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Abstract: This paper proposes an optimal Hybrid Fuzzy PID plus PID controller for frequency and voltage regulation of the Hybrid
power system (HPS) under numerous conditions. The controller’s parameters are optimally tuned using Ant Lion Optimization
(ALO). The suggested optimization outperforms recently published algorithms as the whale optimization algorithm (WOA), grey wolf
optimization (GWO), and salp swarm algorithm (SSA). Comparing the results of the suggested controller to those of PI, PID, and
Fuzzy PID (FuPID) for the same system with parameters tuned using Ant Lion Optimization (ALO) demonstrates the superiority of
the suggested controller. Further, with a proposed controller optimized using ALO, the value of the ITAE, one of the performance
measures, is reduced by 89.75%, 89.95%, and 85.52% compared with optimization of the suggested controller using GWO, SSA and
WOA, respectively. The robustness of ALO optimised proposed controller is tested with a Parametric variation of ±20%.The proposed
optimised hybrid controller displays the best performance of all the controllers used here. MATLAB\Simulink was used to perform
simulations and modelling.
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1. INTRODUCTION
Lack of access to energy is one of the most severe

issues in rural communities. It is reasonably due to their
inaccessibility, making the conventional grid expansion
economically unfeasible[1]. The rise in demand for
electrical energy, the limitation of conventional fuels
and this environmental issue leads to faster development
of renewable energy sources (RES) at the nation and
individual level [2]. Because the unpredicted nature of
RESs impacts the optimal power flow, power quality,
voltage and frequency control, etc. The fundamental
control challenge for practising engineers is the small
perturbation of nominal voltage and frequency level in
electric power systems. Any deterioration in these two
characteristics will impact the operational life span of
the power system’s related equipment [3]. The controller
for the power system’s automatic generation and control
(AGC) should have outstanding disturbance rejection
capabilities. As a result, utilizing an imperialist competitive
algorithm for multi-area power systems, Ref [4] proposed
a fuzzy assisted integer-order PID with filter-fractional
order integral controller. Ref [5] used genetic algorithms
(GA) optimization technique to develop and implement
both centralised and decentralised PID-structured AGC
controllers. resulting in optimal controller parameters. A
GWO-based FuPID controller was presented for the LFC of
a two-area multi-source system [6]. In the ref [7], SSA was

used to optimally tune the controller consisting of integer
order proportional derivative and fractional order tilted
integral derivative. Modelling, controllability analysis, as
well as the design of aggressive, the interconnected power
system by using robust controllers were all addressed in ref
[8]. The frequency small perturbation of a distributed power
system was performed using a sine adapted enhanced WOA
tuned Adaptive Fuzzy PID (AFPID) controller [9],[10].
A cascaded fuzzy FOPI-FOPID controller was presented
as an innovative control solution for the AGC problem
in ref [11]. Differential Evolution Algorithm based robust
Fractional Order PIλD controller [12], non-fragile PI
control (NPI-control) [13], and a new adaptive fractional
frequency control method [14] was investigated for LFC
methods for an interconnected power system. In the paper
[15], The research employed an emotional controller
for LFC of HPS in an unregulated environment. This
paper [16] used a fast terminal sliding mode controller to
consider the LFC of multi-area interconnected systems.
Gravitational Search Algorithm (GSA) optimisation-
based PID controller was incorporated and applied on
the interconnected AGC power system [17]. Ref [18]
proposed the hybrid BFPSO tuned PI controller for LFC
of interconnected power system. The ref [19] addressed
AGC robustness utilising artificial bee colony (ABC)
algorithms optimized 2DOFPID. JAYA algorithm-based
FuPID controller were suggested for AGC in a multi-area
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Figure 1. Comparative system for comparison

multi-sources hydrothermal system [20]. The LFC of an
HPS comprising a PV system and thermal generators was
developed by combining PSO-oriented bacteria foraging
optimization algorithm tuning PID controllers [21]. The
innovative hybrid controller FuPID + PID for frequency
regulation in an HPS was optimized using WOA [22].
The author in the ref [3] used moth fame optimization
algorithm for LFC and terminal voltage of power systems
simultaneously. The author in the ref [23] shows the
comparison between intelligent fuzzy and PSS controlled
AVR system. This study implements ALO-based optimal
tuning of PI, PID, FuPID, and proposed hybrid-FuPID plus
PID controllers for voltage and frequency regulation in
an HPS under various operating conditions. A robustness
study under large fluctuations in system parameters has
also undergone sensitivity analysis. To demonstrate the
effectiveness of constructed method under various operating
conditions, simulation results are shown.

