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This article aims to improve the performance of the modern electric power system with renewable energy re-
sources, which have fluctuating power and low inertia contribution, by designing a control system based on
different artificial intelligent (AI) techniques. Because of this power fluctuation, there is a constant mismatch
between generation and load, which causes the power system’s frequency to vary. Low-inertia operation am-
plifies the frequency fluctuation at the same time. Due to the stochastic variation of load and renewable resources
in the system, an effective load frequency control (LFC) technique is therefore required. When working condi-
tions change, LFC based on a fixed controller may perform unsatisfactorily even though it may respond optimally
at a specific operating point. With the constraints and nonlinearities of the system taken into account, the
controllers are applied to the secondary loop LFC of a multi-source generating system. The power system'’s
mathematical model was obtained using a transfer function approach, and the AI controllers were optimized
using a particle swarm optimization technique (PSO) algorithm. Utilizing the FOPID reduces the settling time by
50.5 %, 64.6 % while FFOPID reduces it by 74.0 %, 81.4 % compared to optimal PID and FPID, respectively.
Also, they reduces the system nadir for excessive load conditions. The results demonstrated that the power
system’s LFC is combined with AI controllers, the fuzzy fractional order proportional integral derivative (FFO-
PID) controller performs better than the other AI controllers.

1. Introduction multi-source system that includes hydroelectric, reheat, non-reheat, and

renewable energy (including solar and wind) generating plants [3]. An

Renewable energy sources like photovoltaic (PV) and wind tech-
nologies have recently contributed significantly to the generation of
electricity in electric power systems. Both the environment and the
economy benefit from this generation scheme. Nevertheless, the elec-
tricity generated from renewable sources varies and cannot be dis-
patched [1]. Furthermore, there is a decrease in the contribution of
system inertia. The frequency and voltage of the power system fluctuate
as a result of this power fluctuation, which also continuously creates an
inadvertent mismatch between generation and load. At the same time,
the frequency deviation is suspected to be severe due to the reduction of
the system inertia. High-frequency nadir and a high rate of frequency
change are two ways that frequency fluctuation damages the load and
generating equipment. Consequently, interference with the protection
system could result in a cascading outage, generation trip, or load
shading [2]. However, Egypt’s electricity generation system is a
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effective load frequency control (LFC) technique is required due to the
generating system’s non-linearity and the stochastic variation of load
and renewable resources.

Reducing transient frequency variations while maintaining zero
steady-state inaccuracy is the main objective of LFC. According to the
present study, a variety of approaches have been used in the LFC loops of
different power systems [1,2]. There are three types of frequency sup-
port loops: primary frequency control, which is primarily carried out by
the governor in conventional stations and acts within 30 seconds of a
disturbance; secondary frequency control, which restores the frequency
to the rated value by regulating the governor set point; and supple-
mentary frequency support, which can be implemented using external
energy storage systems like batteries, flywheels, super conductor mag-
net energy storage (SMES), etc. [4]. A better reaction is obtained when
additional frequency support is utilized. By expanding the energy
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storage system’s capacity, enhancement can be further enhanced.
However, energy storage systems require an additional investment.
Fuzzy fractional order proportional integral derivative (FFOPID)
controller technique is used to improve secondary control loop
performance.

The authors of [5] presented a strong LFC that uses the electric car as
an energy storage component. In order to supply LFC in multi-source

power systems, fractional-order PI and PD controllers have been pro-
posed in [6]. For the LFC of three area power systems, two-degree of
freedom PID (2-DOF-PID) has been used in [7]. The previously
mentioned controllers are linear and can respond satisfactorily under
design conditions, but because of the nonlinearity of the system, their
reaction reduces when the operating point changes. A robust controller
or nonlinear controller will be used for dealing with this nonlinearity.
Fuzzy logic controllers are nonlinear controllers that can be used to
counteract the nonlinearity of a system. They are characterized by their
straightforward construction, ease of implementation, and potential
applications. Fuzzy logic controllers can be implemented using a variety
of techniques. The traditional Mamdani fuzzy controller is called
fuzzy-PD [8], although fuzzy PI or fuzzy PID control can be used to
remove the steady-state error [8-10]. In order to provide secondary
frequency management in a multi-source system with SEMS and unified
power flow, the authors in [11] have taken advantage of type II fuzzy
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logic PID controller. In order to provide LFC service, a fuzzy self-tuned
PD controller has been proposed in [12]. In [13], the controller pa-
rameters of traditional PID controllers were tuned online using a fuzzy.
For LFC of two interconnected areas, fractional order fuzzy PID has been
employed in [14].

