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Abstract

Load Frequency Control (LFC) has been a major subject in electric power systems and has become
a more significant system in recent years. This paper aims to investigate the problem of LFC in
interconnected power systems in order to obtain a robust state. In this paper, a design method for
a robust controller, based on PID, has been presented to overcome the robustness against
uncertainties. To achieve optimal PID, Particle Swarm Optimization (PSO) is employed to obtain
coefficients of the SMC. Variations of uncertain parameters are considered between -40% and
+40% of nominal values. The simulation results demonstrate that the system response with the
proposed PID is better than the conventional PID controller. It is also shown that the transient
response of the tie line power can be improved.

Keywords: Load Frequency Control, PID Controller, PSO Algorithm.

1. INTRODUCTION

Load-Frequency Control (LFC) is one of the
problems in electric power systems because
the loading in a power system is forced to
change [1]. This change has affected the
frequency change in power systems.
Moreover, it is obvious that the operation
objectives of the LFC are to preserve uniform
frequency for separating the load between
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generators and controlling the tie-line
interchange schedules [2]. There are errors in
the quantities due to unforeseen load
variations which cause maladjustment
between the generator and load demand. One
of the tasks of Automatic Generating Control
(AGC) is to improve the transient state and to
warrant zero steady-state errors of these two
variables. Therefore, LFC is employed to
preserve the system frequency and the tie-
line power near to the scheduled values [3].
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A modified version of particle swarm
optimization and innovative objective
function was proposed in [4] for the optimal
coordination of power system stabilizers. An
innovative objective function was proposed
for performing the optimization, which was a
weight function of two functions.

For large scale, electric power systems
are usually composed of interconnected
subsystems. The connection between the
subsystem or control areas (tie-line) is
important to maintain system frequency [5-
8]. Also, each area has its own generator and
it is responsible for its own load and
scheduled exchange with neighboring areas.
In a power system, each area contains
different uncertainties and different kinds of
disturbances due to increased complexity,
system modeling errors, and changing power
system structure [9-11].

For multi-area power systems, cascaded
controllers are applied for LFC [12, 13]. A
GWO-based PI-PD controller is
implemented, which has shown effective
controllability [14-16], while the bat
algorithm (BA)-tuned PD-PID is used for an
electric vehicle to subdue frequency
oscillations [17, 18]. The Harris Hawks
optimization algorithm for PDPID is applied
in [19- 22]. It shows promising results but the
complexity of the algorithm is high. The
hybrid stochastic fractal search and pattern
search technique (hSFS-PS) for the PI-PD
controller is designed to enhance the
controlling ability of the controller in [23].

A well-designed electric power system
must trade with changes in the load and with
system disturbances or uncertainties, and it
should prepare an appropriate high level of

power quality while maintaining both voltage
and frequency within tolerable limits [24-27].

During the last three decades, various
control strategies for LFC have been
proposed to improve frequency change in
each area and tie-line. A control theory has
been proposed in [28, 29] and used since the
early 1970s. A proportional Integral (PI)
controller based on Fuzzy logic- for LFC has
been proposed in [30-32]. These controllers
improve the dynamic performance of the
power system in comparison with the
conventional Pl controller. These methods
have been simulated on the decentralized
design with nominal plant parameters.
Therefore, they cannot be directly employed
in the interconnected power systems with
uncertainties. So, the important part of the
design of LFC should inevitably include
parameter  perturbation. LFC  design
considering nominal system parameters is
incapable of warranting both stability and the
desired performance of the power system
with parametric uncertainties. Therefore,
modern control methods such as adaptive
control have already been used to overcome
this problem [21-24]. These control strategies
need information on the system states. Also,
adaptive methods need perfect model
references to follow conditions and the
complete system state information. Since the
order of the power system is high, the model
reference procedure may be difficult to use to
design LFC.

Also, Evolutionary Algorithms such as
Genetic Algorithm (GA) and other artificial
intelligence methods have been proposed to
design PID and PI controllers [33-38] but,
linear and non-robust are weaknesses of the
PID controller. All of these methods could
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reduce the frequency variations at nominal
operating point conditions and the
uncertainties cannot be considered to
overcome the robustness problem, but the
robust methods can tolerate uncertainties.
The PID method is one of the applied robust
methods utilized to improve the system
response to load changes.

An innovative modified version of the
cuckoo search algorithm (MCSA) with high
accuracy was proposed for optimal designing
of the fuzzy-based controller in [39]. Also, an
innovative weighted objective function is
proposed to minimize frequency and power
transmission deviations.