2. METHODOLOGY
A. Investigated System (System Understudy)

The LFC and AVR models were studied collectively
in this study. figure 1 shows the same system which
had been already reported by others author [3], The PID
controller is optimised using ALO and other evolutionary
optimization that had already been already implemented in
[3] for comparative analysis to show the ALO algorithm’s
superiority. The hybrid power system consists of a reheat
thermal generator, Wind Generator (WG), Aqua Equalizer
(AE), Fuel Cell (FC), Diesel Engine Generator (DEG), and
Battery Energy Storage System (BESS) [22], [24]. The
proposed method is used for the problem of a physical
system like the selection parameter of FuPID for the fre-
quency regulation and voltage deviations. In the presence of
wind sources, the system’s behavior is very unpredictable.
Due to the sporadic nature of wind, the output of wind
generator varies on the climate conditions of the specific
location; maintaining frequency and voltage deviations are
challenging. Figure 2 and Figure 3 demonstrate the transfer
function model of above described system.

The ITAE objective function, provided by Equation 1,
was used in the optimization, which resulted in a shorter
settling time and reduced overshoot.

IT AE =
∫

(|∆ f | + |∆V |) ∗ t ∗ dt (1)

Figure 2. Transfer function model of HPS

Figure 3. Block diagram of AVR

Wind Turbine Generator (WTG)
Because of the fluctuating wind speed, the WTG output is
variable and may be characterized by the standard Equation
2.

PWT =
1
2
ρARCPV3

W (2)

Though the theory of WTG is well established, a summary
is included for the completeness of the paper. A portion of
the WTG output is used to manufacture hydrogen, which is
then used to generate electricity in the FC. Without account-
ing for the nonlinearities, The WTG’s transfer function is
described as follows:

GWTG =
∆PWTG

∆PWT
=

KTWG

1 + sTTWG
(3)

where ∆PWTG and ∆PWT are the deviation in WTG
output power and available wind power, respectively while
KWTG, TWTG are gain and time constant parameters.

Aqua Equalizer (AE)
The transfer function model for AE can be described as
follows.

GAE =
∆PAE

U2
=

KAE

1 + sTAE
(4)
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where ∆PAE , is the AE, KAE and TAE are the output power
deviation, gain and time constant, respectively.

Fuel Cell (FC)
It is an electrochemical device that utilises hydrogen as a
fuel to create power. The linearized transfer function can
be used to describe the FC.

GFC =
∆PFC

U2
=

KFC

1 + sTFC
(5)

where ∆PFC denotes the FC output power deviation,
U2 represents the FC input, also known as controller
output, and KFC is gain and TFC denotes the time constant
parameters, respectively.

Diesel Engine Generator (DEG)
DEG is generally in standby mode, however, it will activate
if there is a power outage in the HPS, allowing for the
correction of generation and load mismatches. The DEG
can be represented as a transfer function as shown below:

GDEG =
∆PDEG

U2
=

KDEG

1 + sTFEG
(6)

Where, ∆PDEG denotes DEG output power deviation, KDEG
denote gain, and TDEG, denotes the time constant parame-
ters, respectively.
Battery Energy Storage System (BESS)
The BESS can be used to give extra damping to power
system instabilities, as well as better transient and dynamic
stability. In the form of a transfer function, the BESS is
described as follows:

GBES S =
∆PBES S

U2
=

KBES S

1 + sTBES S
(7)

Where, ∆PBES S is BESS output power deviation, KBES S
denote gain and TBES S denote the time constant parameters.

The AVR is used to maintain the terminal voltage within
prespecified limit. An AVR consists of basic fundamental
components like an amplifier, exciter, generator field, sen-
sor, and controller, as depicted in Figure 3.
Amplifier [3], [25]
The transfer function model for the amplifier can be de-
scribed as follows.

GAMP =
∆VR

U3
=

KAMP

1 + sTAMP
(8)

Exciter [3], [25]
The transfer function model for the exciter can be described
as follows.

Gexc =
∆VF

∆VR
=

Kexc

1 + sTexc
(9)

Generator field [3], [25]
The transfer function model for the generator field can be

described as follows.