For secondary frequency support in LFC, this research proposes a
fuzzy fractional order proportional integral derivative (FFOPID). The
tuning parameters of the suggested FFOPID must be carefully chosen
while taking the nonlinearities of the system into account in order to
properly exploit it. To optimize the controller parameters, a number of
meta-heuristic optimization strategies have gained popularity recently.
The magnetotactic bacteria optimization (MBO) approach, PSO, and GA

were used in [5] to improve the robust LFC controller. The artificial
sheep algorithm (ASA) was used in [8] to adjust the PI controller.
Additionally, the Harris Hawks optimizer was used to optimize the PI
controller in [15,16]. The dragonfly search algorithm (DSA) has been
used to optimize the fractional-order PI and PD controllers to provide
LFC in a multi-source power system [6]. By using a differential evolution
algorithm (DE), the ideal fuzzy PID controller has been created to deliver
LFC [9]. Fuzzy controllers, PD, PID, and self-tuning fuzzy PI have all
been optimally designed using Artificial Bee Colony Optimization
(ABCO) [13]. The fuzzy PID has been optimized by the authors in [11]
using the water cycle algorithm (WCA). PSO is used in this article
because of its robustness, ease of construction, and quick conversion.
Also, the objective function takes into account the system restoration
speed at disturbances, the frequency oscillation, and the frequency
nadir. The focus of this study is primarily on the development and
contribution of the objective function, which serves as the cornerstone
of our methodology. The choice of the optimization technique, in this
case, PSO, was made to demonstrate the efficiency of the proposed
objective function. While it is true that other heuristic techniques such as
GA, GWO, or HHO exhibit differences in convergence behavior, these
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Fig. 6. Solar irradiance profiles.
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prevent damaging the system or its constituents and to improve the
1 control system’s performance. The Egyptian power system serves as a
1800S + 1 real-world case study for the suggested fuzzy fractional order propor-
] - - N T\ tional integral derivative (FFOPID) controller, see Fig. 1. The Egyptian
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L 3008 ]/ power system load frequency control (EPSLFC) is used as a case study to
—_— test the suggested FFOPID controller. Step load power (SLP) change,
300S +1 . . . .
random load variation, and various load characteristics, such as indus-

o>

Fig. 9. Block diagram of fluctuated load profile generation.

differences are not central to the objectives of this study, as convergence
time was not the primary concern. Our intention is to highlight the
adaptability of the proposed objective function, which can be integrated
with various optimization techniques if required in future work.

When designing a controller for real-world applications, it’s critical
to take the system’s limitations and constraints into account in order to

trial and residential load, are among the simulations that are run. In
addition, combining wind and solar power systems with inadvertent
disconnections and reconnections. The controller is finally put to the test
while the system’s inertia is reduced. The result of system performance
is compared with the other artificial intelligent (AI) controllers. The
simulation’s outcomes validate the recommended controller’s superi-
ority over alternative controllers.

The major contribution of this article is that the proposed FFOPID
controller enhances the frequency response of a multi-generation system
with renewable generation resources without using extra elements such
as energy storage systems. Also, the optimizing the suggested controller
and adaptation law gains through the use of a particle swarm optimi-
zation technique (PSO). Therefore, the nonlinearities of the system and
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the interactions between its components are incorporated into the
design phase while reducing the effort required to design the controller
using conventional techniques like Lyapunov methods. Furthermore, the
response of the suggested controller is compared to that of the other AI
controllers under various disturbances, including parameter variation,
stochastic generation variation, and random load change.

The article’s remaining sections are organized as follows: In section
2, the LFC power system model is shown in detail. Section 3 provides a
detailed description of the tuning method and the suggested fuzzy
fractional order proportional integral derivative (FFOPID) controller.
The simulation results under various load and generation disturbances
are shown and discussed in Section 4. Lastly, the results of the work that
was presented are summed up in 5.

