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power system. It has been shown that the GBO optimization algorithm outperforms other optimization

Keywords: strategies such as the Chimp Optimization Algorithm (ChOA), the Whale Optimization Algorithm
Combined LFC-AVR (WOA), and the Gorilla Troops Optimization algorithm (GTO). The proposed FPIDD? controller is
PIDD? controller tested in a conventional two-area power system. Then, the investigation is expanded to a two-area
Fuzzy logic control hybrid system, with each area comprising a mix of traditional (thermal, gas, and hydraulic power

Renewable energy sources GBO algorithm
Two-area system
ITAE

plants) and renewable generation units (wind and solar power). Additionally, the proposed controller
takes into account system nonlinearities (such as generation rate limitations, governor deadband,
and communication time delays), system uncertainties, and load/renewables fluctuations. In the two
tested systems, the dynamic responses of each system demonstrate that FPIDD? has a superior ability
to attenuate the deviations in voltage and frequency in both areas of the system. In the studied
conventional system, the proposed FPIDD? controller is compared with a PID controller tuned by the
Multi-Objective Non-Linear Threshold Accepting Algorithm (MONLTA), which has been presented in
the literature, and a Fuzzy PID (FPID) controller tuned by GBO. In the investigated hybrid system, the
suggested FPIDD? regulator is compared to a GBO-tuned Integral Derivative-Tilted (ID-T) controller
and FPID controller. As a fitness function (FF) for the GBO, the criteria of minimizing the integral
time absolute error (ITAE) are applied. The results are presented in the form of MATLAB/SIMULINK

time-domain simulations.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction power plants are always equipped with two operational loops
in this regard. One of these loops is the load frequency control

The simultaneous management of a synchronous generator’s (LFC) loop, which regulates the frequency by lowering the gap
terminal voltage and area frequency can be considered one of  between real power generation and load. The other is the au-
the major hurdles that the engineering world encounters in the  tomatic voltage regulator (AVR) loop, which is responsible for
field of electrical power systems. The degradation of any of these managing the system’s reactive power and, as a result, the ter-
characteristics has a tremendous effect on the life expectancy  mjna] voltage (Kalyan and Rao, 2021a). The combined AVR-LFC
and performance of other power systems’ operational equip-  gysroms are required to assist the inter-area power generating
ment. Small load disruptions are dealt with by controlling devices systems’ dependability, security, and performance. It has been

placed in big complex power systems in or.de-r to maintain sys- demonstrated that certain interactions between the AVR loop and
tem voltage and frequency within defined limits. The generating the LEC loop occur in response to dynamic perturbations (Saadat
2011). This is because the AVR loops have a direct impact on the
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Nomenclature

GBO Gradient-Based Optimization

ChOA Chimp Optimization Algorithm

WOA Whale Optimization Algorithm

GTO Gorilla Troops Optimization

MONLTA Multi-Objective Non-Linear Threshold
Accepting Algorithm

PID Proportional-Integral-Derivative

PIDD? Proportional-Integral-
Derivative-Double
Derivative

ID-T Integral Derivative-Tilted

FPID Fuzzy Proportional-Integral-Derivative

FPIDD? Fuzzy Proportional-Integral-Derivative
-Double Derivative

LFC Load Frequency Control

AVR Automatic Voltage Regulator

pv Photovoltaics

RESs Renewable energy sources

Ar The rotor-swept area (m?)

B The pitch angle

Cp The power coefficient of the rotor blades

Vw The rated wind speed (m/s)

T The rotor radius

A The tip-speed ratio (TSR)

A The intermittent TSR

P Air density (kg/m?)

Pw The wind turbine output power (W)

FO Fractional Order

FoC FO Calculus

FOPID Fractional Order Proportional Integral
Derivative

GDB Governor Dead Band

GRC Generation Rate Constraint, % (p.u)

LEO Local Escaping Operator

GSR Gradient Search Rule

DM Direction of Movement

m The current iteration

M The maximum number of iterations

N Population size

ITAE Integral time absolute error

Tsim Simulation time

CID Communication Time Delay

SLP Step Load Perturbation

MSLP Multi-Step Load Perturbation

RLP Random Load Perturbation

M, Maximum overshoot magnitude of ter-
minal voltage

Ts Settling time of the terminal voltage

T Rise time of the terminal voltage

T Peak time of the terminal voltage

body of literature in this field has been produced, some of which
is presented in this paper. Regarding the stability evaluation of
a nuclear power station, Dhanasekaran et al. (2020) proposed a
classical PID regulator with multiple objective functions based
on an ant colony optimizer (ACO). Traditional PI (Mohanty and
Hota, 2018; Dhillon et al., 2016)/PID (Guha et al., 2016; Madasu
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MO Maximum Overshoot of deviations in
frequency and tie-line power

MU Maximum Undershoot of deviations in
frequency and tie-line power

ST Settling Time of deviations in frequency
and tie-line power

Ci2 Synchronization coefficient

Vout .1 The output terminal voltage of area-1
(p.u)

Vout.2 The output terminal voltage of area-2
(p.u)

AF4 The frequency deviation in Area 1 (Hz)

AF, The frequency deviation in Area 2 (Hz)

APy The tie-line power deviation (p.u)