G f ield =
∆VT

∆VF
=

Kgen

1 + sTgen
(10)

Sensor [3], [25]
The transfer function model for the sensor can be described
as follows.

Gse =
∆VS

∆VT
=

Kse

1 + sTse
(11)

Here si is the constant and is known as the coupling
coefficient. {i= 1, 2, 3, 4, 5}

Power and System Frequency Deviation
The various subsystems are carefully controlled to ensure
the power and frequency balance of the investigated HPS.
The power balancing equation can be represented as follows
when using the AVR model and incorporating the small
effect of voltage on real power:

∆Pe = ∆PMG + ∆PT H − ∆PL − Preal (12)

Where, ∆Pe denotes the deviation in system power; ∆PMG
is the deviation of the output power of microgrid, whereas
∆PL is variation in the load perturbation, Preal is the power
associated with the AVR. The microgrid power can be
expressed as

∆PMG = ∆PWTG + ∆PFC − ∆PAE + ∆PDEG ± ∆PBES S (13)

Where ∆PWTG,∆PFC ,∆PAE ,∆PDEG and ∆PBES S are the
output power of the constitute subsystem respectively. The
frequency deviation ∆ f can be defined as ∆ f = ∆Pe/KS ys,
where KS ys is the frequency related system constant. The
transfer function describes system frequency and power
variations mathematically:

Gsys =
∆Pe

KS ys
=

1
KS ys(1 + sTS ys)

=
Kp

1 + sTp
(14)

3. CONTROL STRATEGIES AND OPTIMIZATION
ALGORITHMS USED

A. Control Strategies
In this work, the main control approach described is a

hybrid FuPID and FuPID. The application of ALO in the
optimization of controller gain parameters is innovative. The
hybrid controller, which combines FuPID and traditional
PID controllers, can handle challenges such as robust sta-
bility and disturbance rejection [26], [27]. This study uses
category one and achieve the hybrid controller structure of
FuPID plus PID, as shown in Figure 4.
Controller’s overall structure, as shown in Figure 4, the
FuPID can be seen as group of two control structures
namely Fuzzy PD and Fuzzy PI [28], [29] where K1,K2 are
input scaling factors and U f is the FuPID output involving
Kp f , KI f is obtained as:

U f = Kp f u f + KI f

∫
u f (15)
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Figure 4. Hybrid Fuzzy-PID control architecture

Figure 5. Fuzzy membership function

where u f is the output of fuzzy logic controller (FLC).
Now, the proposed hybrid controller’s overall output can
be expressed as

U = U f + Kpe + KI

∫
edt + KDe (16)

ALO is used to optimise the controller design parameters
K1,K2,KP f ,KI f ,KP,KI and KD In the overall HPS: Reheat
Thermal Power System, Microgrid, and AVR, the con-
trollers are connected to the control outputs: u1 u2 u3, which
serve as control inputs to the corresponding subsystem, as
illustrated in Figure 2.
The controllers receive ACE and its rate of change as
inputs. The tunable parameters are the input scaling factors:
Ki, i = 1 to 6, two each for the respective controller.
Similarly, for the FuPID plus PID hybrid controllers tunable
gain parameters are KP f j,KI f j,KP j,KI j,KD j, with j ranging
from 1 to 3. The FLC membership functions and ruleset
are kept fixed and are shown in Figure 5 and Table I,
respectively.

For each of the three linguistic variables in this in-
vestigation, triangular membership functions were applied:
ACE, its rate of change and FLC output, which are further
subdivided into five linguistic values, as shown in Figure

TABLE I. Fuzzy rule base

NB NS Z PS PS
NB NB NB NS NS Z
NS NB NS NS Z PS
Z NS NS Z PS PS

PS NS Z PS PS PB
PB Z PS PS PB PB

Figure 6. Ant lion hunting mechanism

5 with names NB, NS, Z, PS and PB where N, P, B, S,
and Z stands for Negative, Positive, Big, Small, and Zero
respectively.

