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ABSTRACT

Network frequency is considered to be one of the most crucial parameters that strongly affect the stability
and economic achievements of interconnected electric power grids. System frequency usually fluctuates
and deviates from the nominal values due to random and continuous load changes over time, affecting the
electric equipment to significantly decrease efficiency and increase instability. A Load-Frequency Control
(LFC) strategy has been proposed to solve this problem. This study compared several different control
strategies, namely Fuzzy Particle Swarm Optimization (Fuzzy-PSO), Proportional Integral Derivative
(PID), Fuzzy-PID, Fuzzy- Proportional Integral (PI), PSO-PL, and FPID to investigate the effectiveness of
intelligent hybrid LFC controllers. The above controllers were simulated on a three-area interconnected
power network with the participation of renewable energy sources. Taking into account different load
cases, the Fuzzy-PSO-PID controller obtained frequency deviations in the range of 0.0015 to 0.002 Hz. The
settling time was about 10 s to reach zero frequency error in each area. With the above controller quality
parameters, the Fuzzy-PSO-PID controller provided better quality than the other controllers. A
comparative numerical simulation in MATLAB/Simulink for various load change scenarios revealed the
effectiveness of hybrid smart controllers, such as the Fuzzy-PID-PSO, outperforming the traditional ones.
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I.  INTRODUCTION

Interconnected power networks are typically complex
systems with many parameters that need to be observed and
controlled. Among them, system frequency and voltage are the
most vital parameters. Frequency deviation from the rated one
occurs due to the time-by-time imbalance between the
production and consumption of electricity. This negatively
affects consumers, especially those dealing with electrical
equipment that is designed and optimized to work at rated
frequency. When the frequency changes, it leads to a decrease
in the performance of the equipment, reducing operation
performance. When operating below 49.5 Hz, some steam
turbines and rotors vibrate excessively. Excessive frequency
attenuation in the system will increase the magnetization
current in induction machines and transformers. Therefore, it is
highly necessary to design frequency-stabilizing controllers in
interconnected power systems. Many studies have used
different algorithms for frequency stabilization in
interconnected power systems.

In [1], an online controller that combined BIA and fuzzy
algorithms to control the frequency stability of four areas was
presented. In [2], a Linear Controller (LQ) was proposed based
on the Genetic Algorithm (GA) to control frequency stability
for a system consisting of two non-reheat turbine areas. In [3],
the design of a neural controller for a system consisting of three
areas with non-reheat, reheat, and hydraulic turbines was
studied. In [4], the ANFIS controller combined neural network
and internal fuzzy control to ensure the frequency stability of a
system consisting of two areas of reheat and hydraulic turbines
with frequency overshoots ranging from 0.01 to 0.08 Hz. The
BBO controller in [5] was designed for frequency stabilization
in a system of two areas, each consisting of three power
sources. In [6], the model predictive-design controller aiming
to improve the frequency stability of a four-area system was
examined, considering factors for nonlinear systems, such as
Governor Dead Band (GDB) and Generation Rate Constraint
(GRCO). In [7-9], focus was given to frequency and power
stability studies in multi-connected power systems. The power
stability of the line is one of the additional requirements for
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frequency stability [10-13]. In [14], the design of a Load
Frequency Control (LFC) component was investigated in a
four-area interconnected power system.

The PID controller has been optimized using the Particle
Swarm Optimization (PSO) and JAYA optimization methods.
In [15], a fuzzy logic controller based on the PID principle was
proposed to completely solve the LFC problem in a two-area
interconnected power system. Currently, due to high electricity
demand, renewable energy sources are being increasingly used
in power systems. In addition to the advantages of renewable
energy sources, there are also inherent disadvantages.
Renewable energy sources in interconnected power systems
increase the non-linearity of the system. Solar power sources
have no rotational inertia, but wind power sources have low
rotational inertia and have a dynamic response that depends on
the characteristics of the inverter. Therefore, when solar and
wind power account for a high proportion of power production,
they will reduce the inertia and vibration resistance coefficient
of the grid, leading to an increased risk of destabilizing the
power system. Therefore, increasing the frequency deviation in
each region, reduces the working capacity of the system
equipment, changes the power flow, and augments the losses
on the power transmission lines.