In this paper, a decentralized robust LFC
controller based on PID has been proposed to
improve the system response. A novel
performance metric for evaluating LFC
effectiveness is introduced. These metrics
may include Integral of Time-weighted
Absolute Error (ITAE), settling time, and
overshoot. The novelty lies in leveraging
advanced optimization techniques to enhance
the performance of the PID controller. The
PID is extended to reduce frequency
versions. To demonstrate the consequence of

the proposed method, this method has been
compared with a conventional PID
controller. It should be noted that both, the
proposed and classical methods are used in a
two-area power system. The simulation
results, carried out by MATLAB Simulink
toolbox, show that the proposed method
guarantees the robust performance of the
plant for a wide range of operating
conditions.

2. POWER SYSTEM MODEL

In this paper, two-area load frequency is
considered which includes two single areas
connected by a power line called the tie-line.
Each area in load frequency control nourishes
its user pool and the tie-line allows electric
power to flow between areas. If one area has
been excited the output frequencies of both
areas as well as the power flow on the tie-line
[40-42]. A two-area power system is shown
in Figure 1. The errors of the linearization
have been considered parametric
uncertainties and un-modeled dynamics.

The transfer function for the turbine and
governor in the load frequency is assumed as
follows [3]:

B, 1R,
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1 N Kp1 AFl
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N
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L 1R,

Fig.1. Block diagram of a two-area power system.
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Table 1. Parametric uncertainties of a power system.

Pi normal Pi high
120 180
20 30
0.086 0.1299
2.4 3.6
0.3 0.45
0.08 0.12

P| P| low
Kpi 60
Tpi 10
T2 0.0433
Ri 1.2
Tri 0.15
Tai 0.04
1
T (S)rurvine = 1osT (1)
T
1
T (S)Governor = m (2)
G
where:

Tt is the turbine Time Constant andTg is the
governor Time Constant.

Also, to model the tie-line, the power
transfer equation through the tie-line is
defined as follows:

T, = M)'('J;/2| sin(8, —3,) €)
where 31 and & are the power angles of end
voltages, V1 and V. are the equivalent
machine of the tow areas andxi. is reactance
of tie line.

The order of the subscripts indicates that
the tie line power is defined as positive in
direction 1 to 2. For small deviation in the
angles and the tie-line power changes with
the amount i.e. small deviationin ¢ 1and 6
»changes by A 01 and A § » respectively.

Also, the Power Ti2 changes to Tio+ A Tio.

Therefore, Power transferred from Area 1 to
Area 2 has been obtained as given in [15]:

AT (6) = 2L (AR (5) - AF(s) @)

where, T is the torque produced.

These transfer functions are considered
linear states for load frequency that all of
them are first-order transfer function [43].

The state space model of the two-area
power system has been presented as follow:

X=Ax+Bu+ Fd
{ ©)

y =Cx

where X is the state variables vector, y is the
output vector, u is control signals and d is the
input vector, as follows:

X =[AP,, AP, AF,,AT,,,AP,,, AP, ,AF, |,
d =[AP,, AP, |,
y=[AF,AF,,AP, T,

u=[Au, Auz]T

Also, we have:
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[ -1T, 1T, 0 0 0 0
0 1Ty, -1/ (RTg,) 0 0 0
Key / To, 0 -1/T,, Kpy I Toy 0 0 0
A=| 0 0 27T, 0 0 27T,
0 0 0 T, 1T, 0
0 0 0 0 1T, -1/ (R,Tg,)
| 0 0 0 ITo, K, ITp, 0 -1/T,,
T(s)=C(sl-A'B+D (6)
. T, T.
GivenT(s) { n() T (S)} , Where:
T21(S) T22 (S)
AF, AF, AF AF
T11= - T, = : T = 2 Ty = 2.
AP, APy, AP, APy,

space.
5 [0 1Ty 000 0 0
0 0 000 -1Ty O
£_[00 Ky/Ty 000 o T
00 0 00 0 —Ky/T,
0010000
C=[0001000
0000001

The nominal value of the power system
may change during a cycle due to the natural
characteristics of load variation and system
configuration. Therefore, the parametric
uncertainties of the power system must be
considered to overcome this problem. Table
1 shows the parametric uncertainties of the
power system with their nominal, the lower,
and upper bound values [44].

It should be noted that if the linear mode
of the turbine and governor are considered,
according to equation 6 for the 2-input-2
output, four transfer functions are calculated
as follows [45]:

3. PARTICLE SWARM OPTIMIZA-
TION

The Particle Swarm Optimization (PSO)
Algorithm is a kind of evolutionary algorithm
in the optimization field based on a group of
birds searching for food. The PSO has been
successfully applied to a wide range of
applications [46]. In the PSO algorithm, each
bird is called a particle and each particle
moves to the optimal value. Also, the PSO
has been simulated by the group of birds in
two-dimensional space. One of them is
personal experience and another one is group
experience. Figure 2 shows the personal
experience (pi), global experience (gi), and
initial velocity [25].

