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Abstract—This study focuses on designing an effective intelligent
control method to stabilize the net frequency against load
variations in multi-control-area interconnected power systems.
Conventional controllers (e.g. Integral, P1, and PID) achieve only
poor control performance with high overshoots and long settling
times. They could be replaced with intelligent regulators that can
update controller parameters for better control quality. The
control strategy is based on fuzzy logic, which is one of the most
effective intelligent strategies and can be a perfect substitute for
such conventional controllers when dealing with network
frequency stability problems. This paper proposes a kind of fuzzy
logic controller based on the PID principle with a 49-rule set
suitable to completely solve the problem of load frequency
control in a two-area thermal power system. Such a novel PID-
like fuzzy logic controller with modified scaling factors can be
applied in various practical scenarios of an interconnected power
system, namely varying load change conditions, changing system
parameters in the range of £50%, and considering Governor
Dead-Band (GDB) along with Generation Rate Constraint (GRC)
nonlinearities and time delay. Through the simulation results
implemented in Matlab/Simulink software, this study
demonstrates the effectiveness and feasibility of the proposed
fuzzy logic controller over several counterparts in dealing with
the load-frequency control of a practical interconnected power
system considering the aforesaid conditions.

Keywords-Load Frequency Control (LFC);
controller; PID controller; uncertainties; nonlinearities

Fuzzy-PID

1. INTRODUCTION

Due to the random change of load in a power system,
electrical energy varies continuously. This affects the system's
operating frequency, leading to a deviation of the network
frequency from the nominal value. A modern power system
network has several control areas. For the stable operation of
power subsystems, the total generation of each control area
must match with the total load demand plus associated system
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losses, regulate system frequency, and exchange tie-line power
accordingly. This is defined as the Load Frequency Control
(LFC) or Automatic Generation Control (AGC), which plays
an important role in power system operation and control. The
LFC strategy aims to continuously monitor the system
frequency and the tie-line power. It also calculates net changes
of these two parameters from their nominal values, which is
known as Area Control Error (ACE), in order to control the
valve settings of prime movers with a goal of forcing ACE
signals to acceptable values. Considered to be a crucial part of
AGC, the LFC strategy drives ACE signals to desirable values,
meaning both frequency and tie-line power deviations should
be treated to be near zero with allowable tolerance.

There are several reports regarding the LFC problem. In
[1], the authors designed a fuzzy-PI controller to control the
load frequency for a six-area power system with non-reheat
turbines. Authors in [2] proposed a PID hierarchical frequency
controller for four-area interconnection power systems. The
control structure used PID controller to prevent GRC from
generating. The author in [3] proposed the optimal sliding
control method Hoo load frequency (SMLFC) for power system
with time delay. In [4], a fuzzy controller was proposed to find
the optimal parameters for the PID frequency controller of a
three-area power system. In [5], a neural controller was
proposed, designed to automatically and continuously adjust
the parameters of the PID controller according to the change of
the control error area. In [6], the control plant under
consideration was a three-area electric power system composed
of wind, heat, and hydraulic turbines. The authors gave control
methods that were considered to be advanced, such as PID,
FOPID, FPID, and FFOPID, which were designed based on
ITAE objective function. In [7], the method used was a hybrid
controller hPSO-PS for two-area power systems without heat
recovery, each with two generators. In [8], a Model Predictive
Controller (MPC) was used to control a multi-connected power
system with four areas and eight generators. In [9], the
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QOGWO algorithm was used to optimize the parameters of the
PID controller based on the ITAE objective function. In [10],
the COA algorithm was used to optimize the parameters of the
PIaDF controller. The controller was used to control the load
frequency for a multi-connection system with two non-
recovery areas, two multi-generator areas, and three multi-
generator hydrogen turbine areas. In [11], the authors proposed
the T-SMC sliding controller for a two-area power system with
wind turbines. In [12], the authors studied a virtual inertial
controller to stabilize the frequency in a two-area power system
with wind and solar renewable energy supplies. In [13],
Fractional Order Proportional-Integral-Derivative (FOPID) and
Tilted-Integral-Derivative (TID) controllers were applied in the
design of LFC for a two-area diverse-unit power system.
Tuneable parameters were adjusted via an improved particle
swarm optimization algorithm which was powered by chaotic
parameters and a crossover operator to find a globally optimal
solution. In [14], a novel evolution (MDE) algorithm optimized
fuzzy PID controller was proposed for the LFC of a two-area
power system.

In order to stabilize the frequency in an interconnected
power system, many problems arising in the system affect its
control quality. These include devices with nonlinear system
components such as: GDB (Governor Dead Band), GRC
(Generation Rate Constraint), time delay in the system, changes
of parameters of electrical equipment, and varying operating
loading conditions. All the above factors make the system
unstable, leading to fluctuations of the operating frequency.
The frequency change affects greatly the devices in the system:

e Most AC motors run at speeds that are directly related to
frequency. The speed and induced Electro Motive Force
(EMF) may vary because of the change of frequency of the
power circuit.

e When operating at frequencies below 49.5Hz some types of
steam turbine certain rotor states undergo excessive
vibration.

e The change in frequency can cause maloperation of power
converters by producing harmonics.

e For power stations running in parallel it is necessary that
the frequency of the network must remain constant for the
synchronization of generators.

e Many devices connected to the grid will only work properly
when the input frequency is within a certain range.

e The inductances of the inductive elements (e.g.
transformers) are chosen based on the switching frequency.
Changes in the frequency will cause disturbances in the
output and may even cause the supply’s control system to
become unstable

The traditional PID controller, controller parameters are not
updated when the system encounters the above problems.
Therefore, the fuzzy - PID controller [15] is studied in this
paper to solve the load frequency control problem. Although
they do not have an apparent structure of PID controllers, fuzzy
logic controllers are considered to be nonlinear PID controllers
with parameters that can be determined on-line based on the

error signal and its time derivative. The response results of the
system are compared with the Genetic Algorithm tuned PI
(GA-PI) [16], Bacterial Foraging Optimization Algorithm
tuned PI (BFOA PI) [16], BFOA-PSO optimized PI controller
[17], fuzzy PI controller [ 18], and Fractional PID (FPID) [19].