B. ALO
ALO, introduced by Mirjalili [30] is a population based

Metaheuristic Algorithms that attempts to replicate hunting
behaviors of antlions in nature. The five essential com-
ponents of hunting include ant wandering, building traps,
trapping ants inside them, catching prey, and re-building
traps. Three phases are used to evaluate the suggested
method. They create a cone-shaped fosse in the sand by
using circular jaw movements.These patient trappers will
lurk at the bottom of the trap and wait for their prey to
stumble onto the sharp ends.. They raid to kill the prey
after realising that an insect cannot flee. Figure 6 shows the
hunting mechanism of the antlion.
Ants and antlions are two different types of search agents
in the ALO. The finest search agents are chosen as antlions,
which do not move places unless they are called upon to
replace a specific ant. If an ant agent is imprisoned in a
pit, it can be captured by an antlion if it wanders around
the solution space at random. Using the rule in [31], ant’s
position can be achieved.

Antt
i =

Rt
A + Rt

E

2
(17)

Where Rt
A,R

t
E are the stochastic process the target antlion

and location of randomly walking ant nominated by the
roulette wheel at tth iteration with indexed i. named Anti,
nearby the dignified antlion indexed E in the swarm of ants.
In the presence of an assumed Antliont

j, an Antt
i random

wandering behaviour may be represented as

Rt
j =

(Xi − ai) ∗ (di − ct
i)

(bt
i − ai)

(18)

Where Rt
j is the position of ant i after functioning a

stochastic process near antlion j during iteration t, ai, bi
are the minimum and maximum step of stochastic process
Xt

i in ith dimension, Xi is defined by Equation 19, c, d are
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the inferior and superior restraints of the stochastic process.

X(t) = [0,CS (2z(t1)−1); CS (2z(t2)−1); . . . ; CS (2z(tT )−1)]
(19)

where CS stands for cumulative sum and provides a stochas-
tic process at time t, and z(t) is a stochastic variable as
shown by Equation 20

z(t) =
{

1 r > 0.5
0 r ≤ 0.5

(20)

here r denotes the range of random numbers between (0, 1).
The c, d are adjusted using Equation 21 and 22 to regulate
the number of random travels near the presumed antlion.

ct
i =

 lb
α
+ XAntliont

j
n < 0.5

−lb
α
+ XAntliont

j
otherwise

(21)

ct
i =

 ub
α
+ XAntliont

j
n > 0.5

−ub
α
+ XAntliont

j
otherwise

(22)

lb, ub are the lower and upper limits for dimension i,
respectively. α is a component that can track the diversi-
fication/intensification ratio and is expressed as of Equation
23.

α = 10w t
Tmax

(23)

where w, Tmax are the iteration-specific and maximum-
iteration-specific constants, respectively.

w =


2
3

4
5
6

t > 0.1T
t > 0.5T

t > 0.751T
t > 0.9T
t > 0.95T

(24)

w can be used to fine-tune the intensity accuracy. The
radius of the random walk decreases as the iteration count
increases, ensuring convergence of this approach. Finally,
if an ant is a better solution, an ant will replace an antlion
in the selection process. The ALO flowchart is shown in
Figure 7.

4. RESULT AND DISCUSSION
The system is investigated using the MATLAB platform

in the following scenario, with qualitative and quantitative
analysis of simulation results:
• Comparison of the ALO algorithm’s performance
• Analysis of ALO’s relative performance.
• Comparative performance of various controllers.
• Analysis of sensitivity to parametric deviations.

A. Comparison of the ALO algorithm’s performance
The system of Figure 1 is simulated for the frequency

and voltage regulation of an isolated power system sub-
jected to a step load perturbation of 0.01 per unit to illustrate
the superiority of the ALO algorithm. Programs for the
aforementioned algorithms are composed in (.mfile). The
suggested controller settings fall within the interval [0, 2],

Figure 7. Flow chart of ALO optimization

and Table II compares the performance index, settling time,
peak overshoot, and undershoot values to those obtained by
other authors using other optimization techniques for com-
parable investigations. The ALO algorithm offers superior
outcomes to other algorithms, as shown in Table II.

B. Analysis of ALO’s relative performance.
In order to compare ALO’s performance to that of other

evolutionary optimization techniques, The performance of
the system presented in Figure 2 is investigated using hybrid
controllers that are optimally tuned using ALO, WOA,
GWO, and SSA algorithms. WTG’s average power output
is assumed to be 0.5 p.u. at t = 0 s, with a 1.5% step
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TABLE II. Comparative performance analysis of ALO algorithm

Optimisation technique ALO PSO [3] DE [3] GWO [3] MVO [3]

ITAE 0.0615 0.3159 0.292 0.2714 0.271

Settling time ∆ f 15.865 23.413 23.02 21.843 21.838
∆v 7.0293 7.997 9.001 8.314 8.287