2. The modeling and description for the EPSLFC

As of the 2020 report, Egypt’s power system has approximately a
total installed generation capacity of 0.059 TW, with a peak load of

0.032 TW [17]. This capacity is divided across various energy sources:
0.002 TW from the high dam at Aswan (hydraulic), 0.054 TW from
thermal power stations, and 0.003 TW from renewable sources such as
solar and wind [18]. The Egyptian National Energy Control Center
(ENECC) treats the power system as a single-area system, integrating
these different generation technologies [19]. The following section
provides further details on the system’s model [20].

2.1. System block diagram

In the following subsection, the transfer function for each component
of the proposed power system is presented. Additionally, the overall
system block diagram is displayed to provide a comprehensive view of
how the various parts of the power system interact. Each part of the
system is modeled to capture its dynamic behavior, and the block dia-
gram illustrates the interconnections between these components,
allowing for a clear understanding of the system’s overall performance
and response. Fig. 1 illustrates the block diagram of the power system
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Table 1 Af = = (AP + APpp + APy + APgs — APy) [€))
Egyptian power system parameters. 2As+B m m2 ms RE L
Non-reheat plant APgg = APy + APpy o)

T; 0.4 sec.
T 2.5 Hz/pu
Cn1 0.2529 p.u

Reheat plant

T2 0.4 sec.

Th 6 sec.

o 2.5Hz/p.u
Cn2 0.6107 p.u
m 0.5p.u

hydraulic plant

T3 90 sec.

rs 1.0 Hz/pu
Cns 0.1364 p.u
Tq S sec.

Tw 1.0 sec.

Power System

A 5.7096 sec.
B 0.028 p.u MW/Hz

Renewable plants

Tpy 1.8 sec.
Twr 1.5 sec.

applied different control techniques. The Generation Rate Constraints
(GRC) are set at 10 % per minute for the reheat station, 20 % per minute
for the second reheat station, and 50 % per minute for the hydraulic
station.

2.1.1. Swing equation

The swing equation, which governs the frequency variation of the
power system (PS), is represented by Eq. (1) [19]. In this equation, Af
denotes the frequency deviation, and AP, represents the total mechan-
ical power input to the grid from conventional generation units,
including heat (APp,;), reheat (AP,;), and hydraulic stations (AP3).
Additionally, APgg represents the total generated power from renewable
resources, such as wind and PV systems, as illustrated in Eq. (2). The
system’s inertia constant is denoted by A, and the damping factor is
represented by B. These parameters play key roles in the system’s dy-
namic response to changes in power input and frequency variation.

2.1.2. Non-reheat station

The mechanical power of the reheat plant is expressed by Eq. (3),
where AP, represents the governor’s set point, r; is the governor regu-
lation factor, T; is the governor’s time constant, Py; is the per-unit
nominal working capacity of the non-reheat plant, and Cp; refers to
the nominal capacity of the non-reheat plant. This equation models the
behavior of the reheat plant’s mechanical power output, considering the
governor’s control settings and the dynamic response characteristics of
the plant.

Cm 1
APy = — —Af - AP, 3
ml T]S+ 1 ( mn f c) ( )

2.1.3. Reheat power station

The governor droop control for the reheat plant is represented by Eq.
(4), where AP, is the set point of the governor and APy is the governor
output of the reheat plant. The regulation factor for the reheat plant’s
governor is denoted as rz, which governs the plant’s response to fre-
quency changes. To model the governor’s dynamic response, which in-
cludes signal amplification and transformation, a first-order system is
used, described by Eq. (5) [20]. In this system, Torepresents the governor
time constant, and Cp refers to the nominal capacity of the reheat plant.
This first-order model reflects how the governor adjusts the power
output of the reheat plant in response to changes in system conditions.

1
APy = ——Af — AP, 4
ra
Cn2
APy, = AP, 5
V2 Tys+1 92 5)

The reheat power plant consists of multiple stages, including a high-
pressure stage, a re-heater, and intermediate and low-pressure stages.
The high-pressure stage is represented as a fraction of the governor’s
output, denoted by m as given in Eq. (6). After the reheating process, the
remaining power is modeled using a first-order system, with the re-
heater’s time constant, Ty, describing the dynamic behavior as given in
Eq. (7) [20]. The total mechanical power output of the reheat power
plant is then calculated by considering all these stages and processes is
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given by Eq. (8).

