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Abstract Load frequency control (LFC) is an important tool to insure the stability and reliability of power
systems. Nowadays power demand is increasing continuously and the biggest challenge is to provide uninterrupted
electrical energy to consumers under changing conditions. For satisfactory operation, the frequency of power system
should be kept near constant value or within standard value; in addition to that an uninterrupted power should
continue to flow despite the variations of load in different areas. Many techniques have been proposed to guarantee
the uninterrupted flow of power and the constant value of frequency and to overcome any deviations. In this study,
optimal control based on Legendre wavelet function and linear quadratic regulator (LQR) techniques are applied to
single area power system in order to approximate the gain of controller to overcome the fluctuations of frequency in
electrical power systems. This paper models a single area power system with optimal control strategies based on
LQR and Legendre wavelet transform and presents simulation results using Simulink/MATLAB. The paper also
compares the performance of the LQR and Legendre wavelet transform controllers. A numerical example is solved
in order to demonstrate the effectiveness of the proposed technique.
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1. Introduction
During the last three decades, power generation systems
have become more complex and largely interconnected
and they required automatic generation control (AGC) in
order to keep the systems operating safely [1,2,3,4].
Automatic generation control is also referred to as load
frequency control (LFC). The frequency of a power
system is affected by changes in real power, while the
voltage magnitude is dependent on changes in reactive
power. Thus, active and reactive powers can be controlled
separately to meet different criteria. In an isolated power
system, the main objective of an LFC is to maintain a
balance of a power system by maintaining the frequency
within an acceptable tolerance around a nominal system
frequency. The reliability, security and stability are three
required properties in order to balance any power system
efficiently. Reliability is defined as the ability of the
system to adequately supply a near continuous electric
services with few interruptions over an extended period of
time, security is defined as the resistance of a power
system to disturbances to supply consumers with power
without discontinuity and indicates the level of robustness
of the power system to a disturbance at any instant in time,
while stability is defined as the ability of the power

system to return to an equilibrium operating state by
keeping frequency and voltage to be within acceptable
standard levels [5].
Typically, the power output of the generators and the
difference between the instant loads change the nominal
frequency. If the amount of production is more/less than
demanded
power,
the
speed
of
generators
increases/decreases; hence, frequency increases/decreases.
When deviation occurs, frequency is brought to a desired
level by controlling the speed of generators. Thus,
generated power and frequency in the system should be
adjusted according to the consumption; this process is
called LFC model.
In an isolated power system, frequency control is
considered a challenging issue due to low system inertia,
nonlinear effects of physical components such as governor
dead zone and generation rate constraints. Furthermore,
any mismatch between generation and demand deviates
the system frequency from scheduled values. High
frequency deviation may lead to system collapse. In order
to maintain constant nominal frequency, an accurate and
fast acting controller such as optimal controller is required
[6]. This study proposes an optimal control strategy based
on Legendre wavelet function to control load frequency.
The optimal control is based on LQR control and utilizes
the direct method to parameterize the cost function and
constraints using Legendre wavelet functions. The optimal
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control strategy is applied to a single area power system
with a load frequency control model in order to bring the
steady-state frequency error to zero.
This paper is organized such as: section 2 talks about
load frequency control of a single area power systems,
section 3 covers Optimal control using Legendre functions,
section 4 shows the simulated results, section 5 concludes
this paper.

2. Load Frequency Control Model of
Single Area Power Systems
In large electrical power system, nominal frequency
depends significantly on the balance of produced and
consumed active power. When active power imbalance
occurs in any part of the system, it results in changes in
the frequency of the entire system. Industrial loads
connected to electrical power system are very sensitive to
the quality of electrical energy, mainly the frequency
component. Thus, the steady-state frequency error in the
system must stay within acceptable values in order to keep
the balance [7]. Figure 1 shows the relationship between
system frequency and load which is inversely proportional.
Possible increase in the load reduces the nominal
frequency of the system. This alternation in frequency is
sensed by a regulator in the primary control loop;
subsequently, the rotational speed of the turbine is
increased leading to an increase in the produced power.
Load frequency control is accomplished using two stages:
primary control and secondary control. Figure 2 illustrates
the main components of LFC for single area power system
which can be represented in a matrix form as shown in
equation (1) [8,9].
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Figure 2. LFC for Single Area Power Control System