In [16], an adaptive model predictive controller for systems
with renewable energy sources of wind power was explored. In
[17], a hybrid controller (DEPSO) was proposed to optimize
the parameters of the fuzzy-PID controller. In [18], the
frequency of a power system was stabilized using a
combination of PSO and ANFIS hybrid controllers to adjust the
PID parameters. In [19], the PSO control method was used to
optimize the FOC design for a system that integrated additional
wind power sources. In [20], an algorithm based on the cuckoo
search method was employed to ensure the frequency stability
of power systems with nonlinear factors. The cuckoo search
algorithm was utilized in [21] for frequency stabilization of
thermal and wind power systems. In [22], a fuzzy PID
controller, whose parameters were optimized by the Cuckoo
Search algorithm, was proposed to stabilize frequency. In [23],
the BFOA method was used to optimize the PID controller
parameters and thus stabilize the frequency of two regions with
renewable energy. In many studies, the power networks
embedded with renewable energy sources are highly difficult to
control in a successful operation and distribution. An
interconnected power system with nonlinear elements and
renewable energy sources is an extremely complex system. The
system's frequency stability control will not be effective if
classical controllers are used. This study investigated and
compared the ability to stabilize the frequency of several
efficient load-frequency controllers, including Fuzzy-PSO-PID,
Fuzzy-PID, Fuzzy-PI, PSO-PID, and FPID regulators. A
system can be improved with intelligent hybrid controllers. The
three-area power system was studied, having a non-reheat
turbine, a reheat turbine, and a hydraulic turbine. This study
considered nonlinear factors and the participation of renewable
energy sources, such as wind and solar energy.

II. MODELING OF INTERCONNECTED POWER
SYSTEM IN LFC

A single power system consists of the following basic
components: a speed governor, a turbine of three types (non-
reheat turbine, reheat turbine, and hydraulic turbine), and a
generator. Figure 1 shows the structure of a basic single-area
power system. A typical three-area electrical system comprises
three single-area systems connected via interconnection lines.
Each area has its own generating unit(s) that provide electricity
to consumers. The link offers information about the scheduled
exchange of electricity between the three areas. Figure 2 shows
a model of a typical three-area power system. The power
exchange deviation between two areas is calculated by:

U (Afi(s) — Afi(s)) 1)

N

21

APy i (s) =

where APy, ;, Af;, and T; denote the tie-line power change,
frequency variation, and constant coefficient between two areas
i and j, respectively.

1/R <
3 . + G rator J
Govemnor [—» Turbine enerator
and Load
AP
Fig. 1. The basic structure of a single-area power system.

__ Areal

Fig. 2. The structure of three-area power systems.

A. Turbine

A turbine unit is used to convert primary energy, such as
energy from steam or water, into mechanical energy (AP;) that
powers a generator. There are three types of turbines: Non-
reheat, reheat, and hydraulic turbines. This study investigated
the presence of renewable energy in all three areas and its
effect on frequency stability.

1) Non-Reheat Turbine

A non-reheat turbine is a first-order unit. The time delay,
expressed in T, occurs between switching the valve and
generating the turbine torque. The transfer function for a non-
reheat turbine is expressed as:
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Go(s) =22 = 1 0))

Pg(s) 14+5T¢y

2) Reheat Turbine

Reheat turbines are modeled as second-order units, as they
have different stages due to high and low steam pressure. The
transfer function can be expressed as:

G(s) =

where T}, and F},, are the low-pressure reheat time constant and
the high-pressure stage, respectively.