Kp Proportional gain of the PIDD? controller

K; Integral gain of the PIDD? controller

Kp1, Kp> Derivative gains of the PIDD? controller

N1, Ny The coefficients of the filters

Kr Tilted gain of the ID-T controller

n Fractional component of the ID-T con-
troller

Ki, K> Scaling factors of the fuzzy controller
inputs

et al., 2018; Hakimuddin et al., 2020; Barisal and Mishra, 2018;
Rao, 2020)/PIDD? (Kalyan and Suresh, 2021) controllers have
been extensively used for many types of power systems with
multiple areas due to their ease of implementation. In addition,
the authors used the Chemical Reaction-based Particle Swarm
Optimizer (CRPSO) (Mohanty and Hota, 2018), hybrid Bacterial
Foraging-Particle Swarm Optimizer (BFOA-PSO) (Dhillon et al.,
2016), Grey Wolf Optimizer (GWO) (Guha et al., 2016), Flower
Pollination Algorithm (FPA) (Madasu et al., 2018), Genetic Algo-
rithm (GA) (Hakimuddin et al., 2020), Improved Particle Swarm
Optimizer (IPSO) (Barisal and Mishra, 2018), Differential Evolu-
tion (DE) (Rao, 2020), and Grey Wolf Optimizer (GWO) (Kalyan
and Suresh, 2021). The authors in Mohanty and Hota (2018),
Guha et al. (2016) and Madasu et al. (2018) investigated a two-
area system containing hydro-thermal producing units, while
the authors in Hakimuddin et al. (2020), Barisal and Mishra
(2018), Rao (2020) and Kalyan and Suresh (2021) worked on a
multi-area interconnected power system containing also conven-
tional units such as thermal, hydro and gas units. Furthermore,
because controllers provide extra optimizing parameters in frac-
tional order (FO), they are gaining popularity, particularly in LFC
schemes, and are largely approved by academics (Tungadio and
Sun, 2019). Also, from the FOCs family, a tilt integral derivative
(TID) controller has recently been employed to overcome LFC
difficulties. As a result, various research (Topno and Chanana,
2018; Elmelegi et al., 2021) recommended the TID controller as
a solution to LFC difficulties. Ahmed et al. (2022) proposed a
modified version of TID called ID-T whose parameters are fine-
tuned by Archimedes optimization algorithm (AOA). The particle
swarm optimizer (PSO) (Al-Hinai et al., 2021), Firefly Algorithm
combined with Pattern Search (FAPS) (Rajesh et al., 2019), Wild
Horse Optimizer (WHO) (Khudhair et al., 2022), Imperialist Com-
petitive Algorithm (ICA) (Yogendra, 2018), and others have been
used in previous studies. The authors in the above-mentioned
papers focused primarily on system frequency stabilization, fo-
cusing solely on the LFC problem and ignoring the AVR cou-
pling. Separately, there is a vast number of studies on LFC and
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AVR. Researchers are now focusing on doing work with inte-
grated LFC-AVR models; however, they are limited in some ways.
By inserting a damper winding into the synchronous genera-
tor rotor of the AVR loop, Ref. Gupta et al. (2014) examined a
combined LFC-AVR model and studied the controlled response,
although the research was restricted to one area. A combined LFC-
AVR study of a standalone thermal power unit controlled by a
proportional-integral (PI) controller is shown in Ref. Rakhshani
et al. (2009). Ref. Vijaya Chandrakala and Balamurugan (2016)
applied an LFC-AVR combination study to the multi-regional sys-
tems with conventional hydrothermal power plants, all under
the assistance of classic PID control based on Simulated Anneal-
ing (SA). The authors of Rajbongshi and Saikia (2017a) inves-
tigated the application of coupled LFC-AVR model to a system
consisting of three areas controlled by an F-based regulator well-
tuned using the Lightning Search Algorithm (LSA), however only
diesel and thermal power plants were inserted in each respective
area. The authors in Refs. Lal and Barisal (2019) and Kalyan
and Rao (2021b) used a multi-area system involving various
generating power plants in their study of LFC-AVR combination,
even though the study was confined to the use of traditional PID
utilizing the Moth Flame Optimization technique (MFO) (Lal and
Barisal, 2019) and the hybrid Differential Evolution-Artificial Elec-
tric Field Algorithm (DE-AEFA) (Kalyan and Rao, 2021b), respec-
tively. Authors in Gupta et al. (2016) presented a hybrid controller
that utilizes the benefits of neural networks and rapid traversal
filters in order to investigate the interaction between the LFC
loop and AVR loop in a one-area power system. For a two-area
power system, Ref. Shyama et al. (2012) introduces an AVR-LFC
solution that relies on a Fuzzy Gain Scheduled Proportional-
Integral (FGSPI) structure. This method surpassed a traditional
Proportional-Integral (PI) controller in a comparison that em-
ployed many performance metrics. When considering conver-
gence stability, implementation simplicity, and computing ef-
ficacy, the FGSPI technique outperformed the others. The PID
controller parameters of an AVR-LFC combination of a one-area
power system are determined using a Particle Swarm Optimiza-
tion (PSO) approach in Soundarrajan et al. (2010). Refs. Morsali
and Esmaeili (2020), Rajbongshi and Saikia (2019), Rajbongshi
et al. (2018) and Kalyan et al. (2022) introduces more research
inquiries into the connection between the AVR-LFC regulatory
methods. Regardless of the diversity of PID control systems, the
performance and robustness of such solutions were tested by the
uncertainties in the dynamics of the power production units.
Some recent research studies have focused on customizing and
developing unique optimization processes that can survive large
levels of uncertainty in dynamical parameters and consequently
obtain superior results (Nahas et al., 2019; Nahas and Nourelfath,
2014; Nahas et al., 2021). In Refs. Nahas and Nourelfath (2014),
Nahas et al. (2021), Ekinci and Hekimoglu (2019) and Ranjan
et al. (2021) heuristics such as the Nonlinear Threshold Accepting
Algorithm (NLTA), Multi-Objective Nonlinear Threshold Accept-
ing Algorithm (MONLTA), improved kidney-inspired algorithm
(IKA), and Mine Blast Algorithm (MBA) have been developed to
enhance the settings of Proportional-Integral-Derivative (PID)
controller For AVR control systems. Refs. Chatterjee and Mukher-
jee (2016), Ortiz-Quisbert et al. (2018) and Modabbernia et al.
(2020) proposes other ways relied on a teaching-learning con-
troller, fractional-order PID regulator, and Hoo control strategy
with p-analysis. For multi-area interconnected power systems,
the problem at hand includes interacting loops of AVR-LFC reg-
ulators. For individual AVR or LFC, typical solutions are imple-
mented using either analytical or heuristic techniques. These,
on the other hand, do not strike a balance between competing
objectives (e.g., regulating voltage to the desired level or reg-
ulating frequency owing to load changes), nor do they handle
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the physical interconnectivity between the various power system
areas (Kumar et al., 2021).

This inspired the developers of this study to construct a newly
smart-based fuzzy PIDD? regulator for an LFC-AVR combination
model for a dual-area system containing numerous conventional
and renewable generating units in order to concurrently stabi-
lize voltage and frequency. Until recently, writers have solely
concentrated on the installation of conventional and FO-based
controllers in the LFC-AVR combined analysis stream. Because
the combined LFC-AVR system is more sophisticated, Standard
controllers cannot be used anymore, particularly for strong dis-
turbances. In both the LFC and AVR loops, fuzzy PIDD? fine-tuned
using the GBO algorithm was used as a secondary regulatory
strategy.

1.1. Contribution of the paper

This research offers an intelligent-based fuzzy PIDD? con-
troller for frequency and voltage stability in various systems
(i.e., conventional and hybrid) with significant RESs penetration,
considering a variety of load patterns, system uncertainties, and
nonlinearities. The major contributions of the work are described
as follows concerning the latest research on related threads:

(a) The proposal of a maiden robust controller combining the
benefits of fuzzy and PIDD? controllers (FPIDD?) for simul-
taneous voltage and frequency stabilization of conventional
and hybrid two-area interconnected power systems.

(b) The use of the innovative and efficient optimization ap-
proach GBO to determine the finest settings of the pre-
sented controller.

(c) Comparisons to the performance of other, more sophisti-
cated algorithms (such as ChOA Khishe and Mosavi, 2020,
WOA Mirjalili and Lewis, 2016, and GTO Abdollahzadeh
et al.,, 2021) are used to prove the GBO’s superiority.

(d) To analyze the system stability status, multiple problems
were taken into account, including the significant penetra-
tion of RESs in both areas, various load perturbation pat-
terns, communication time delay, and time-varying desired
output voltage.

(e) The superiority of fuzzy PIDD? was demonstrated through
performance comparisons with classic PID (Nahas et al.,
2021), ID-T (Ahmed et al., 2022), and intelligent fuzzy
PID (Tasnin and Saikia, 2018) controllers.

(f) The consideration of many different cases, such as tuning
an isolated LFC and AVR systems, and tuning the combined
LFC-AVR system.

The following is how the rest of the paper is structured: The
architecture of the investigated systems is shown in Section 2.
The suggested controller structure and the optimization utilized
for tuning its parameters are presented in Section 3, while Sec-
tion 4 shows the results of the simulation for conventional and
hybrid systems with different cases and their discussion. The
paper’s conclusion is found in Section 5.

2. Investigated system modeling

The proposed controller is tested on two systems: a basic
conventional two-area power system and a hybrid system, which
are described in detail in the following subsections.

2.1. The configuration of the conventional power system

The power system shown in Fig. 1 consists of two areas with
equal generation capacity. Fig. 1 shows in a simple form how the
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Fig. 1. Combined LFC-AVR model of Two-area system.

AVR loop is connected to the LFC loop for each area. Controlling
the output voltages of the generating units is the responsibility
of the AVR loop system, whereas the LFC loop system’s focus
is on regulating frequency variations brought on by active load
disturbances (Gozde and Taplamacioglu, 2011; Gaing, 2004). The
variations in the active load that occur in one region are not just
reflected in the frequency variations that occur in that region;
rather, they also serve as a source of disturbance for the other
regions that are linked. In addition, Fig. 1 clarifies how the two
areas are connected using a tie-line, which is also the channel
via which power is transferred from one area to another. The
total coupling of the two-area power system may be thought of
as a graphical system, with the synchronization coefficient C12
serving as a representation of the graph weights (Nahas et al,,
2021). This synchronization-like system depicts a consensus pro-
cess for each region, where the states are the frequency-deviation
values that reflect the various parts of the power system. The en-
tire synchronization speed is determined by the synchronization
coefficient. In the sections that follow, each part of the dynamical
structure of the combined AVR-LFC scheme is explained in more
detail.

2.1.1. Automatic voltage regulation

The AVR system aim is to minimize reactive power losses
caused by voltage mismatches between targeted voltages and the
exciter terminal voltage V.. Variations in a generator’s reactive
power load cause changes in the terminal voltage V,. As shown
in Fig. 2, this voltage is detected using a single-phase potential
transformer (i.e., voltage Vi) and then compared to a desired
reference voltage Vi,s. The error signal is amplified (i.e., voltage
V,) and used to control the exciter’s field and hence the exciter’s
terminal voltage. This causes changes in the generator’s field
current and, as a result, changes in the induced emf (Nahas et al.,
2021). Table 1 shows the detailed mathematical modeling of the
AVR unit.

2.1.2. Load frequency control

As depicted in Fig. 1, an LFC-based power system includes a ro-
tating mass, governor, turbine, and load demands. The LFC struc-
ture’s major objective is to split dynamic load changes among
the various generators, maintain uniform frequency operating
values, and govern tie-line exchange schedules (Hasanien and
El-Fergany, 2019). The variations in frequency AF for each lo-
cation reflect changes in the generator’s rotor angle A$. The
frequency shift is detected, and the error signal is amplified and
regulated before being utilized to create a real-power correc-
tion AP, (Saadat, 2011). The prime mover is commanded to
produce a torque variation via the real-power correction. Three
basic differential equations are used to describe the LFC dy-
namical scheme, demonstrating the relationship between the
Governor (a physical actuation system), Turbine, and Genera-
tor/Load units (Saadat, 2011; Hasanien and El-Fergany, 2019).
These equations can be mathematically modeled for a single-area
power system as shown in Table 2. The governor's dynamical
behavior AX, demonstrates that the signal u activates the gov-
ernor’s valve openings when it is accompanied by a negative
feedback loop with a gain of 1/R, as seen in Fig. 1. The governor
actuation function is based on the LFC control gains and the speed
regulation term R, with the linked load frequency deviations
serving as inputs. As a result, the frequency fluctuation AF caused
by load variations within each power system area is regulated by
the LFC control signal u, which is the controller’s output signal.

