referred to as peak time.

Case (i): Under Sag Condition

Initially, voltage sag arises at 0.1-0.3 s in the source
voltage without UPQC. Figure 4 depicts the source voltage
with sag.

Now the UPQC is triggered to inject a series of com-
pensated voltage and shunt compensated current. Better
compensation is provided by the UPQC when the controller
is optimised. Figure 5 displays the compensation current
and voltage. Figure 6 displays the sag freeload voltage and
current with UPQC.

@ Springer

Fig. 13 THD analysis for sag (a) PI (b) FOPID-PI (c) FOPID -PIp
with CSO (d) FOPID-PI with SOA (g) FOPID-PI with SMA
() FOPID-PI with WHO () FOPID-PI with AQO (1) FOPID —PI
with HBA (1) Proposed FOPID-PI controller with ASM —~-WHO

The resulting improved response signals with the pro-
posed system are compared to the system model with PI
controller, FOPID —PI collateral controller without opti-
mization, and with optimization algorithms such as CSO,
SOA, SMA, and WHO as deployed in Fig. 7. With
improved compensation, the suggested model with the
collateral controller is considered the best compensator,
which can provide sinusoidal load voltage and current ideal
with rated waveforms.

Case (ii): Under Swell Condition

Initially voltage swell arises at 0.1 to 0.3 s in the voltage
from the grid without UPQC. Figure 8 displays the source
voltage with swell.

Now the UPQC is triggered to inject a series of com-
pensated voltage and shunt compensated current. Better
compensation is provided by the UPQC when the controller
is optimised. Figure 9 displays the compensation current
and voltage. Figure 10 displays the proposed UPQC’s
distortion-free load voltage and current.

The resulting improved waveforms of the proposed
method are compared to the system model with PI con-
troller, FOPID —PI collateral controller without optimiza-
tion, and with optimization algorithms such as CSO, SOA,
SMA, and WHO as shown in Fig. 11. With improved
compensation, the proposed model with a collateral con-
troller is considered the best compensator which can pro-
vide sinusoidal load voltage and current ideal with rated
waveforms.

6.2 Stability analysis

The proposed optimal FOPID-PI collateral controller with
ASM-WHO optimization’s steady-state response is con-
trasted with that of traditional approaches. In Table 2,
responses were tallied according to such criteria as “rising
time, settling time, settling minimum, settling maximum,
overshoot undershoot, peak and peak time.” The proposed
model is preferable since it requires less time to settle when
compared to the standard approaches, according to the
indicated fitness evaluation in Fig. 12. In addition, the
convergence happens more quickly than with traditional
approaches and requires less iteration for relatively inex-
pensive functions.

The settling time for the FOPID-PI controller with
either SOA or CSO or SMA optimization takes 170.81 and
149.42 s with WHO optimization seconds. The settling
time for the PI controller is 170.57 s. While the settling
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<«Fig. 14 THD analysis for swell (a) PI (b) FOPID-PI (¢) FOPID-PI
with CSO (d) FOPID-PI with SOA (e) FOPID-PI with SMA
(f) FOPID —PI with WHO (g) FOPID-PI with AO (h) FOPID-PI with
HBA (i) Proposed FOPID-PI controller with ASM-WHO

time for the proposed FOPID-PI controller with ASM-
WHO is 147.27 s, which is 1.7% better than the settling
time of the controller without optimization, 13.78% better
than the proposed collateral controller method with either
SOA or CSO, or SMA optimization and 1.338% and
13.66% better than the method with WHO optimization
and with PI controller, respectively.

Consequently, the enhanced results are tabulated below
show that the proposed strategy is effective.

6.3 THD Analysis

Figures 13 and 14 depict the THD value of controllers,
existing optimization and the proposed method. The
FOPID-PI controller with ASM—WHO at sag has a lower
percentage of harmonics of 21.77%, when compared to the
existing controllers and existing models. Moreover the
FOPID-PI controller with ASM—WHO at swell has a lower
percentage of harmonics of 21.79%, PI controller, FOPID—
PI collateral controller without optimization, and opti-
mization algorithms, such as CSO, SOA, SMA, WHO,
AQO and HBA. This portrays the effectiveness of the
proposed model in proper harmonic reduction.

7 Conclusion

The effectiveness of a suggested optimal parameterized
FOPID controller for three-phase UPQC coupled with
hybrid RES, such as a PV-Wind-BESS system, was
investigated in this work. The DC link in the shunt APF
compensator was required to be controlled at the correct
level using a reliable FOPID-PI control technique.
Therefore, an Amplified Slime Mold with Wildebeest Herd
Optimization (ASM-—WHO) Algorithm is used to optimise
the parameters of the collateral FOPID-PI controller to
fine-tune the gain. The results of the analysis show that the
suggested technique outperforms SOA, CSO, SMA, and
WHO procedures in terms of sag and swell in the load
current and load voltage, increasing the efficiency of the
power system. The UPQC-integrated distribution system
with  ASM-WHO optimised FOPID-PI controller is
approximately 13.78% better than the suggested controller
with conventional algorithms and other traditional
approaches, according to the stability study for the afore-
mentioned methodologies. The future goal of this research
is to improve the model’s efficiency by modifying the

parameters with the use of modern hybrid optimization
methods.
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