3) Hydraulic Turbine

In a hydraulic turbine, the water pressure response is
initially reversed to the gate position change and recovered
after the transient response. Therefore, the transfer function of
a hydraulic turbine can be described as follows:

AP(s) FppTrps+1 1
APg(s) ~  Typs+l Tgs+l

(©))

_ Pt(s) _ -Tws+1
Gi(s) = Pg(s) ~ 0.5Tps+1 S
Regarding stability concerns, a temporary deflection

compensator is required in the governor for the hydraulic
turbine. The transfer function of the temporary slump
compensation is given by:

Trs+1

G(s) = —x ®)

TT-E-S+1

where T,, T,, and R, are the reset time of the hydraulic unit,
water starting time, and the reset time, respectively.

B. Wind Turbine (RE sources)

A wind turbine [24] consists of a turbine-generator shaft
mechanism, which is used to convert the rotor rotation into
electrical energy. Equation (6) represents the mechanical output
of the wind turbine:

1
Pyr = ;PACp (}Hﬁ)VvSl} (6)

where 4, p, V,,, and C, are the tip speed ratio, air density factor

(Kg/cu.m), wind speed (m/s), and power coefficient,

respectively. The first-order transfer function model of a wind
turbine is:

APytg(S) _ 1

APyi(s)  TwpsS+1 0
where T, is the time constant of the wind turbine.
C. Solar Power (RE sources)
The transfer function model of solar power is [25]:
AP,
spv(S) _ 1 (8)

APgp(s)  Tspys+l

Figure 3 displays a block diagram of a three-area
interconnected power system with RE sources and GDB along
with GRC, established in the Matlab/Simulink platform. The
three-area interconnected system was considered to be a typical
power system model, as illustrated in Figure 2. In this system,
there are nonlinear factors, such as GDB, GRC, and renewable
energy sources affecting the frequency stability of the system.
This is considered a complex system.

M

1

D, +sM,

Non-Reheat Turbine
Wind power

-T.s+1
T losTs+1

i Bl tie M 7_ ,’ T

D, +sM,

Fig. 3.

A three-area interconnected power system model.
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II. COMPARISON OF DIFFERENT CONTROLLERS

IN VARIOUS LOAD CHANGE SCENARIOS

Figure 4 portrays the LFC structure of an interconnected
power system utilizing different controllers. The main purpose
of the secondary regulator is to restore the frequency offset and
power flow deviation, exchanged between the systems, to zero
by adjusting the Area Control Error (ACE) to zero. ACE is
calculated according to:

ACE; = APy, ; j + BiAf; )

with control inputs ACE and AACE. This study compared the
Fuzzy-PSO-PID [26], Fuzzy-PID [27], Fuzzy-PI [28], PSO-PI,
and FPID [29] controllers in five cases. Table I presents the
parameters of the three-area interconnected power system. The
Fuzzy-PSO-PID controller [26] was studied with the control
diagram shown in Figure 5.

J is the objective function calculated using IATE to
determine the optimal parameters of the Fuzzy-PSO-PID
controller. The use of IATE to determine the objective function
provides the best optimal parameters. The objective function is:

lAfil + |Af | + |Afs] +

Y e=1|APrici x|
(1K)

J = IATE = ffl”"( )tdt (10)

where ¢, is the simulation time. The Fuzzy-PID controller [27]
employs fuzzy inference to determine three factors of the PID
regulator as a master-slave mechanism. To compare the quality
of frequency controllers for three areas, simulations of a three-
area power system with the participation of renewable energy
sources were carried out in five cases with varying load types.

A. Casel
Figure 6 illustrates the simulation results of the case where:

AP, = AP;, = AP;; = 0.03 (Types of step), and

TABLE L. THE PARAMETERS OF THREE AREAS [27]

. . Area with
Areawithnon-| g | Areawith |y 1 pvdraulic | Value
reheat turbine reheat turbine .