2.1.3. Combined AVR-LFC power system

The AVR and LFC systems’ modest dynamical coupling allowed
for independent control schemes for the voltage and frequency
variables in each area. But, the AVR system’s activities cause a
terminal voltage change, which has a considerable impact on real
power generation (Rajbongshi and Saikia, 2017b). As a result,
the automatic voltage regulator has an immediate and significant
effect on the load frequency control loop. Fig. 2 depicts the AVR
loop with coupling coefficients. This coupling scheme describes
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Fig. 2. AVR with coupling coefficients.

Table 1
AVR system modeling and setting.

Model Transfer function Parameters Nominal values Parameter description
Amplifier Pfﬁs Kq, T, 10, 0.1
Exciter 145; . K., T, 1, 0.4 Gains apd time gonstants
o of amplifier, exciter,
Generator s Ky, Tn 1,1 generator and sensor.
Sensor lf—is Ks, Ts 1, 0.01
Table 2
LFC system modeling and setting.
Model Transfer function Parameters Nominal values Parameter description
K
Governor 3 Ke, T, 1, 0.08
1+TgS & s Gains and time constants of
. K governor, turbine and
Turbine TS K, T¢ 1,03 generator/load
Generator/Load 1+K§,s K, T 120, 20
- - B, B, 1,1 Frequency bias coefficients
- - Ri, Ry 24,24 Governor speed regulation

parameters

the relationship between minor changes in stator emf on real
electric power (K3), small changes in rotor angle on terminal
voltage (K3), the effect of tiny rotor angle changes on stator emf
(Ky4), and the effect of small stator emf changes on rotor angle
(Ks) (Nahas et al,, 2021). The values of the coupling coefficients
are taken as: K; 15 K, = 03, K3 = 0.1, K4 1.4, and
Ks 0.5. The nominal value of the synchronization coefficient
(Cq12) between the two areas is given as: Ci; = 0.545.

2.2. The configuration of the hybrid power system

In this work, the problem of the combined LFC-AVR in rel-
evance to electrical power grids is discussed by researching
dual-area interconnected hybrid power systems. The investigated
power grid consists of two interconnected areas in which area.1
has a thermal unit, hydropower unit, gas unit, and PV unit, and
area.2 has the same conventional units as the area.l1, but instead
of the PV unit, a wind unit is inserted into area.2, as presented
in Fig. 3. In this system, the conventional units have 2000 MW
of rated power for each area, of which the thermal power unit
provides 1000 MW, accounting for the majority of the electrical
power share, afterwards we have the hydropower unit, which
provides 500 MW, and the gas turbine, which supplies 240 MW to
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the whole output. And, the renewable units have 120 MW of rated
power, of which the PV power unit supplies 50 MW, and the wind
power unit provides 70 MW with a nominal load of 1740 MW for
each area. Refs. Morsali et al. (2018) and SinghParmar et al. (2012)
provide more information about the system under study and its
parameters. Additionally, the system nonlinearities are taken into
account, as are the power system’s physical restrictions, such as
the GRC and GDB of the thermal power plants, in which the
GRC (generation rate constraint) of the hydropower station is
270% p.u/min = (0.045 p.u MW/s) and 360% p.u/min = (0.06 p.u
MW/s), respectively for both rising and decreasing rates and the
GRC for the thermal unit is set at 10% p.u/min (0.0017 p.u MW/s)
for rising and decreasing rates. The transfer functions included
in the considered power system have been listed in Table 3, and
their configurations are made clear in Table 4.

2.2.1. The setup of PV generation model

Fig. 4 depicts how the Photovoltaic (PV) model may be con-
structed using the professional software MATLAB/SIMULINK
(R2020a). The output power generated by the model is equivalent
to the generated output power provided by an actual PV plant. In
addition, about 50 MW of the PV model’s output power perme-
ates the first area of the examined power system. Here, Utilizing
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Fig. 3. The investigated dynamic model consisting of a two-area hybrid power system with various sources.

the white-noise block found inside the R2020a version of the
MATLAB program allows for the production of random output
fluctuations, which are then multiplied by the typical output
power of an actual PV plant. The power generated by the pro-
posed PV model may be calculated using Eq. (1) (Khamari et al.,
2020). Fig. 5 presents the random power output generated by the
PV model.

APso1r = 0.6 - AY Psojar

2.2.2. The setup of wind generation model

In order to apply the simplified model of wind generation
power in order to share its power in the second area of the
power system that is being studied, the expert software MAT-
LAB/SIMULINK program (R2020a) is being utilized. The power
created by the following wind power model behaves exactly the
same as the electricity generated by actual wind farms, hence
the model is quite accurate. This is accomplished with the use of
a white-noise block, which is employed for making an arbitrary
speed form and is then multiplied by the speed of the wind, as

(1)

seen in Fig. 6 (Elkasem et al., 2021). The irregular output power of
93 wind units is depicted in Fig. 7, where each wind unit produces
0.75 MW of power. The value of the power generated by the wind
farm that was investigated is around 70 MW. Following is a set
of equations that may be used to describe the output power that
was captured from the wind model (Elkasem et al., 2021):

Pw = 1/2pArVy, Cp (A, B) (2)
o B)=C - (% — Gy — Caf? — ) oG (3)
A =22 = % (4)
11 0.035 )

M Ar+0088 pE41

In Eq. (2), Py denotes the wind turbine output power, p denotes
the air density in kg/m?, A; denotes the swept area by the rotor
in m?, Viy denotes the wind’s nominal speed in m/s, and Cp
denotes the rotor’s blade parameter. In Eq. (3), C; to C; denote the
parameters of the turbine, 8 denotes the pitch angle of the blade,
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Table 3

Transfer functions of the system model.

Power planet Model Transfer function
Ni+NoS
GDB 12
Thermal TsgS+1
ke Ty S+1
Reheat oo
1
) Governor TSt
Hydraulic . . oS4
Transient droop compensation =%
ThS+1
; ; ~TyS+1
Penstock hydraulic turbine ]
. 1
Valve positioner B5G
Gas XgS+1
Speed governor T
Fuel combustion reaction s
FS+1
; 1
Compressor discharge TS Tl
e Ka
Amplifier s
. Ke
AVR Exciter TS
Ky
Generator I
Ks
Sensor T
Kps
ps1
Power system 1 feant
Others Ko
'ps.
Power system 2 TS
27Ty

T-line

A1 denotes the optimal tip speed ratio (TSR), and A; denotes the
intermittent tip speed ratio. In Eq. (4), r; denotes the radius of
the rotor. The nominal wind generation coefficients are listed in
Table 5.

3. Control strategy and problem definition
3.1. Gradient-based optimization algorithm
Ahmadianfar et al. (2020) proposed the GBO method, which

is among the most recent metaheuristic optimization techniques.
GBO’s operation is made up of two concepts: gradient-based

Energy Reports 9 (2023) 1201-1235

White
noise
I 1
125 +1 X
PSOIar—In(ial
Insolation| 4 Ju 0.6

Fig. 4. The PV model.

Newton’s phenomenon and two trajectories for diversification
and intensified search. The Gradient Search Rule (GSR) trajectory
facilitates exploration and accelerates convergence to get the
optimum fitness in the search space. The Local Escaping Operator
(LEO) trajectory, on the other hand, serves the primary purpose
of allowing the GBO to flee from the local solution. A graphic
representation of the GBO algorithm’s operation is presented in
Fig. 8. In order to facilitate comprehension, the GBO algorithm’s
working mechanism has been broken down into the steps listed
below.

3.1.1. Initialization

Individually, the GBO creates a main population from a uni-
form arbitrary distribution. In a population with N trajectories,
each agent is given the term "trajectory”, and the population
is free to explore a domain with D dimensions. The following
mathematical statement represents the initialization procedure.

Xn = Xnin + rand (0, ]) : (Xmax - Xmin) (6)

where X, and X4 are the decision variable X boundaries, and
rand (0, 1) represents an arbitrary value within the range [0 1].

Table 4

The power system settings.