In Figure 2, x(t), v(t), c1, c2,rl, r2, and ®
are position, velocity, coefficients of the
PSO, random values, and coefficient of initial
velocity, respectively [24, 26]. The procedure
of the PSO algorithm has the following steps
[25]:

e Evaluation of Cost Function.
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Fig. 3. Block diagram of PID.

e Evaluation of Personal and Global
Experience of Each Particle.

e Evaluation of Velocities and
Positions of Each Particle.

Equations (7) and (8) show the position
and velocity in the PSO algorithm obtained
by Newtonian mechanic laws, as follows
[26]:

X(t+1) =X (@) +V(t) (7)
V(t+1) =V (t)+F(t) (8)

where, X, V, and F are the position, velocity,
and force of the particle, respectively. The
force of the particle is defined by the personal
and global experiences, as follows [24, 26]:

V(t+1) =V (t)+cr(P(t)— X (1) +

. (9)
¢,1,(g(t) - X (1)

Also, the position of each particle is
obtained by the equation (9). In this method,
to reach the best solution the coefficients, cl
and c2 should be tuned between 0 and 2.
Also, o should be considered as 0<w<1.2
[27].

4. COST FUNCTION

In this section, the cost function of the
proposed SMC that decreases the frequency
derivation (4F) of the power system due to
load changes (4Pp) is presented based on
ITAE by following equation [1-4]:

firae ZI:t|e(t)|dt (10)

In an N-area power system, the load
disturbance can affect the frequency of all
areas. To design the load frequency
controller, all inputs and outputs should be
taken into account. Therefore, in a two-area
power system, the cost function has been
considered as follows:

f =Z,~N:1ZL j:|Afii|dt (11)

N=2

where N is the number of areas in the power
system and Af’is the frequency deviation in

area i for the step load changes in area j. This
cost function has been evaluated for the
nominal value of parameters (P%=0). To take
uncertainties into account in the design stage,
the cost function ought to consider the p%
deviation of parameters. In this paper, it has
been assumed that the deviation of the
uncertain parameters is in the range of +40%.

5. DESIGN OF LFC USING PID

The PID controller is well known and widely
used to improve the dynamic response as well
as to reduce or eliminate steady-state error.

The integral controller has added a pole at
the origin, thus it has increased the type of
system and it has reduced the steady state
error due to a sine function to zero. The
derivative controller has added a zero to the
open loop plant transfer function and it has
improved the transient response but the
coefficient of the derivative is zero because
zero is good for this system.

The proposed controller is shown in
Figure 3 in this controller Uc is defined by
equation (10) [1]:
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U, =K,e(t)+K, j e(t)dt + K, %e(t) (12)

A. In this equation, Uc is the current input

from the controller, K, is the proportional

gain, Kj is the integral gain and Kg is the

derivative of the PID controller. The
proportional value, integral gain, and
derivative gain are obtained considering the
minimum value of the body acceleration
using the PSO algorithm.

6. SIMULATION

The PID-optimized controller is designed for
dynamic frequency variation reduction (AFz,
AF») at the load changes in the power system

(APp1). The parameters of the two-area

decentralized power system are tabulated in
Table 2 as proposed in [4]:

The implementation of the PSO, number
of particles, and iteration are considered 10
and 50, respectively.

2.8

In order to show the cost function of the
proposed PID clearly, the cost function of the
PID is shown in Figure 4 at each iteration.

The parameters of the PID have been
improved by using the mentioned algorithm.
The final cost function, overshoot, and
settling time are listed in Table 3.

Moreover, the results for the proposed
methods in this paper and [14] entitled

performance of system response are
compared in Table 4.
Table 2. LFC Parameters.
Te Tr Kp T2 R
Areal 0.08 0.3 120 2.4
0.0886
Area2 0.08 0.3 120 2.4

Table 3. Settling time (ST) and Overshoot (OV)
of the response system for 0.01 pu step load
variation utilizing ICA.

Cost function overshoot  Settling Time
0.12409 0.01 2.7 (sec)

0.01 2 (sec)

2.6

2.4

2.2

.
/r_—

Best Cost

it
1.8

1.6

~\

1.4

0 10 20
Decade

Fig. 4. Diagram of reduction of the cost function.