turbine
M, (p.u.s) 10 M, (p.u.s) 10 T, (s) 1.0
D, (p.u/Hz) 1.0 D, (p.u./Hz) 1.0 Tr(s) 5.0
T (8) 0.3 O] 0.3 Fy 0.3
T (8) 0.1 T (8) 0.2 T () 7.0
R (Hz/p.u.) 0.05 R> (Hz/p.u.) 0.05 T (8) 1.8
B, (p.u/Hz) 21.0 B (p.u./Hz) 21.0 Touis () 1.5
T (p.u./rad.) 22.6 T>(p.u./rad.) 22.6
———————————————————————————————————— | . CONTROLAREA
CONTROLLERS R |
Conventional
Controller APp;
Calculate - Af,
and Evaluate Turbin Power
ACE;, dACE; & ™ systemsi =
Intelligent
Controllers
: ’—
Fig. 4. The structure of the control area i using different controllers.

e(t) =ACE (f)

I\

up Lt

Uprrnd®)

Fig. 5.

The structure of the Fuzzy-PSO-PID controller.

The coefficients K, K>, K3, and K, were optimized using
the PSO method, as depicted in Table IL.

TABLE 1II. OPTIMAL FUZZY -PID PARAMETERS USING PSO
Coefficients K; K, K; K,
Value 800.91 154.46 624.09 709.43

APy, = AP,s = 0.03 (Types of pulse).
el
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Fig. 6. Case 1: Dynamic frequency responses in three areas: (a) AFI,

(b) AF2, (c) AF3.
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Table III displays the results of this case, demonstrating that

Fuzzy-PSO-PID outperformed the other controllers.

TABLE III. COMPARISON OF CONTROLLERS
Error of frequency (10'3 Hz) Settling time (s)
AF1 | AF2 AF3 AF1 | AF2 | AF3
Fuzzy- PSO-PID 1.6 1.1 1 2 2 2
Fuzzy-PID 2.01 2 2 5 5 6
Fuzzy-PI 4 4 4 10 15 17
PSO-PI 4.01 4 4 20 20 20
FPID 4.5 4.5 4.5 50 50 55
B. Case?2

Figure 7 shows the numerical simulation outcomes of the

following case:

AP, = APy, = AP;; = 0.05 (Types of step),
= AP, = 0.03 (Types of pulse)

AP,

spv

(a)

(b)

(©)

Fig. 7. Case 2: Dynamic frequency responses in three areas: (a) AFI,

(b) AF2, (c) AF3.

——Fuzzy PSOPID
——Fuzzy PID

——Fuzzy PSOPID
——Fuzzy PID

FuzzyPl

——PSOPI

——Fuzzy PSO PID
— - -| ——Fuzzy PID

FuzzyPl

———-|——PSOPI

FPID

Time(s)

100

C. Case3
Figure 8 describes the simulation results for the case of:

AP, = AP;, = AP4; = 0.05 (Type of step), and
AP, = AP, = 0.05 (Types of pulse).

spv

Fuzzy PSO PID
——FuzzyPD ||

80 100

——Fuzzy PSO PID
——FuzzyPD |
FuzzyPl
——PSOPI

FPID b

ﬁ,-l;{:;"m_w« HLEN
i |

AF2(Hz)

(b

80 100

——Fuzzy PSO PID
FuzzyPD |
FuzzyPl

AF3(Hz)

©

80 100

Time(s)

Fig. 8. Case 3: Dynamic frequency responses in three areas: (a) AFI,
(b) AF2, (c) AF3.

D. Case4

Figure 9 portrays the plot curves of frequency responses in
the case of:

AP, = AP;, = AP;; = 0.05 (Type of random), and

AP, = AP,.. = 0.05 (Type of pulse).

spv

E. Case5

This case takes into account the time delay with 7 =2 s,
which greatly affects the quality of frequency control in each
area. Figure 10 presents the simulation results with the
following parameters:
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AP, = AP, = AP,;; = 0.05 (Type of random), and
AP, = AP, = 0.03 (Type of pulse).
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Fig. 9. Dynamic frequency responses in three areas in case 4: (a) AFI,

(b) AF2, (c) AF3.