Settings Value Settings description

Ni, N, 0.8, —0.2/w The GDB transfer function model’s Fourier coefficients

Ty 0.06 s Steam turbine governor time constant

T; 03 s Steam turbine time constant

T, 10.2 s Steam turbine reheat time constant

K; 0.3 Reheat constant of the steam turbine

Ty 1.1s Starting time of water in the hydro turbine

Trs 49 s Hydro turbine speed governor reset time

Tin 28.749 s Time constant of the transient droop

Tgn 02s Hydro turbine governor time constant

Bg 0.049 s Time constant of the valve positioner

Yy 11s Lag time constant of gas turbine governor

Ter 0.01s Time delay of the gas turbine combustion reaction

Ty 0.239 s Gas turbine fuel time constant

Xy 0.6 s Lead time constant of gas turbine governor

Ted 0.2 s Time constant of the compressor discharge volume

Cy 1 Gas turbine valve positioner

Ka, Ke, Ky, K 10,1, 1, 1 AVR system amplifier, exciter, generator, and sensor gains
Ta, Te, Ty, T 0.1, 04, 1, 0.01 AVR system amplifier, exciter, generator, and sensor time constants
Tps1, Tps2 11.49, 1149 s Power system time constants

Kpst, Kps2 68.965, 68.965 Power system gains

T12 0.0433 MW Synchronizing coefficient

B4, By 0.431, 0.431 MW/Hz  Frequency bias coefficients

PFpy, PFyr 0.015, 0.025 PV and wind generation units’ participation factors

Riyd, Rg, Ry 24, 2.4, 2.4 Hz]MW Governor speed regulation parameters of thermal, hydro, and gas units

PFpya, PFg, PFm
GRC with Hydro
GRC with Thermal

0.287, 0.138, 0.575

Participation factors of hydro, gas, and thermal units

(0.045 p.u MW/s) and (0.06 p.u MW/s. For both rising and decreasing rates), respectively

The GRC (generation rate constraint) for the thermal unit is set (0.0017 p.u MW/s) For rising and decreasing rates
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Fig. 5. PV power fluctuations.
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Fig. 7. Variation of wind power.
Table 5 _ movement (DM), and beginning location of the search agent, the
The wind power plant coefficients. location of the trajectory (xT) may be computed using Eq. (7).
Parameter Value Parameter Value
m m
Pu 750 KW G 116 X1, =X, — GSR+ DM (7)
Viy 15 m/s G 0.4
- 229 m Ca 0 where,
P 1.225 kg/m® Gs 5 2Ax - X
Ar 1684 m? G 21 GSR = randn - py - ————— (8)
Ar 225 r.p.m G 0.1405 (Xworst — Xbest + €)
G ~06175 DM = rand - p - (Xpest — X}') 9)
pr=2-rand-a — o (10)
. . 3w . 3
3.1.2. Gradient search rule (GSR) a=|B-sin T3 +sin( B - - (11)
During the optimization process, the GSR in the algorithm 5
.. . . . . m\3
is in cha.rge of tflellv?rmg unpredictable behavior tt}at l?oosts B = Bunin + (Bmax — PBrmin) - (1 _ (7) ) (12)
the algorithm'’s diversion power. Based on the GSR, direction of M

1208



K.M. AboRas, M. Ragab, M. Shouran et al.

Energy Reports 9 (2023) 1201-1235

Xi(current position)

Fig. 8. The GBO technique scheme.

where m denotes the present iteration number, M represents
the maximum number of iterations, SBpin is 0.2, Bmax is 1.2, and
& denotes a number between [0, 0.1]. p, may be computed as
follows:

pp=2-rand -o — « (13)
Ax =rand(1:N) - |step| (14)
Xpest — XI7) + 8
Step — % (‘15)
m m m m
5:2-rand-<x”+X'2:XT3+xr4— ;,") (16)

opensr2, r3,and r4 (r1 # r2 # r3 # r4 # n) are numbers se-
lected at random from [1N], and rand(1:N) is an N-dimensional
arbitrary number. The step in Eq. (15) denotes the step size that
is described by Xpe: and x7j. By swapping the site of the best
trajectory (Xpes) with the current trajectory (x;') found in Eq. (6),
the new trajectory (X27') can be described as:

2Ax - X

X2™ = Xpest —randn- pq - ———— 12—
mo e (ypr — yqr + ¢)

+rand- py - (X7} — x73)

(17)
where,
Ypn = rand - <[Z"+12—+x"] + rand - Ax) (18)
Yqn = rand - <[Z"+12—+X"] — rand - Ax) (19)

the new solution at the next iteration (xg'“). established on
the locations X1}, X27', and the current location (X)), can be
described as:

Xt =g (- XT3 4 (1= 1) - X277) + (1 = 10) - X3]
X370 = X" = pr - (X277 — X17)

3.1.3. Local escaping operator (LEO)

Incorporating the LEO into GBO improves the algorithm'’s abil-
ity to resolve difficult optimization issues. Helps the algorithm
break out of the “local optimality” trap. The LEO employs a
number of solutions to arrive at the best solution (X/},), including
the best location (Xpes: ), the locations X1 and X2}, two arbitrary
locations x; and x], and a contemporaneous arbitrarily produced
location (x;!). The following methodology is used to construct the
answer Xp,.

if rand < pr

1209

if rand < 0.5
X[t = X0+ fi - (U Xoess — Uz - X}7)
- o1 (us - (X200 = X17) 4+ up - (x1 — %)) /2

m+1 __ ym
Xn - XLEO

else (22)
XiEo = Xpest +f1- (Ul * Xpest — U2 X}?)
+fo-p1- (u3 . (XZZ1 —Xl?) +up - (X;nl _XTZ)) /2
X = Xio
End

End

where f; is an even arbitrary number, f, is an arbitrary number
in a normal distribution with a zero mean and a unity standard
deviation, pr is the probability, and uy, uy, and us are three
arbitrary values, which are given as:

2 - randif uq, < 0.5
u = (23)
1 otherwise
randif u1 < 0.5
Uy = (24)
1 otherwise
randif u1 < 0.5
1 otherwise

where rand denotes an arbitrary value within the domain [0 1],
and w1 denotes a value within the domain [0 1]. We can rewrite
the above-mentioned equations as:

U =Ly -2-rand + (1 = L) (26)
Uy =Ly -rand + (1 — Ly) (27)
uz =Ly -rand 4+ (1 — L) (28)

where L represents a binary parameter, whose value is 0 or 1. If
the value of the parameter w; gets smaller than 0.5, the value of
L; becomes 1, otherwise, it becomes 0. To describe the solution
x; in Eq. (6), The strategy may be expressed mathematically as
follows:

m Xrand if up <0.5
X = " . (29)
Xy otherwise
Xrand = Xmin + rand (0, 1) - Xmax — Xmin) (30)
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Table 6
The best objective functions obtained by the four algorithms.
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Test functions

The best objective function obtained

GTO ChOA WHO GBO
D
1 (%) X 4+100) ¥ 6.6 x 1072° 1.8 x 107> 3.8 x 10750 1.4 x 107121
f 1 i
i=2
D
%) >l 8 x 10-103 22 x 1077 1.4 x 107107 8.2 x 107188
i=1
D D 2 D 4
(% X+ 05x% ) + 0.5x; 2.8 x 1073 3.4x 1073 1.8 x 10~ 2.4 x 107128
f 1
i=1 i=1 i=1
D-1 ,
fa) [100 (i1 —x2) + (% — 1)2} 27.13 28.94 25.64 20.14
i=1
D
S (x 1052 + ) %2 6.3 x 10733 46x 1071 6.9 x 1074 1.9 x 107126
fs(x) 1 i
i=2
D i—1
S (x 108) D=1 x? 1.6 x 10732 2.3 x 1077 4.6 x 1075° 1.4 x 107130
fol) > ( :

i=1

Step 1. Initialization

Assign values for parameters pr, €, and M

Generate an initial population X = [x0,1. X0,2 - xo,D]

Evaluate the objective function value f (Xo), n=1,.,N

Specify the best and worst solutions x

Step 2. Main loop
‘While (m<M)
forn=1:N
fori=1:D

m m
bestand Xworst

Select randomly r1 # 12 # r3 # r4 # n in the range of [1, N]

end for

Calculate the position x7;* 1

Local escaping operator

if rand < pr

Calculate the position x

A =y

end

m
LEO

using Eq. 20

using Eq. 22

Update the positions Xpgsr and Xiyorst

end for
m=m-+1
end
Step 3. return Xjes:

Fig. 9. The pseudo-code that represents the GBO algorithm (Ahmadianfar et al., 2020).

where Xn¢ denotes a new solution, x;' is a randomly chosen

solution of the population (p € [1,2, 3, ,N], and pu, is
an arbitrary number within the domain [0 1]. Eq. (29) can be
re-written in a simplified expression as:

(31)

where L, represents a binary parameter, whose value is 0 or
1. If the value of the parameter u, gets smaller than 0.5, the
value of L, becomes 1, elsewise, it becomes 0. Fig. 9 (Ahmadianfar
et al.,, 2020) provides an overview of the pseudo-code for the GBO
algorithm. The flowchart of the approach that was employed to
achieve the optimum gains of the suggested FPIDD? regulator in
this work can be seen in Fig. 10.