3. Linear Quadratic Optimal Problem
Optimal control is an important science that deals with
nonlinear optimal control problem (OCP) and the main
objective of optimal control is to find an optimal
controller that can be applied to a nonlinear system as well
as to a linear and time varying system to minimize a
certain cost function within the system's physical
constraints. In other words, the main task of an optimal
controller is to transfer the system from its initial state to
the final state with minimum cost function [11]. Generally,
optimal control can be classified as direct and indirect
methods. Indirect methods are based on converting OCP
into two-point boundary value problem (TPBVP), then
solving the last one by Euler Lagrange technique or
Hamilton-Jacobi-Bellman equation (HJBE). Direct
methods can be implemented using discretization or
parameterization methods. Mathematically, the optimal
control problem can be considered as finding the optimal
controller u * ( t ) = − Kx ( t ) that minimize a performance
index such
tf

=
J

∫ (X

T

)

Qx + uT Ru dt

(2)

0

Subject to linear constraints and initial condition

x =
Ax ( t ) + Bu ( t ) , x ( 0 ) =
x0

(3)

Where t ∈ 0, t f  , x, x0 ∈ R n , u ∈ R m , A,B are n×n and
n×m constant matrices respectively. Q is an n×n positive
semidefinite matrix and R is an m×m positive definite
matrix.

3.1. Optimal Control via Legendre Wavelet
Function
One of the most famous indirect optimal control
techniques that are used recently to approximate linear
time invariant (LTI), linear time varying (LTV) and
nonlinear systems are wavelet functions [12]. Legendre
wavelet function has been used to approximate different
systems within the subspace of trained initial condition
and is considered a powerful function to give accurate
approximation. Legendre wavelet function is defined such
as [13].
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Figure 1. Variation of Load frequency Characteristic [10]
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Where Pm is the Legendre polynomial of order m; n
refers to the section number, n=1,2,…2K-1 ; K is the
scaling parameter and can assume any positive integer and
t∈[0,1]. Legendre polynomial can be defined as in [16] as
follows:

=
Pm ( x )

dm

1
m

2 m ! dx

m

( x − 1)
2

m

(5)

State and control variables can be approximated using
Legendre scaling function as follows:
2 K −1 M

i
=
φnm ( t ) i 1, 2,..., s
∑ ∑ anm

=
xi ( t )

(6)

=
n 1=
m 0
2 K −1 M

i
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A comparison between an optimal controller based on
Legendre wavelet function and an LQR control is made
with the purpose of controlling LFC. The comparison is
made in terms of performance with respect to frequency
deviation ( ∆f ) , settling time ( ts ) and steady state error

( SSE ) . The parameters of the numerical example which is
solved using Simulink/Matlab and programming
subscripts are shown in Table 1. In addition, the solution
of an example consists of three scenarios: the first one
contains no controller, the second solution uses an LQR
control, and the final scenario uses an optimal controller
based on Legendre wavelet function.
Table 1. Parameters of single area power station [11]
Phase

3.2. Quadratic Programming Problem

min

(8)
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(9)
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The optimal vector z* can be also calculated by the
standard quadratic programming method [13] as follows:
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The state space system and performance index of above
example are respectively as follow [11]:
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Here, the quadratic form of optimal problem is
constructed and may be solved easily using Matlab [13].

z

4. Simulation Results

(10)

3.3. Optimal Control via LQR
The linear quadratic regulator (LQR) is used to design
optimal controllers for linear systems with quadratic
performance index. LQR can be realized by finding
optimal closed-loop state feedback control. In this article,
LQR is applied to determine an appropriate state feedback
gain along with the minimum variance method to design
an LFC for single area power system. LQR can achieve
good performance with minimum cost and can be easily
designed using MATLAB. On the other hand, LQR has
many limitations such as: it requires full state feedback, its
function is only to guarantee stability, and it uses
quadratic indices. This paper proposes a Legendre wavelet
function to design optimal controller and compares its
performance with an LQR controller.