30 40 50
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Table 4. Settling time (ST) and Overshoot (OV) of the response system for 0.01 pu step.
Proposed SMC PSO [14]
Overshoot (area 1) 0.01 0.02
Settling Time(area 1) 2.7 (sec) 8 (sec)
Overshoot (area 2) 0.011 0.015
Settling Time(area 2) 2 (sec) 9 (sec)
0.01 0.01
0.005 //\\ 0.005 f/\\
£} =0 N 7~
- / = 0.005H]
-0.01 -0.01
-0.015; 5 . ‘ -0.015; 5 4 ; s
Time (sec) Time (sec)
(€)) (b)

Fig. 5. (a) Frequency deviations of area one for 0.01 p.u. step load change in area one due to —40%
(= =), 0 %(—), and +40 %(:--) uncertainties using SMC. (b) Comparison of the P-PID (—) and

C-PID (- -).
3 -3
5X 10 5 x 10
. ok /RO
S = = ',' N— .
—_ 2 i
2 S / i
x &Sl
< < v !
10 W
o 2 4 6 8 0 2 4 6 8
Time (sec) Time (sec)
(a) (b)

Fig. 6. (a) Frequency deviations of area two for 0.01 p.u. step load change in area one due to —40%
(= =), 0 %(—), and +40 %(---) uncertainties using SMC. (b) Comparison of the P-PID (—) and
C-PID (- -).
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The simulation results of the practical
proposed system are done for 0.01 p.u. load
changes in area one due to different
uncertainties. The simulation results of
frequency deviations in areas 1 and 2 by
using the proposed PID due to different
uncertainties are shown in Figures 5 and 6.
Also, in order to compare the results of the
proposed PID and conventional PID clearly,
the results of the PID and proposed method
due to different uncertainties are shown
together in Figures 5 and 6.

A T-line

o 2 4 6 8
Time (sec)

(@)

A T-line

According to simulation results, the proposed
PID controller presents a robust performance
considering parametric uncertainties. As it
can be seen in Figure 5 in Area 1, the
performance of the PID is less than the
performance of the proposed PID. Also,
according to Figure 6 in area 2, the
performance of the PID is less than PID.
Therefore, it can be said that the proposed
PID can improve the system's dynamic
performance and stability compared PID
method.

0 2 4 6 8
Time (sec)

(b)

Fig. 8. (a) Transmitted power variation for 0.01 p.u. step load change due to —40% (— —), 0 %(—) and +40
%(---) uncertainties using SMC. (b) Comparison of the P-PID (—) and C-PID (- -).

0.04
0.03
o
= '
2 0.021
g 1
< \
0.01 AN
0
0 2 4 6 8
Time (sec)
(@)

Amplitude

0.03r%

0.025

0.02f14

0.015p

0.01 \\./

0.005 l

0

-0.005 2 4 6 8

Time (sec)
(b)

Fig. 9. Governor (—) and Turbine (— —) area 1 power system for 0.01 p.u. step load change (a) P-PID,
(b) C-PID.
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Fig. 10. Governor (—) and Turbine (— —) area 2 power system for 0.01 p.u. step load change in area 1
(a) P-PID, (b) C-PID.

The performance of the tie-line has been
determined by using the proposed PID due to
different uncertainties in Figure 7. According
to this figure, the proposed PID can improve
the changes in the power of the tie-line.

The performance of the governor and
turbine has been shown in Figures 8 and 9.
According to Figure 8, in area 1, the 0.01 step
response of the governor and turbine tracks
the 0.01 because area 1 has been excited to
simulate the proposed control method
(AFp1=0.01).

As can be seen, the performance of the
proposed PID is better than the conventional
PID method. According to Figure 8,
character ties of the transmit state (overshoot,
settling time, and rise time) have been
improved by considering the proposed PID.

Figure 9 shows the performance of the
Governor and turbine in Area 2. This
performance tracks the zero line because
Area 2 has not been excited (AFp2=0). Also,
it can be seen that the characterizes of the
transmit state (overshoot, settling time, and
rise time) of the proposed PID are better than
the conventional PID method. Therefore, it

can be said that the proposed PID can be
improved and reduce the transmit state.

7. CONCLUSION

In this paper, the decentralized robust
controller design method of LFC which was
proposed based on the PID controller. A two-
area power system with proposed PID based
on controllers was considered to simulate of
the LFC. The simulation results determined
that the proposed PID improved the
performance of LFC. Also, the simulation
results show that the responses of the
proposed PID are significantly better than the
conventional PID controller. It must be noted
that the proposed PID can present a robust
performance.

The future work can be listed as follows:
1. Adaptive Tuning Strategies: Explore
adaptive tuning methods for cascaded PID
and PI1-PDN controllers. These strategies can
dynamically adjust controller gains based on
real-time system conditions, including
changes in RES output and load demand.
2. Hybrid optimization techniques: combine
BOA with other optimization algorithms to
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increase convergence speed and robustness.
Hybrid approaches may take advantage of the
strengths of different algorithms while
mitigating their individual weaknesses.

3. Practical Implementation: Transition from
simulations to real-world deployment and
addressing the hardware constraints and
communication delays.
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