X;? =1L 'X;,n + (1 —Ly) - Xrand
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Finally, six commonly used benchmark functions from pre-
vious research (Khishe and Mosavi, 2020; Abdollahzadeh et al.,
2021; Ahmadianfar et al, 2020) are used to comprehensively
evaluate the performance of the GBO algorithm. The effectiveness
of GBO is evaluated by comparing it with three other metatheuris-
tic algorithms (GTO, ChOA and WHO). 30 iterations of each
optimization procedure are performed for each test function.
A maximum number of 500 iterations was allowed, and the
population size was set to 50. Table 6 summarizes the best
objective functions obtained by the four algorithms. Fig. 11 shows
GBO convergence curves and other algorithms that have been
realized in the tested benchmark functions. The results highlight
the advantage of GBO over competing algorithms.
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Integrate the combined LFC-AVR Simulink
model with GBO-based MATLAB code

1

Identify the GBO controlling parameters

i

Create the initial population randomly

Compute the objective function for each
agent and specify the best and worst solution

| Get GSR and DM value |

i

Evaluate the position of X1}, X27" and X3}

1

Evaluate the position ofX:l"+1 by LEO

m< Max
Iterations

Get the optimal FPIDD? parameters and
place them in the combined LFC-AVR

Simulink model

Fig. 10. The flowchart of the GBO technique adjusting FPIDD? settings.

3.2. Controller structure and suggested solution methodology

The current section discusses the design of the intelligent
fuzzy PIDD? controller to handle the LFC problem, given that
traditional controllers have certain flaws in coping with the un-
certainties of the system derived from prior research. The sug-
gested controller mingles the benefits of Fuzzy logic and PIDD?
controllers, which ultimately allows for superior load frequency
regulation. The PIDD? controller setup is exactly the same as that
of the PID controller, with the addition of a second derivative
action to the standard PID components. Fig. 12.a denotes the
structure of PIDD? regulator. Eq. (32) (Kalyan and Suresh, 2021)
is a representation of the PIDD? controller’s transfer function.

N1N; :|
(s + N1)(s + Na)

(32)

where Kp, K;, (Kp1, Kpz) and (N;, N,) represent the proportional
gain, integral gain, derivative gains, and filter coefficients, respec-
tively, of the PIDD? controller.

Additionally, a fuzzy logic controller, also known as an FLC,
may be attached to the PIDD? regulator in order to enhance both
its functionality and its effectiveness. However, the effectiveness

Ny
S+N1

K X
C] (S) = Kp—}—?—FKD] S +KD1KD2-S
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of fuzzy logic regulators is highly dependent on the membership
functions (MFs) and the convoluted development of a proper
fuzzy rule base interface system. Fig. 12.b depicts the configura-
tion of the FPIDD? controller used for the combined LFC and AVR
investigation where the error input (E) and the change of error
(CE) serve as inputs to the fuzzy controller. Scaling factors are
represented by the gains K; and K;. Following is a brief overview
of the key procedures involved in deploying an FLC (Cam et al,,
2017; Bhateshvar et al., 2017):

The first phase is called “fuzzification”, and it involves the
FLC converting E and CE into linguistic variables. For the sake of
clarity, simplicity in real-time processing and the need for low-
level memory (Tasnin and Saikia, 2018; Yakout et al., 2021), the
inputs and outputs of the FLCs in this study are all triangular
membership functions as shown in Fig. 13. Regarding the inputs
and output, there are five linguistic variables employed, including
LN, SN, Z, SP, and LP, denoting large negative, small negative, zero,
small positive, and large positive. It is clear that the membership
functions of both inputs and output are located in the interval
[—40, 40]. The implementation of the rule base constitutes the
second phase of the process. Table 7 displays the results of the
FLC's application of fuzzy rules to the linguistic variables derived
from the fuzzification process; the FIS utilized in this case is
Mamdani (Yakout et al., 2021). It is up to the designer’s skill level
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Fig. 11. The convergence curves of the four comparative algorithms achieved in some popular benchmark functions.
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Fig. 13. Membership functions for the FLC.

to determine the scope and nature of the FLC's underlying rule
set. Each system relies on its own set of rules to get the best
possible outcome.

Reaching the final phase, which is called defuzzification. The
defuzzification procedure takes in linguistic variables as inputs,
and the output of the FIS system is itself a linguistic variable.
additionally, the defuzzification procedure transforms these vari-
ables to crisp variables. In this work, the fuzzy output Control
Law (CL) was calculated using the defuzzification procedure’s
center of gravity approach. The CL signal is passed to PIDD?
controller. Fig. 14 depicts the control surface that represents
the FLC's input-output correlation. It is a tough challenge to
determine the optimal input and output values and shapes for
FLC. The primary objective of the suggested controller is to lessen
frequency deviation (AF;, AF;) and lower tie-line power devi-
ations (APge_jine), caused by system uncertainties, in the LFC
loop, and improve the dynamic response of the voltage in both
areas by lowering the voltage deviations (AV7, AV,). This may
be accomplished by fine-tuning the FPIDD? controller’s settings
(Kp, Ki, Kp1, Kp2, N1, Na, Ky, K3).

In this study, the integral time absolute error, often known as
ITAE, was chosen to serve as the objective function for evaluating
the controller’s performance. According to Eq. (33) (Kalyan, 2021),
ITAE is expected to be the method that is most successful in

significantly lowering response overshoots and settling time in
the combined LFC-AVR problem .

Tsim
ITAE =/ t - (|AFi| + |AFz| 4 [APde—iine| + |AV1] 4 [AV,]) dt
0
(33)

where Ty, represents simulation time. The parameters of the
controller are regulated as follows:

Kpmin < Kp < Kpmax
Kimin < K1 < Kijnax
Kp1min < Kp1 =< Kpimax
Kp2min < Kp2 < Kpamax (34)
Nimin < N1 < Nimax
Nomin < N2 < Nojax

Klmin = Kl =< Kl max

KZmin < KZ =< KZmax

For all following Cases, the lower bounds are set [0, 0, 0, 0, 100,
100, 0, 0] while the higher bounds are set [4, 4, 4, 2, 500, 500,
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Table 7
The fuzzy Logic controller’s rule base.
E CE
LN SN z SP LP
LN LN LN SN SN Z
SN LN SN SN Z SP
z SN SN z SP SP
SP SN Z SP SP LP
LP Z SP SP LP LP

4, 4]. The frequency limits are assumed to be +1 Hz, the tie-
line power limits are taken as £10%, and the voltage limits are
assumed to be 5% (Nahas et al., 2019). The simulation’s results
and observations will be presented in the next section under a
wide variety of different operating circumstances.

4. Numerical simulation and analysis

In this part of the paper, the dynamic performance of the pre-
viously presented power systems (i.e., conventional and hybrid)
is evaluated under various cases:

(1) Conventional power system studied cases

e Tuning the AVR system individually.
e Tuning the LFC system individually.
e Tuning of combined LFC-AVR system.

All the previous cases are studied under nominal and disturbed
system parameters.

(2) Hybrid power system studied cases

e Applying multi-step load perturbations (MSLP) in area
-1.

e Applying communication time delay (CTD) to the con-
troller output.

e Applying random load perturbations (RLP) in area-1
as well as a time-varying desired output voltage.

e Varying the parameters of the system.

RESs penetration is taken into account in all hybrid power system
studied cases.

In the conventional system that has been analyzed, the PID
controller that has been tuned using MONLTA (Nahas et al., 2021)
and the FPID controller that has been tuned using GBO are com-
pared with the newly suggested FPIDD? regulator. The suggested
FPIDD? regulator is evaluated in the context of the examined
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hybrid system and contrasted with a GBO-tuned ID-T controller
and an FPID controller.

In the following subsections, each system’s dynamic perfor-
mance has been studied, and every case has been discussed in
detail. The optimization processes with the GBO are evaluated
with a maximum iteration of 50 and a number of search agents
of 20.