Peak overshot (10−4) ∆ f 24.6 34.3803 34.4585 34.2913 34.2661
Peak undershot (10−4) ∆v 3.06 3.0991 2.8851 3.3871 3.3676

Figure 8. convergence curve

load disturbance. All algorithms are iterated for a total of
30 times. Figure 9 and Figure 10 shows the comparative
dynamic response, with Table III providing a quantitative
assessment of dynamic performance with respect to ITAE
value and peak overshoot, undershoot and settling time.
In comparison to the other algorithms employed here, the
study demonstrates that the response with ALO is less
oscillatory, and the peak overshoot is also modest. This
demonstrates that ALO outperforms all other algorithms
used in this study. In the case of ALO, the setting time and
peak overshot value are 7.7335 and 0.1585p.u. in case of
frequency deviation and peak undershoot is 0.0670 p.u. in
case of voltage deviation, respectively, which is least among
all other algorithm applied.

The convergence characteristics are computed and pre-
sented in Figure 8 for the comparison of ALO with other
algorithms. With respect to fitness value and rate of con-
vergence, it is evident that ALO offers significantly greater
convergence performance.

With 30 iterations and 30 population sizes, the com-
putation costs for each algorithm are also calculated and
shown in Table IV. Furthermore, as shown in table the
ALO algorithm outperform to other algorithms in terms of
computational cost with least cost.

C. Comparative performance of various controllers
The ALO optimised hybrid FuPID plus PID controller

is used in this paper’s main premise to control the system’s
frequency and voltage deviations. To assess the relative
efficacy of the suggested control method, its performance
is contrasted with that of conventional PI, PID, and FuPID
controllers that have undergone ALO optimization. Figure
11 and Figure 12 shows the frequency and voltage reg-
ulation efficacy of all of these controllers. According to

Figure 9. frequency deviation

Figure 10. voltage deviation

the results, the suggested controller outperforms traditional
controllers in terms of frequency deviations that are less
oscillatory, have less peak overshoot and undershoot, and
die down more quickly. The parameter values in Table V
show similar relative performance. In the case of a hybrid
FuPID + PID controller, the ITAE value and settling time
are 0.1161 and 7.2461 sec respectively, which is the lowest
of all controllers. In addition, the peak overshoot value is
0.0241 p.u. and undershoot is 0.0670 p.u., which is again
the lowermost with suggested controller.

Figure 11. controller comparison with respect to frequency deviation
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TABLE III. Qualitative performance parameter with different algorithm

Parameters ALO GWO SSA WOA
ITAE 1.0904 1.2148 1.2121 1.2749

Settling time (sec) 3.7335 4.5044 5.6722 7.3106Frequency deviation (∆f) Overshoot (p.u.) 0.1585 0.27505 0.26189 0.22338
Settling time (sec) 10.4715 5.1315 5.201 6.5587Voltage Deviation (∆v) Undershoot (p.u.) 0.067 0.1019 0.0991 0.0748

Fuzzy-PID Controller parameters
K1 1 0.6742 0.9612 1
K2 1 0.4396 0.691 1
Kpf1 0.9965 0.3476 0.3717 0.41539
Kif1 1 0.8687 0.919 1
K3 0.9856 0.0132 0.5578 0.61772
K4 0.5677 0.0132 0.1558 1
Kpf2 1 0.2636 0.3427 1
Kif2 0.9723 0.4291 0.862 0
PID Controller parameters
Kp1 0.9963 1 0.9642 1
Ki1 1 1 0.9845 1
Kd1 0.4454 0.0404 7.02E-05 0
Kp2 0.9356 0.0978 0.9881 0
Ki2 0.6122 0.5038 0.9871 0
Kd2 0.2937 0.8312 0.115 0
AVR Controller (Fuzzy PID plus PID) parameters
K5 1.9995 2 2 2
K6 2 1.8658 0.5048 2
Kpf3 1.9903 0.847 1.9478 2
Kif3 2 2 1.9997 2
Kp3 2 1.7235 1.6529 2
Ki3 2 2 2 2
Kd3 1.9692 0.1833 0.1844 0