J
=

∫ ( 20 x1 + 10 x2 + 5 x3 + 0.15u
2

2

2

2

) dt

(11)

(12)

0

4.1. First Scenario
In the first scenario, a block diagram of LFC is
constructed using Simulink and solved without using any
controller with the power increasing by 200 MW (0.2 p.u).
Figure 3 and Figure 4 show the Simulink block diagram of
LFC and the frequency deviation respectively; while
Table 2 summaries the obtained results.

Figure 3. Simulink block diagram of LFC without controller
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Table 2. Results of first scenario for LFC
Phase
Value
Frequency Deviation
Frequency Deviation

( ∆f ) , p.u

0.015

(∆f ) Hz

0.90

( ts ) , Sec
Steady State Error ( SSE )
Settling Time

7
1×10-2

46

Table 3. Results of second scenario for LFC using LQR
Phase
Value
Frequency Deviation

( ∆f ) , p.u

0.0007

(∆f ) Hz

0.042

Frequency Deviation

( ts ) , Sec
Steady State Error ( SSE )
Settling Time

0.6
7×10-4

4.3. Third Scenario

Figure 4. Frequency deviation of first scenario for LFC without
controller

4.2. Second Scenario
In the second scenario, an LQR optimal controller is
designed to approximate the state feedback gain vector.
The LQR controller is designed using M-file and Simulink.
The block diagram and the frequency deviation response
are shown in Figures 5 and 6 respectively. Table 3
summarizes the obtained results. However, the optimal
gain vector k=[6.41 1.10 -112.60] is obtained at end of
simulation.

Step

x' = Ax+Bu

A complete reference should contain the name(s) of the
author(s) and/or editor(s), the title of the article, the name
of the book or conference proceedings where appropriate,
and bibliographic information about the article such as the
name of the publisher, the city of publication, and the page
numbers. The basic concept is that the reference should be
sufficiently complete so that the reader could readily find
the reference and can judge the authority and objectivity
of the reference.
In the third scenario, an optimal controller based on
Legendre wavelet function is obtained using the
approximation techniques to design the feedback gain
vector K by converting the problem into a quadratic form
that can be easily solved using Matlab. Furthermore,
approximation via Legendre function is based on two
factors: the order of Legendre polynomial (M) and the
positive integer scaling parameter (K) which increases the
accuracy of approximation proportionally. In this paper,
the problem is solved for M=4, K=2 and M=6, K=2.
Figures 7 and 8 illustrate the response of LFC for M=4
and M=6 respectively; while Table 4 summaries the
obtained results.
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Figure 5. LQR block diagram
Figure 7. Frequency deviation of third scenario for LFC via Legendre
function at M=4, K=2
Table 4. Results of third scenario for LFC using Legendre function
Phase
M=4, K=2
M=6, K=2
Frequency Deviation
0.0006
0.00001

( ∆f ) , p.u

Frequency Deviation

(∆f ) Hz

0.0360

0.0006

Gain Vector (K)

[5.96 2.88 15.43]

[-66.15 118
1016.2]

1.5

0.6

6×10-4

1×10-5

( ts ) , Sec
Steady State Error ( SSE )
Settling Time

Figure 6. Frequency deviation of 2nd scenario for LFC with LQR

As seen from Table 5, we can conclude that the optimal
controller via Legendre wavelet function provides better
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performance and response than LQR. Both controllers
offer the same settling time ( ts ) , but the Legendre
wavelet function controller gives better performance in
terms of the frequency deviation and steady state error
( SSE ) by fifteen times less than LQR.

based on Legendre wavelet function approximation
method outperformed the LQR controller in terms of less
frequency deviation and steady state error; while both had
the same settling time. A numerical example demonstrated
the effectiveness of the proposed optimal control via
Legendre wavelets function over LQR control.
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