4.1. The conventional system cases

Firstly, the superiority of the GBO algorithm is proved by com-
paring it with other recent algorithms such as ChOA (Khishe and
Mosavi, 2020), WOA (Mirjalili and Lewis, 2016) and GTO (Abdol-
lahzadeh et al., 2021). The comparison is carried out on the basis
of fine-tuning the proposed controller parameters to enhance the
voltage and frequency stability of the combined LFC-AVR two-
area power system under normal case in which the nominal
values for the parameters of the combined LFC-AVR are consid-
ered in area-1, while a disturbed parameters are considered in
area-2. The disturbed AVR system’s parameters are T, 0.1,
K, =10,T, = 06, K. = 1.5, T, = 1.5, K, = 1.5, T, = 0.01
and K; = 1, whereas the disturbed LFC system’s parameters are
K; = 100, T; = 10, T; = 0.15, T, = 0.12, and R = 1.2. An SLP
of 2% is applied in both areas. The synchronization coefficient is
taken as 0.545. The convergence curve for the four techniques is
seen in Fig. 15. By evaluating the efficacy of the GBO method to
that of ChOA, WOA, and GTO, it is possible to prove that the GBO
algorithm has outstanding convergence over other algorithms.
The resultant ITAE from the GBO algorithm is 0.03.

4.1.1. Case I: Tuning the AVR system individually

In this case, under the umbrella of two conditions for the
AVR system’s parameters (i.e., nominal and disturbed), The per-
formance of the proposed GBO-optimized FPIDD? controller is
compared to the performance of different controllers, such as the
GBO-optimized FPID and the conventional PID controller opti-
mized by the MONLTA technique (Nahas et al., 2021).

(a) Under nominal parameters

In this part, Individually, the AVR system is investigated using
the nominal parameters listed in Table 1. The step response of
the AVR system’s output terminal voltage is depicted in Fig. 16,
demonstrating the efficiency of the suggested controller over the
other comparative controllers. Fig. 16 depicts a quick voltage rise
to the reference value with a small overshooting amplitude and
settling time. Table 8 shows the settings of the three compara-
tive controllers, while Table 9 shows the dynamic AVR system
performance, which clearly shows that the ITAE obtained by the
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Fig. 16. The output voltage step response considering nominal parameters of the AVR system.
Table 8
The Optimum settings of the controllers in Case I under nominal case.
Controller Controller parameters
Kp K Kps N; Kp> N, K Ky
PID tuned by MONLTA (Nahas et al., 2021) 0.889 1714 0.882 - - - - -
FPID tuned by GBO 4 2.837 1.201 499.62 - - 0.399 0.1
FPIDD? tuned by GBO (proposed) 3.998 2.587 1715 499.89 0.023 499.71 1.329 0.1
Table 9
The AVR system dynamics as a consequence of Case I impact under nominal case.
Controller M, T 7 7 ITAE
PID tuned by MONLTA 1218 0.56 0.098 0.218 0.2383
FPID tuned by GBO 1.0116 0.132 0.096 0.149 0.00325
FPIDD? tuned by GBO (proposed) 1.043 0.117 0.1 0.131 0.00277

suggested controller is the smallest one compared to the other
controllers.

(b) Under disturbed parameters

Using a slight fluctuation in AVR system parameters around
the nominal values, the influence of AVR dynamical system un-
certainty on the quality of optimum settings determined by the
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optimization methodologies is depicted. The disturbed AVR sys-
tem’s parameters are T, = 0.1, K, = 10, T, = 0.6, K, = 1.5,
T, = 15 K, = 15 T, = 0.01 and K; = 1. It is shown in
Fig. 17 that the AVR system’s output voltage step response is
more efficient than the output voltage of the other controllers. As
shown in Table 10, the dynamic AVR system performance reveals
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Fig. 17. The output voltage step response considering disturbed parameters of the AVR system.
Table 10
The AVR system dynamics as a consequence of Case I impact under disturbed case.
Controller M, Ts 7 7 ITAE
PID tuned by MONLTA 1.317 0.534 0.092 0.221 0.2996
FPID tuned by GBO 1.02 0.124 0.095 0.146 0.00388
FPIDD? tuned by GBO (proposed) 1.047 0.115 0.099 0.129 0.00279
Table 11
The Optimum settings of the controllers in Case II under nominal case.
Controller Controller parameters
Kp K Kp; N; Kb N> K; Ky
PID tuned by MONLTA 2.19 4 0.4334 - - - - -
FPID tuned by GBO 1.767 3.981 0.1811 500 - - 3.992 0.4852
FPIDD? tuned by GBO (proposed) 1.648 3.921 0.146 465 0.023 499 3.792 0.001
Table 12
The LFC system dynamics as a consequence of Case II impact under nominal case.
Controller AF (Hz) ITAE
MO MU ST
PID tuned by MONLTA 0.0003 —0.0708 1.5 0.007
FPID tuned by GBO 0.0011 —0.0085 0.4 2.8 x 107°
FPIDD? tuned by GBO (proposed) 0.00003 —0.007 0.13 1.06 x 107>

that the proposed controller’s reaction is unaffected by changes
in any of the system parameters. The suggested controller’s ITAE
is nearly identical to the nominal case.

4.1.2. Case II: Tuning the LFC system individually

Like the AVR system, the LFC system has been investigated
individually under two different conditions (nominal and dis-
turbed) in order to validate the superiority of the suggested
controller (FPIDD?) over the other comparative controllers (i.e.,
MONLTA-tuned PID and GBO-tuned FPID).

(a) Under nominal parameters

The LFC system is studied in this section, considering the nom-
inal parameters indicated in Table 2. Fig. 18 is a representation
of the frequency variation caused by 10% SLP injection into the
LFC system. This figure depicts the capability of the proposed
controller to provide appropriate system stability and consider-
ably lessen the impact of system fluctuation compared to the
other controllers. The optimum setups of the three comparative
controllers are detailed in Table 11, and the performance of the
dynamic LFC system is presented in Table 12. It is abundantly
obvious from this table that the recommended regulator achieved
the lowest overshoot, undershoot, settling time, and ITAE values.

(b) Under disturbed parameters

Herein, a disturbed version of the LFC system is investigated
for the purpose of testing the sensitivities of three comparative
controllers to changes in system parameters in order to demon-
strate the superiority of the controller that has been presented
(FPIDD?). The disturbed LFC system’s parameters are K; 100,
T; =10, T; = 0.15, Ty = 0.12, and R = 1.2. Fig. 19 demonstrates
that the frequency deviation that occurs under the management
of the recommended regulator is nearly identical to that which
occurs in the normal case. Furthermore, in contrast to other
regulators, the ITAE that occurs under the suggested regulator’s
control is the lowest. The performance of the dynamic LFC system
is displayed in Table 13, and it demonstrates that the reaction
of the suggested controller is nearly unaffected by the changes
in any of the system parameters. There has been no alteration
in the maximum overshooting or undershooting, but there has
been a tiny rise in the settling time, which has pushed the ITAE
to 4.5 x 1075,

4.1.3. Case III: Tuning of combined LFC-AVR system

To confirm the exceptional performance of the recommended
FPIDD? in the enhancement of voltage and frequency stability,
this section makes use of the combined LFC-AVR scheme of the
dual-area that was described earlier in Fig. 1 in which the nominal
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Table 13
The LFC system dynamics as a consequence of Case II impact under disturbed case.
Controller AF (Hz) ITAE
MO MU ST
PID tuned by MONLTA 0 —0.0725 0.0122
FPID tuned by GBO 0 —0.0075 1 0.0001
FPIDD? tuned by GBO (proposed) 0 —0.0069 0.7 4.5 x 107>

values for the parameters of AVR and LFC systems are employed
in area-1, whereas the disturbed parameters of AVR and LFC sys-
tems are applied in area-2. The investigation has been partitioned
into two distinct scenarios, which are as follows:

(a) Normal scenario

In this scenario, unit-step references for the output terminal
voltages are used (Vges.1 = Vrer.2 = 1 p.u) and a 2% SLP is applied
in both areas (APy; = APg = 0.02 p.u). The synchronization
coefficient between the two areas equals 0.545 (C12 = 0.545).
Fig. 20 depicts the combined LFC-AVR system’s performance un-
der the effects of the preceding circumstances. The optimum
configurations of the three controllers under comparison (PID,
FPID, and FPIDD?) are listed in Table 14, and the combined LFC-
AVR system dynamics are provided in Table 15, in which the
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GBO-optimized FPIDD? has accomplished the lowest settling time
for voltage and frequency responses and obtained an ITAE of
0.03 with an enhancement of 93.2% compared to the MONLTA-
optimized PID controller and 77.78% compared to the GBO-tuned
FPID controller.