APy_np = MAPy; (6)
—m
AP =———AP 7
T_Ip_Lp ThS + 1 V2 ( )
APpp = Asz,hp + APmZ,Ip,Lp (8)

2.1.4. Hydraulic power station

The governor droop control of the hydraulic station is described by
Eq. (9), where AP represents the governor’s set point and APg3 is the
governor output of the hydraulic plant. The governor regulation factor
for the hydraulic plant is denoted by r3. The dynamics of the hydro
governor, which include the dashpot time Tg, is modeled by Eq. (10). In

this equation, Cp3 is the nominal capacity of the hydraulic plant. The
output power of the hydraulic station is determined using the turbine-
penstock model, as shown in Eq. (11). This model incorporates the
water time constant Ty, also known as the water starting time, and C,z,
which is the nominal capacity of the reheat plant [21].

1
APy = —Af — AP, ©)
3

Tgs+1

APy; = cngh APg (10
—Tys+1

APpy = — T AP 11
m3 O‘5Tws F1 V3 ( )

2.1.5. Wind generation system model

The wind generation system captures wind energy and converts it
into mechanical power using a wind turbine. The system typically
operates at the maximum power point (MPP), but when wind speed
fluctuates, the turbine adjusts its speed to stay at the MPP. This transi-
tion takes some time, which can be simplified and modeled using a first-
order transfer function with a time constant Ty7. The output power of
the wind turbine is represented by APyr. The available power from the
turbine as shown in Eq. (12), AP, is determined by the turbine’s char-
acteristics, wind turbine control, and the wind speed [22].

Kwr

_— 12

AP, = APr

The wind speed is assumed to change randomly, as shown in Fig. 2.
This signal is generated using MATLAB Simulink as shown in Fig. 3. The
manufacturing data are stored in a look-up table, which is used during
simulation to determine the output power of the wind turbine as shown

in Fig. 4.

2.1.6. PV generation system model
The PV system converts solar energy into electricity using a PV array.
The system’s control mechanism regularly checks the PV array’s
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performance to ensure it operates at MPP. This process is modeled as a
first-order system with a time constant Tpy as shown in Eq. (14). In this
model, AP, represents the amount of solar power converted, while APpy
refers to the output power of the PV system.

K

APpy = —— AP, 14
PV Tva F1 s ( )

The generated power from the PV system depends on solar irradiance

Table 2
Different controller’s gains are optimized by PSO.

Sustainable Futures 10 (2025) 100848

and temperature. For short-term simulation, the irradiance is assumed to
vary randomly and the ambient temperature is fixed. The solar irradi-
ance is generated using a white noise signal as shown in Figs. 5 and 6.
The generated power from the solar array is given in Eq. (14) as shown in
Fig. 7. Where: P, ,Psrc , G, ap,, and T are the PV generated power, the
rated power at STC, the solar irradiance, the temperature power coef-
ficient, and module temperature; respectively.

2.1.7. Random variation of load model

Herein, to imitate the real load fluctuation, the load is assumed to
vary randomly as shown in Fig. 8. This load profile is generated from a
white noise with an average value of 0.025pu and variance of 0.6 as
shown in Fig. 9. Electrical loads can be classified into residential and
industrial loads, and each of them has different characteristics. The
residential load is usually small compared to the industrial. It also has a
higher fluctuation feature. In this work, the residential loads are
assumed to vary as shown in Fig. 10, and the industrial is shown in
Fig. 11. These load profiles are generated using a block diagram in Fig. 9
with different average and white noise frequencies. The system is
assumed to be working on the residential load. After that, the industrial
load is suddenly connected and disconnected again as shown in Fig. 12.

Further details and other parameters can be found in Table 1.

3. The proposed FOPID and FFOPID controllers

These controllers are used to regulate the frequency of the system.
Fractional order PID (FOPID) control combined with fuzzy logic im-
proves the system’s performance. In FOPID control, a type of PID con-
trol, a fractional order calculator defines the proportional, integral, and
derivative terms [24]. Fractional-order calculus allows designers more
flexibility in tailoring the controller to specific system requirements. The
PSO algorithm is used to adjust the optimum values of all controllers
applied to the frequency control of a power system as a case study. The
FOPID includes five parameters: Kp, Ki, Kd, y, and 4 as shown in Fig. 13
(a). The FFOPID controller comprises of fixed rule base fuzzy controller,
which was used in [20], with the five parameters of FOPID as shown as
Fig. 13(b).