The participation of renewable energy sources in an
interconnected power system reduces its inertia. By observing
the frequency responses of each region in each case, it is
demonstrated that when using PID, PSO, and PID controllers,
there is a strong system frequency deviation in each area with a
large overshoot. When utilizing Fuzzy PI and Fuzzy PID
controllers, the frequency error response had reduced
oscillation but the overshoot was still large. The Fuzzy-PSO-
PID controller did not cause overshoot and frequency deviation
in stable areas. Figures 6-10 depict the frequency error
responses in the three areas. When using the Fuzzy-PSO-PID
controller, the frequency error and response time were the
smallest. The FPID controller had the biggest bias and response
time. This indicates that hybrid smart controllers give better
responses than classic ones.

Fuzzy PSO PID
izzy PID

(@)

uﬁ\r,,wjv.__w

1
1
1
|
-
1 i i i 1 i
! i 1 i i i 1 i
| 1 | | | 1 |
2f=— === m——d———t-———pF-—Ff- =t ==t - == ——
1 | 1 | | | | 1 |
1 | 1 | | I | 1 |
1 | 1 | | | | 1 |
.
1 i 1 i i | i 1 i
1 i 1 i i i i 1 i
1 | 1 | | | | 1 |
5 I I I I L I L I I
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Time(s)
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| | | | 1 |
| | | | 1 |
i i i i 1 i
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I I I | 1 I
i i i i 1 i
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Lo [ R T A O R
i | | I |
i i i 1 i
| | | 1 |
! ] i 1 I

© 7, /A

Fig. 10. Dynamic frequency responses in three areas in case 5: (a) AFI,
(b) AF2, (c) AF3.

An interconnected power system is a large system with
many parameters that can be changed during operation. In
addition, the system studied considered renewable energy to
decrease its inertia. Renewable energy sources, such as solar
and wind sources, are inherently variable and can experience
sudden output changes. Unlike traditional power sources, like
coal or gas plants, the renewable ones lack the rotational inertia
provided by the spinning turbines. This inertia helps stabilize
the grid against sudden fluctuations. When renewable sources
dominate, the grid may experience reduced inertia, making it
more susceptible to rapid frequency changes and requiring
advanced control mechanisms to maintain stability. As a result,
the power system faces challenges in maintaining frequency
stability. As shown in Figures 6-10, simple controllers had
worse performance. The results of the Fuzzy PID controller
reveal that the Fuzzy logic-based controllers with fuzzy set
selection generate input functions and fuzzy rules associated
with the given PID controller and obtain better control quality
than other controllers, such as FPID, Fuzzy PI, and PSO-PID.
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However, Fuzzy PID was less efficient compared to the Fuzzy-
PSO-PID controller. The reason is that due to fuzzy variable
inputs, the rules are established based on the experience of the
experts. With the Fuzzy-PSO-PID controller, the controller's
parameters are designed according to the objective function of
the optimization method, which gives more effective results.

IV. CONCLUSION AND FUTURE WORK

Load-frequency control in a power system is a serious
problem in its operation and distribution. However, in a power
system with nonlinear factors and renewable energy sources, it
is difficult to stabilize its frequency. The comparative
simulation results of different controllers in this study hilight
that the hybrid intelligent controllers obtained better results
than the classic ones. The future direction of this research is to
study and design an efficient controller for a multi-area system
with many transmitters in each area. In addition, the practical
applications of the studied hybrid load-frequency controllers
will be considered. In this scenario, a practical electrical power
grid should be a suitable selection.

TABLE IV. ABBREVIATIONS
GDB Governor Dead FPID Fractional PID
Band
GRC Generatlon_ Rate ANFIS Adaptive Neuro-Fuzzy
Constraint Inference System
Load Frequenc Differential Evolution and
LFC d y DE-PSO Particle Swarm
Control N
Optimization
ACE Area Control Error BIA Bat inspired algorithm
PSO Paru_cle_ Sw_arm BBO Blogeog-ra_phy-—B ased
Optimization Optimization
GWO Gre}_/ Wolf BFOA Bac_terl-al Foragn_lg
Optimizer Optimization Algorithm
. Proportional Integral
PI Proportional Integral PID Derivative
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