(b) Disturbed scenario

This challenging scenario puts the three comparative con-
trollers’ resilience to the test since it considers time-varying
required output voltages, random load perturbations, and time-
varying synchronization coefficient as depicted in Figs. 20 to 22.
Fig. 24 demonstrates the combined LFC-AVR system'’s response
to this complicated control situation employing different control
methodologies (i.e., FPIDD? and FPID controllers based on the
GBO, and PID controller based on the MONLTA Nahas et al.,,
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Fig. 20. Dynamic power system response for Case Il under the normal scenario - (a) Vout1, (b) Vout2, (c) AF1, (d) AF2, (e) APtie.
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Table 14
The Optimum settings of the controllers in Case IIl under the normal scenario.
Controller Area.1
AVR LFC
Kp K Kpi Ny Kpp N> K K> Kp K Kpi Ny Kpy No [ Ky
PID tuned by MONLTA (Nahas et al,, 2021) 2.241 1563 0.997 - - - - - 2427 2487 0916 - - - - -
FPID tuned by GBO 1.363 0.831 0.714 375 - - 2.868 0.348 2.845 2.131 064 384 - - 1.706 3.891
FPIDD? tuned by GBO (proposed) 1876 1.676 1.832 425 0.007 500 2782 0.152 198 1573 1.165 322 0.002 496 3.971 2.92
Controller Area.2
AVR LFC
Kp K Kpq N;  Kpy N, K; K> Kp K Kp; N;  Kpy N, K; K>
PID tuned by MONLTA (Nahas et al,, 2021) 1336 0.62 0.897 - - - - - 2496 2495 0742 - - - - -
FPID tuned by GBO 3459 0963 138 379 - - 2481 0423 2.134 2.065 1067 364 - - 1.348 0.112
FPIDD? tuned by GBO (proposed) 179 0.859 1575 490 0.019 496 2.501 0.103 1982 199 0.013 366 0.05 357 399 2374
Table 15
The combined LFC-AVR system dynamics as a consequence of Case IIl impact under the normal scenario.
Controller AF; (Hz) AF, (Hz) APge (Mw p.u) Vour.1 (pu) Vour2 (pu) ITAE
MO MU ST MO MU ST MO MU ST M, A 7 M, o 7
PID tuned by MONLTA 0 —0.278 8 0.0007 -0.231 6 0.0019 —0.0007 106 1.145 0.15 0.7 1.147 0.15 0.75 0.441
FPID tuned by GBO 0 —-0.007 6 O —0.006 3.5 0.0006 O 7.8 1.018 037 045 1009 034 041 0.135
FPIDD? tuned by GBO (proposed) 0 —0.0037 3 0 —0.001 3.5 0.0006 -—0.0002 3.8 1.046 0.16 0.19 1065 0.12 0.17 0.027
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Fig. 21. The desired time-varying reference voltages for both areas-(a) Reference voltage for area-1, (b) Reference voltage for area-2.

Table 16
The combined LFC-AVR system dynamics as a consequence of Case IIl impact under the disturbed scenario represented by the ITAE
index value.
Controller ITAE ITAEotal
AF] AFZ APtie Vout.1 Vuut.Z
PID tuned by MONLTA 3.454 2.663 1.722 0.7568 0.9073 9.503
FPID tuned by GBO 0.4011 0.3323 0.3107 0.3038 0.1722 1.5201
FPIDD? tuned by GBO (proposed) 0.0913 0.08 0.0326 0.2167 0.0817 0.5023

2021). Table 16 summarizes the dynamic performance of the
system in terms of ITAE values for output voltages, frequency
deviations, and tie-line power. In comparison to the MONLTA-
tuned PID and the GBO-tuned FPID controllers, the GBO-tuned
FPIDD? controller has the smallest rising and settling times. The
suggested FPIDD? regulator reduces the frequency oscillations
relatively fast, in addition to improved control quality, despite
coping with rapid and gradual load fluctuations. The total ITAE
value of the FPIDD? regulator tuned using the GBO approach was
boosted by 94.79% with the MONLTA-based PID and 67.42% with
GBO-based FPID controllers (see Fig. 23).

4.2. The hybrid system cases

4.2.1. Case I: Applying an MSLP in area 1 with the consideration of
RESs penetration

The examined hybrid system’s combined LFC and AVR model
was investigated using several regulators such as classic ID-T and
intelligent-based fuzzy PID and PIDD? in both LFC and AVR loops

1221

via applying MSLP, as denoted in Fig. 25, in area-1. Additionally,
a PV solar unit with a rating of 50 MW is inserted into area-
1 after 250 s, and a wind farm unit with a rating of 70 MW is
inserted into area-2 after 100 s. These RESs disturbances are pre-
viously presented in Figs. 3 and 5, respectively. The convergence
curves of the three examined controllers are exhibited in Fig. 26,
demonstrating the superiority of the suggested controller em-
ploying the GBO. The responses of the combined LFC-AVR system
were analyzed in light of the criteria of maximum overshooting
(MO) and undershooting (MU) for the LFC loop, and maximum
overshoot magnitude (Mp), rising and settling times (zr, ts) for
the AVR loop, as shown in Fig. 27. After studying the results in
Fig. 27, we came to the conclusion that the FPIDD? minimized
undershoots and overshoots much better than other controllers.
Furthermore, the terminal voltages were swiftly reached with the
GBO-tuned FPIDD? regulator. Table 17 lists the ID-T/FPID/FPIDD?
controller parameters that were optimally obtained using the
GBO approach. Table 18 shows that the responses approached
the steady state faster with the FPIDD? controller compared with
other controllers. As a result, the intelligent FPIDD? demonstrated
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Fig. 24. Dynamic power system response for Case III under the disturbed scenario - (a) Vout1, (b) Vout2, (c) AF1, (d) AF2, (e) APtie.

its superiority in managing the behavior of the complicated hy-
brid system of the LFC-AVR combination model. The ITAE value of
the FPIDD? regulator tuned by the GBO technique was enhanced
by 91.66% with the GBO-based ID-T and 56.96% with GBO-based
FPID controllers.

1223

4.2.2. Case II: Applying a CID to the controller output with the
consideration of RESs penetration

This case involves an endurance challenge during which RESs
have been introduced into both areas of the power system that
is being examined. The PV unit is inserted at 80 s while the wind
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Fig. 25. The MSLP used in Case I.
unit is inserted at 220 s. Additionally, the injection of 1% SLP to is added to the controllers’ output. Table 19 presents the settings

area-1 at 10 s and 5% SLP to area-2 at 150 s. Furthermore, to of the three controllers (FPIDD?, FPID, and ID-T) optimized by the
test the efficacy and robustness of the controllers, a 0.1 s CTD GBO technique, and Table 20 displays the dynamic performance
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Fig. 26. The three controllers’ convergence curves as a consequence of Case I impact.
Table 17
The Optimum settings of the controllers in Case I.
Controller Area.l
AVR LFC
Kp/KT K; Kpq N; Kpz Nz/n K; K> KP/KT K; Kp; N; Kp> Nz/n K; K>
ID-T tuned by GBO 1575 9.98 2218 496.6 - 9.955 - - 0.007 0.230 10 3147 - 8.689 - -
FPID tuned by GBO 1.045 1.178 0589 4152 - - 1.992 0.382 3275 387 2672 4004 - - 1.339 2418
FPIDD? tuned by GBO (proposed) 0.422 3.371 0.345 4959 0.006 4632 083 3.362 3831 3714 3.07 4721 0031 4748 3.523 2658
Controller Area.2
AVR LFC
Ke/Kr K Kp: N; K  No/n K K> Kp/Kr K Kpi N Ko  No/n  K; K>
ID-T tuned by GBO 1662 996 1216 3339 - 9958 - - 2.004 9973 5.717 500 - 9.896 - -
FPID tuned by GBO 1.16 1645 022 4382 - - 1428 1.333 3.701 3953 1459 4356 - - 1.909 1.334
FPIDD? tuned by GBO (proposed) 1.305 0.147 0.136 471.7 0.001 450 3764 3515 1587 3.113 0.251 4643 0.047 4523 3736 3.981
Table 18
The system dynamics as a consequence of Case I impact.
Controller AFy (Hz) AF, (Hz) APge (Mw p.u) Vout1 (pu) Vout2 (pu) ITAE
MO MU MO MU MO MU M, T Ts M, T Ts
ID-T tuned by GBO 0.112 —-0.711 0.213 —0.778 0.023 —0.046 1.279 0.076 5.8 1.109 0.14 5.08 91.21
FPID tuned by GBO 0.016 —0.095 0.019 —0.063 0.001 —0.006 1 2.7 35 1 2.44 2.83 17.68
FPIDD? tuned by GBO (proposed) 0.004 —0.018 0.018 —0.061 0.005 —0.002 1.007 0.43 0.5 1.001 1.19 1.44 7.61