3.1. Fractional-order PID (FOPID)

The greatest option for more effective fractional order control of a
dynamic system is a fractional order PID controller. To give an addi-
tional degree of freedom through orders of the integral and derivative in
addition to controller gains, a typical PID controller can be generalized
as PI*D¥ [23] controller with an integrator of order 4 and a differentiator
of order u. The following is an expression for a controller’s transfer
function of the FOPID controller [25]:

Ge(S) =K, +§ + K8 (15)
The fractional-order derivative (1) and the fractional-order integra-
tion (1) are both positive real numbers. Fig. 14 shows how the parameter
plane of the PI*D* controller can expand to the full A-u plane from that of
the traditional PID controller respectively.
A dynamic system can be efficiently controlled thanks to this ex-
pansion’s increased control design flexibility in tuning parameter

Controller Optimization gains Optimal gains
T

ype Ky ki ka ke u p ke ks
Optimal PID [20] Kp, K; and Kq 3.476 0.079 0.508 - - -
Optimal FPID [20] Kp, K, Kq and K, 0.245 29.832 0.802 0.392 - -
Optimal FOPID Ky, K, Kg, pand 2 7.746 0.919 9.758 - 0.310 0.843 -
Optimal FFOPID Ky, Ki, Kq, 4, 4,Kiand K 5.760 5.710 3.809 - 0.195 0.303 3.724 10.842
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Fig. 17. Frequency response of the Egyptian Power System during a step load variation, indicating that the FFOPID Controller provides the best response.

Table 3
Performance indicators at step load change.
Controller AP, =1.5% AP, = 2.5%
Type : : i i
ts Nadir Nadir ITAE ts Nadir Nadir ITAE
(s) (p.u) (Hz) (Hz.s%) () (p-w) (Hz) (Hz.s?)
PID 210 0.0047 0.2332 655.36 120 0.0030 0.1504 243.4
FPID 255 0.0026 0.1278 284.25 289 0.0014 0.0714 783.2
FOPID 160 0.0023 0.1135 36.52 87 0.0013 0.0654 124.4
FFOPID 100 0.0018 0.0917 5.41 59 0.0008 0.0439 95.6
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selection. Additionally, the system performance is improved by
the PI*D* controller’s decreased sensitivity to changes in the controlled
system’s characteristics.

In this work, PSO algorithm is used to optimize the values of
fractional-order derivative and integration (y, 4). The PSO algorithm is
featured by fast computation time, simple construction, and fast con-
version among many available optimization techniques such as Bat Al-
gorithm, Bee Colony Optimization (BCO), Grasshopper Optimization
(GO), Artificial Bee Colony (ABC), Ant Colony Optimization (ACO),
Firefly (FF) optimization, Cuckoo Search Optimization (CSO), Grey Wolf
Optimization (GWO), etc. The PSO imitates the behavior of a swarm,
where each solution represents a particle in the swarm. The particle
updates its position according to its experience represented by the

10

personal best position and social interaction imitated by the global best
of swam. The calculation of the new position involves only two equa-
tions. Eq. (16), is the updated velocity of the particle, and Eq. (17) is the
updated position of the particle i. Where: v;", v;**! are the particle
current and updated velocities. The Gpes, Ppes:; are the global and the
particle best position; w, C;, C, are the inertia, social, and personal
factors; by, b, are random numbers [0 1]; and x;", x;"*! the current and
updated particle position. The particles and population are evaluated
according to the predefined fitness function, the flowchart of PSO is
represented in Fig. 15. The applied fitness function is given in Eq. (18).
The first term represents the integral absolute error (ITAE), since
minimization of the ITAE makes the system fast response. The second
term minimizes the oscillation of the system frequency, and the last term
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Fig. 20. Frequency response of the Egyptian Power System with wind integration, FFOPID controller yields the optimal response.

given by Eq. (18), which is commonly referred by weighted-sum
approach. In the weighted-sum approach, all terms are summed after
multiplication by weighting factor to convert multi-objective function
into a single objective function. The weighting factors play two roles.