TABLE IV. The computational cost of all algorithms

S. No Optimization Run Time (sec)

1 ALO 083783.376079
2 GWO 097590.554935
3 SSA 103768.847328
4 WOA 099918.340996

Figure 12. controller comparison with respect to voltage deviation

Figure 13. sensitive analysis of HPS

D. Analysis of sensitivity to parametric deviations
The suggested ALO tuning optimised hybrid controller

is evaluated regarding sensitivity analysis considering sys-
tem parametric fluctuation. Figure 13 shows the frequency
deviation in HPS under the influence of variation in systems
parameter by ±10% and ±20%, while maintaining the
optimal value of controller gains, obtained using ALO.
Figure 13 shows that the suggested hybrid controller with
ALO tuning is resilient and steady over parametric fluctua-
tions over a broad range without degrading the controller’s
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TABLE V. Parameter with different controllers

Controllers PI PID FuPID Hybrid Controller
ITAE 2.3086 3.0339 4.567 1.0904

Settling time (sec) 6.0656 6.742 9.1609 3.7335Frequency deviation (∆f) Overshoot (p.u.) 0.3355 0.2691 0.4229 0.1585
Settling time (sec) 5.485 10.4766 11.3956 10.4715Voltage deviation (∆v) Undershoot (p.u.) 0.1473 0.1381 0.2005 0.067

Controller parameters
K1 - - 0.9983 1
K2 - - 0.4061 1
Kpf1 - - 0.9774 0.9965
Kif1 - - 1 1
K3 - - 0.4992 0.9856
K4 - - 0.8933 0.5677
Kpf2 - - 0.8957 1
Kif2 - - 0.9974 0.9723
Kp1 1 0.7389 - 0.9963
Ki1 1 1 - 1
Kd1 - 0.3779 - 0.4454
Kp2 0.8637 0.6917 - 1.0904
Ki2 0.8462 0.6992 - 3.7335
Kd2 - 0.9876 - 0.1585
K5 - - 2 1.9995
K6 - - 1.9872 2
Kpf3 - - 1.9192 1.9903
Kv - - 2 2
Kp3 2 2 - 2
Ki3 2 1.9504 - 2
Kd3 - 1.4017 - 1.9692

optimum gain.

5. Conclusions and FutureWork
In this study, HPS encircling a conventional reheated

thermal system, and a Microgrid, which consist a variety
of sources such as WTG, DEG, BESS, FC, and AE, hybrid
FuPID plus PID controller is suggested for the voltage and
frequency control. With ALO, each controller’s parameter
is optimised. Both the ALO and the proposed controller
were found to be superior in terms of performance in a
comparison of ALO with other evolutionary optimization
algorithms: GWO, SSA, and WOA as well as the pro-
posed controller with PI, PID and Fuzzy PID. Based on
simulations results, it was found that ALO tuned proposed
controller effectively improves the overshoot by 57.62%,
60.52%, 70.95%, undershoot by 65.75%,67.60%, 89.57%,
settling time by 82.88%, 65.82%, 51.06% respectively when
proposed controller is tuned with GWO, SSA and WOA.
Furthermore, the ALO tuned proposed controller shows
improvement in performance index (ITAE) and settling
time by 47.23% and 61.55%, 35.94% and 55.37%, 23.87%
and 40.75% respectively when compared with PI, PID and
FuPID. The research is presented as a series of case stud-
ies. Under various operating conditions of HPS, proposed
control technique has proven to be effective and resilient.
As per sensitivity analysis, The ALO tuned hybrid FuPID +

PID controller is highly effective in controlling voltage and
frequency deviations over a wide variety of parametric vari-
ations. The research can be furthered by contrasting efficacy
of the suggested controller and optimization techniques on
the hybrid microgrid model with other novel controllers and
very recent algorithms in subsequent work. In our future
work, we may also take into account using some real-time
data while doing case studies with real-time systems like
OPAL-RT.

APPENDIX
System parameters

f = 50Hz; Kg = 1.0; Tg = 0.08s; R = 2.4; Kp =
120Hz/p.u.MW; TP = 20s; KTWG = 1.0; TTWG =
1.5s; KAE = 1.0; TAE = 0.08s; KFC = 0.01; TFC =
4s; KDEG = 0.03s; TFEG = 2s; KBES S = −0.003; TBES S =
0.1s; KAMP = 10; TAMP = 0.1s; Kexc = 1; Texc = 0.4s; Kgen =
0.04; Tgen = 0.7s; Kse = 1; Tse = 0.05s; s1 = 0.5; s2 =
1.4; s3 = 1; s4 = −0.5; s5 = 0.145;
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