of the system in this case. Fig. 28 depicts the three controllers’
convergence curves. Both the voltage response and the frequency
variation of both areas of the power system network that were
analyzed are depicted in Fig. 29, together with the flow of power
in the tie-line. The behavior of the system has significantly wa-
vered as a result of disruptions caused by RES sources and the
use of a communication time delay. On the other hand, the
FPIDD? regulator that was recommended can achieve enough
stability for the system power network and considerably lessen
the impact of system fluctuations. After analyzing the data in
Fig. 29, we observed that the FPIDD? suppressed undershoots
and overshoots in frequency deviations significantly better than
other controllers. Furthermore, the GBO-tuned FPIDD? regulator
quickly achieved the reference terminal voltage with a small peak
overshoot and settling time. The ITAE index value of the FPIDD?
regulator tuned by the GBO technique was enhanced by 39.09%
with the GBO-based ID-T and 35.28% with the GBO-based FPID
controllers.
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4.2.3. Case III: Applying an RLP in area 1 as well as a time-varying
desired output voltage with the consideration of RESs penetration
In this particular scenario, the researched system dynamics
are analyzed in the presence of significant perturbations to cor-
roborate the reliability and dominance of the FPIDD? controller
that was recommended. To begin, random load perturbations,
which are depicted in Fig. 30, are implemented in area-1, which
may be portrayed by a series of industrial loads connected to
a power system network. Moreover, the penetrations of RESs that
are depicted in Figs. 5 and 7 are represented by the connection
of the photovoltaic unit to area-1 and the wind unit to area-2
after time intervals of 250 and 100 s respectively. Furthermore,
both areas require the time-varying reference voltages indicated
in Fig. 31. Fig. 32 displays the system’s response to this complex
control case using multiple control strategies (i.e., FPIDD?, FPID,
and ID-T controllers based on the GBO). Table 21 provides a
summary of the system’s dynamic performance in the form of
ITAE values for output voltages and deviations in frequency and
tie-line power. Compared to the ID-T and FPID controllers, the
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Fig. 27. Dynamic power system response for Case I - (a) Vout1, (b) Vout2, (c) AF1, (d) AF2, (e) APtie.

suggested FPIDD? controller tuned by the GBO technique has the undershooting and overshooting, in addition to superior control
quickest reaction and the greater ability to quickly obtain the quality, while dealing with rapid and gradual load variations. The
target voltage with a smaller steady-state error. And from the total ITAE value of the FPIDD? regulator tuned by the GBO tech-
perspective of frequency stability, the recommended FPIDD? con- nique was enhanced by 90.9% with the GBO-based ID-T and 55.4%
troller dampens oscillations extremely quickly, with the lowest with GBO-based FPID controllers.
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Fig. 28. The three controllers’ convergence curves as a consequence of Case II impact.

4.2.4. Case IV: Sensitivity analysis with the consideration of RESs 220 s. Table 17 provides the FPIDD? parameters for this case.
penetration Table 22 summarizes the power system dynamics. Fig. 33 shows

This case examines the FPIDD? performance when system the dynamic power system responses to a +50% setting change.
parameters are changed by £50%. The first region had 0.01 p.u Based on the dynamical analysis results, it is probably fair to
step load penetration after 10 s and the second had 0.03 p.u after say that the FPIDD? regulator is resilient to variations in system
150 s. PV solar and wind turbines are interlinked at 80 and model parameters and step load penetration.
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Fig. 29. Dynamic power system response for Case II - (a) Voutl, (b) Vout2, (c) AF1, (d) AF2, (e) APtie.

5. Conclusion

Connecting the AVR loop with the LFC through the use of
coupling coefficients allows for simultaneous attention to be paid
to the stability of the voltage and frequency of the intercon-
nected hybrid power system. In this research, the LFC and AVR

loops were controlled by a GBO-tuned FPIDD? implemented as a
secondary regulator. The dynamical study was widely performed
on different two-area systems (conventional and hybrid). For the
conventional system, the suggested FPIDD? proves to have great
performance compared to the MONLTA-based PID and the GBO-
based FPID controllers under numerous cases (i.e., tuning the
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Fig. 29. (continued).
Table 19
The Optimum settings of the controllers in Case IL
Controller Area.1
AVR LFC
Kp/Kr K Kpi Ny¢ Kp2 Ny/n K K> Kp/Kr K Kps Ny Kp2 No/n K Ky
ID-T tuned by GBO 1.352 3541 1.045 424 - 9.952 - - 3417 3984 3921 405 - 9.942 - -
FPID tuned by GBO 0.205 0.057 0.048 300 - - 0.158 1.941 0.225 0.254 0.355 302 - - 044  0.531
FPIDD? tuned by GBO (proposed) 0.256 0.136 0.263 300.6 0.001 3539 0.139 0251 0082 0372 0284 3186 0.001 3226 0.349 0.379
Controller Area.2
AVR LFC
Ke/Kr K Kpi  Ng Kz  Non K K, Ke/K7 K Kpi  N; Kz  Naon K Ky
ID-T tuned by GBO 1.279 3.188 1.106 500 - 9.967 - - 2655 064 3244 423 - 9.998 - -
FPID tuned by GBO 0.13 0.21 0.001 4684 - - 0.075 0.268 0.482 0.063 0.491 3003 - - 0.165 0.109
FPIDD? tuned by GBO (proposed) 0.002 0.345 0.05 3122 0.001 300.2 0.203 1261 1.674 1912 0.937 3426 0.005 300 0.201 1.965
Table 20
The system dynamics as a consequence of Case II impact.
Controller AF; (Hz) AF, (Hz) APge (Mw p.u) Vour.1 (pu) Vour2 (Pu) ITAE
MO MU MO MU MO MU M, T Ts M, T Ts
ID-T tuned by GBO 0.75 —0.82 0.67 —0.74 0.019 —0.013 1.43 0.66 5.8 1.41 0.76 6.2 150.08
FPID tuned by GBO 0.04 —0.225 0.083 —0.48 0.048 —0.009 1 5.31 7.6 1.19 1.04 3.93 141.24
FPIDD? tuned by GBO (proposed) 0.41 —0.69 0.076 —0.339 0.027 —0.076 1.008 2.18 2.8 1.054 1.58 4.7 91.41
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Fig. 31. The desired time-varying reference voltages for both areas-(a) Reference voltage for area-1, (b) Reference voltage for area-2.
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Fig. 32. Dynamic power system response for Case III - (a) Voutl, (b) Vout2, (c) AF1, (d) AF2, (e) APtie.
Table 21
The system dynamics as a consequence of Case III impact represented by the ITAE index value.
Controller ITAE ITAEota1
AF] AFZ APtie Vout.l Vout.Z
ID-T tuned by GBO 63.23 84 56.17 32.41 37.07 272.88
FPID tuned by GBO 12.89 10.83 2.852 15.83 13.25 55.65
FPIDD? tuned by GBO (proposed) 5233 10.17 1.346 1.475 6.601 24.82

1231



K.M. AboRas, M. Ragab, M. Shouran et al.

Energy Reports 9 (2023) 1201-1235

| 1 1
0.2 -
0 . ! f k
i -0.2 -
- 0.05
T
< 0.4 0 N
-0.05
-0.6 -0.1 —ID-T r
150 151 152 153 154 155 —FPID
—FPIDD?
081 T T T T T B
0 50 100 150 200 250 300
Time (seconds)
(d)
0.02 —ID-T =
—FPID
0.01 —FPIDD?| |-
—_— o B
3 \
e 3 L
o -0.01 15 x10
o=
< -0.02 10 I
-0.03 5 r
-0.04 0 -
150 151 152 153 154 155
I T T T T
0 50 100 150 200 250 300
Time (seconds)
(e)
Fig. 32. (continued).
Table 22
The system dynamics as a consequence of Case IV impact.
Controller Parameters variation =~ AF; (Hz) AF, (Hz) APge (Mw p.u) Vout.1 (pu) Vout2 (pu) ITAE
MO MU MO MU MO MU M, T T M, 7 T
FPIDD? tuned by GBO Nominal 0.0027 —0.018 0.0182 —0.061 0.005 —0.002 1.007 043 051 1002 119 142 8.89
(proposed) ¥ +50% 0.0036 —0.012 0.0184 —-0.063 0.0052 —0.002 1.007 043 051 1002 119 142 892
prop —50% 0.0026 —0.016 0.0177 —0.057 0.0044 —0.001 1.007 043 051 1002 119 142 8381

AVR and LFC systems individually or coupled) with nominal and
disturbed system parameters. Additionally, the proposed FPIDD?
regulator has demonstrated greater stability and robustness com-
pared to the GBO-based ID-T/FPID controllers under the impact
of different scenarios (i.e., the injection of multiple perturbations
such as MSLP, RLP with time-varying desired output voltage, and
the application of communication time delay to the controller
output, and £50% system parameters’ variations considering RESs
penetration for all scenarios) on the hybrid system. The responses
of the combined LFC and AVR model demonstrate the superiority
of FPIDD? over both the traditional ID-T and the intelligent FPID.
Future research may investigate the impact of adding electric
vehicles and energy storage devices to the hybrid system, and a
four-area hybrid power system may be studied.
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