The first role is scaling, since the term with the higher weight is rela-
tively more important. The second role is to make all scaled terms have

the same unit of measurement. To achieve the second role, the unit of
each weighting factor is assumed based on the required objective

Table 4
Performance indicators connection and disconnection of residential and indus-
trial load.
Controller  Connection of industrial load Disconnection of residential load
Type (2.5 %) (1.5 %)
ts Nadir Nadir ts Nadir Nadir
O] (p.w) (Hz) O] (p.w) (Hz)
PID 200 0.0054 0.2702 97 0.0030 0.1478
FPID 280 0.0031 0.1524 231 0.0016 0.0790
FOPID 99 0.0029 0.1445 59 0.0014 0.0704
FFOPID 52 0.0023 0.1162 20 0.0011 0.0564

function unit and the unit of the corresponding pre-scaled term. From
the simulation results in the next sections, multi-objective function
succeeds to provide less frequency nadir and better ROCOF. The opti-

minimizes the system rate of change of frequency (ROCOF). The

mization problem is subjected to constraints given by inequalities for Eq.
(19). The optimal controller’s gains are given in Table 2.

n+l __ n Ly 4
objective function gains O;, O, and O3 are weighting gains and unit Vit = wvi 4+ Ciby (Poesti = %i") + Caba(Goest — Xi") (16)
conversion. In order to limit the frequency nadir and ROCOF with fast el ; el
response, the nadir, ROCOF, and ITAE shall be considered concurrently Xi =X v ar
in the optimization problem. The resultant multi-objective function is
-3
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Fig. 21. Frequency response of the EPS system with renewable energy resources and variations in industrial and residential loads, FFOPID controller achieves the

best results.
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Fig. 23. Illustrates the frequency response of the Egyptian Power System during step load variation with the PV disconnected, FFOPID controller provides the

optimal response.

t

A
OF = min |:01 /t[Af]dt+Ozmax (Af,0) +03E

0
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klmin < k] < k]mﬂx
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4. Results of the simulation

The performance of the power system under investigation is exam-
ined using various load frequency controllers while various disturbances
are present, such as step and random load variation, fluctuations in
renewable generation, generation outages, and inertia reduction.

12
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Fig. 24. Step load variation.
4.1. Case 1: The load is changing in steps

In this case, the load is changing in steps as shown in Fig. 16. The
frequency response under PID, FPID, FOPID, and FFOPID is shown in
Fig. 17. From the results, the Fuzzy PID controller succeeded to reduce
under/over frequency at load increase/decrease compared to the con-
ventional PID. However, it takes a longer time. On the other hand, the
two proposed controllers (FOPID and FFOPID) succeeded to reduce the
over/under frequency and the setting time simultaneously. Also, when
compare the new controllers, it is clear that the FFOPID is the more
accurate than FOPID for over/undershot and the setting time. At 1.5 %
load increase disturbance (at 300sec), the settling time is 210sec,
255sec,160sec and 100sec using PID, FPID, and the two proposed con-
trollers (FOPID and FFOPID) respectively. While at 2.5 % load distur-
bance (at 600sec), the settling time becomes 120sec, 289sec, 87sec, and
59sec using PID, FPID, FOPID and FFOPID controllers respectively.
Hence, the two proposed controllers provide a faster response compared
to the other controllers and FFOPID is the best. Moreover, at 1.5 % load
disturbance, the frequency nadir is0.2332Hz, 0.1278Hz, 0.1135Hz, and
0.0917Hz with the PID, the FPID, and the two proposed FOPID, FFOPID

Sustainable Futures 10 (2025) 100848

controllers respectively. Also, at 2.5 % load disturbance, the frequency
nadir becomes0.1504Hz, 0.0714Hz, 0.0654Hz, and 0.0439Hz with PID,
FPID, FOPID and FFOPID controllers respectively. Therefore, the two
proposed controllers produce a significant reduction in the system nadir
among other controllers. Eventually, the two proposed controllers pro-
vide less Integral Time Absolute Error (ITAE) compared to the other
applied controllers as indicated in Table 3.

4.2. Case 2: random variation of load for EPS without renewable energy

According to the random variation of load as shown in Fig. 8, the PID
and FPID controllers maintain the system stability while the fluctuation
in frequency is higher among other controllers as shown in Fig. 18. The
two proposed controllers (FOPID and FFOPID), keep the system fre-
quency at the desired value with less oscillation and fast response; note
that the response of FFOPID controller is better than the FOPID
controller.

4.3. Case3: Residential and industrial load with Wind connected

Industrial load disturbance abruptly increases by 2.5 % at 300 sec-
onds, while residential load is disconnected by 1.5 % at 800 seconds, as
shown in Fig. 19. The wind power generation is connected at 600 sec-
onds. Fig. 20 shows, both suggested controllers (FOPID and FFOPID),
keep the system frequency at the desired value with less oscillation and
fast response; note that the response of FFOPID controller is better than
the other controllers (i.e., FOPID, FPID and PID controllers). The sum-
mary of the comparison between the different controllers is given in
Table 4.

4.4. Case 4: Random variation of load for EPS with renewable energy
resources

According to the scenario of the random variation of load model in
subsection 2.1.7, the frequency response is shown in Fig. 21. It is obvious
that when the industrial load is connected at the same time with the
solar power generation (i.e. 600sec.), the system frequency decreases,
and when the industrial load is disconnected at the same time with the
wind power generation (i.e. 1200sec.), the frequency increases. The two

3
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Fig. 25. Frequency response with a 25 % reduction in inertia, FFOPID controller provides the optimal response and demonstrates better than other control

performance.
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proposed controllers restore the system frequency with less frequency
deviation and less settling time. Also, during industrial load connection,
the system with PID and FPID controllers has higher oscillation
compared to residential load operation due to larger load fluctuation.
On the other hand, the proposed controllers successfully limit the effect
of this larger load fluctuation. Therefore, even with wider load power
fluctuation, the proposed controllers introduce a superior response
compared to PID and FPID.

4.5. Case 5: The load is changing in steps with PV disconnected

Here, the controller’s performance is investigated with solar power,
and the load varies in stages, as seen in Fig. 22. Here, the solar power
generation is disconnected at 1200 seconds. As seen in Fig. 23, the two
recommended controllers (FOPID and FFOPID) maintain the system
frequency at the intended level with reduced oscillation and quick re-
action; it should be noted that the FFOPID controller responds more
quickly than the FOPID, FPID, and PID controllers.

4.6. Case 6: Operation at inertia reduction by 25 % at step load variation

In this case, the controller performance is investigated in the pres-
ence of solar, wind generation, and the load is changing in steps as
shown as Fig. 24. However, the system inertia is reduced by25 %. Fig. 25
shows that reduction of the system inertia causes higher frequency de-
viation since, at solar power connection at 600sec while wind power is
disconnected at 1200sec. As a result, a decrease in system inertia in-
creases the frequency deviation, which could cause the protection relay
to activate. The suggested controllers outperform the optimal PID, and
optimal FPID in terms of frequency deviation, oscillation, and settling
time.

5. Conclusion

This work proposed two Al controllers which are unlike the classical
controllers since these controllers, FOPID and FFOPID, have an online
adjustable rule base. The controllers are applied to provide a secondary
LFC service in the Egyptian power system as a practical multi-source
generation. At step load change by 1.5 %, the setting time is 160sec
and 100sec using FOPID and FFOPID, respectively. The system obtained
an ITAE of 36.52Hz.s%, 5.41Hz.s? and the frequency nadir of 0.1135Hz
and 0.0917Hz with the FOPID and FFOPID, respectively. Therefore, at
step change in load, the proposed controllers provided a significant
reduction in the frequency nadir, faster settling time and lower ITAE
compared to the optimal classical PID and fuzzy PID controllers. Also,
for excessive load conditions such as a large industrial load connection
(2.5 % disturbance), the proposed controllers (i.e. FOPID and FFOPID)
reduce the system nadir by 46.52 %, 57.00 % and 5.18 %, 23.75 %
compared to optimal PID and FPID, respectively. The proposed con-
trollers obtained less settling time by 50.5 %, 64.6 % for FOPID and 74.0
%, 81.4 % for FFOPID comparing to optimal PID and FPID, respectively.
For reduce load conditions such as a small residential load connection
(1.5 % disturbance), the proposed controllers (i.e. FOPID and FFOPID)
reduce the system nadir by 52.37 %, 61.84 % and 10.89 %, 28.61 %
compared to optimal PID and FPID, respectively. In addition, for random
variation in load and fluctuation in the generated power from renewable
resources (PV and wind), the proposed controllers succeeded to damp
the system fast and providing a non-oscillating response among the
other controllers. When disconnecting the PV generation, the two rec-
ommended controllers (FOPID and FFOPID) maintain the system fre-
quency at the intended level with reduced oscillation and quick reaction.
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