II.  INTERCONNECTED POWER SYSTEM MODELING

Each interconnected power system consists of several
subsystems called control areas. A control area should be
considered as a power station including several elements,
namely governor, turbine, load, and generator. These elements
are connected to be the core of a power plant. Their
mathematical models are described below.

A. Speed Governor Model

A typical model of governors is depicted in Figure 1 [1].
This model can be mathematically expressed as:

1 1
AP (s) =———(AR(s)=— f(s)) (D)
1+ 5T, R

where R is the speed regulation of the governor, 7, is the time
constant of the speed the governor.

AP(s) + A ()

1+sT,

1
R
Af (s)

Fig. 1. Speed governor model.

B. Thermal Turbine Models

Thermal turbines are widely used in power plants.
Technically, they are classified into two types: non-reheat and
reheat turbines. The non-reheat model is shown in Figure 2.
The following expression is obtained:

_ Pt(S) _ 1 )
pé(s) 1+sTep

G,(5)

where T, is the non —reheat time constant.

AF,(s) 1 AL (s)
_>
1+sT,
Fig. 2. Non — reheat turbine model.

The reheat turbine model is presented in Figure 3 and the
mathematical model in (3).

P(s) FppTrps+1 3)
Pg (S) TchTrhser(TcthTrh)erl

G,(s)=
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where 7}, and F},, are the low pressure reheat time constant and K -k -k )& k) (5)
the high pressure stage respectively. p p pmin pmax " pmin

K'=(1< -K, ./ (K -k, . ) (6)
d d dmin d max dmin
AP, (s) Fy T s+l AP (s)
= 2 T=al, (7)

2
TChT}"hS + (Tch + Trh)s +1

C. Generator - Load Model
Equation (4) is obtained from the block diagram in Figure
4:
1
AF(s) = W(AP,(S) - APd (s)) 4

where M is the inertia constant of the generator and D is the
load damping constant.

AP(S) yARE) 1

t
Ms+D

AF(s)

Fig. 4. Generator — load model.

Figure 5 shows the block diagram of a two-area
interconnected power system with GDB and GRC. The system
is represented by the state space shown in Appendix A.

Area 1: Non - Reheat unit

Gererator 1

== kG
L

+
Area 2: Reheat unit

Fig. 5. Block diagram of a two-area interconnected non-reheat thermal—
reheat thermal power system with GRC and GRC.

The control objectives of the LFC in a multi-area
interconnected power system are mainly to control the
frequency variation, ACE, and tie-line power deviation in the
areas towards zero while the system has many nonlinear,
uncertain components and varying operating load conditions.

III.  DESIGN OF THE FUZZY-PID CONTROLLER

The fuzzy - PID controller studied in this paper is compared
in terms of control quality with other controllers to prove its
superiority. The PID controller [15] is characterized by 3
parameters: K,,, K4, and K;. Assuming that K, and K are always
in the range [K,in, Kpnar] and [Kgnin, Kama, it 1s reasonable to
define the following equations:

K. =K,/aT, =K /(al,) (8)
K . =032K
pmin u (9)
K, =0.6K,

Kdmin = 008Ku Tu

(10)
Kdmax = OISKuT;

where K and T, are, respectively, the gain and the period of
the oscillation at the stability limit under P-control.

=

CONTROL AREA #

CONTROLLERS

Conventional
Controller

< I

Calculate
and Evaluate
ACE;, dACE;

Turbin Power
i system#i

Intelligent
Controller

Fig. 6. The structure of the control area #i using different controllers.
ACE MCE
—>® ;I PID Controller |—| System l—
1k A 1k
Caculate Caculate Caculate
Kp Kd Ki
A Y * A
K Kd g
Fuzzy ’
|

Fig. 7. The structure of the fuzzy — PID controller.

The fuzzy controller designed with ACE and AACE inputs
has the membership functions presented in Figures 8-10 and

Tables I-1I. The outputs of the fuzzy setare K ', K d' and a.
p

NB NM NS

ZO PS PM PB

x= ACE or AACE

Fig. 8. Membership function of ACE and AACE
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A
0.2 0.4 06 0.8 1 -
x=Kp' or Kd'
Fig. 9. Membership function of Kp', Kd'.
1
A
S MS M B
2 3 4 5
Fig. 10.  Membership function of .
TABLE 1. FUZZY RULE FOR K}’
AACE
NB NM NS Z0 PS PM PB
NB S S S S S S S
NM B B S S S B B
NS B B B S B B B
ACE 70 B B B B B B B
PS B B B S B B B
PM B B S S S B B
PB S S S S S S S
TABLE II. FUZZY RULE FOR K’
AACE
NB NM NS Z0 PS PM PB
NB B B B B B B B
NM S B B B B B S
NS S S B B B S S
ACE Z0 S S S B S S S
PS S S B B B S S
PM S B B B B B S
PB B B B B B B B
TABLE IIIL. FUZZY RULE FOR a
AACE
NB NM NS 70 PS PM PB
NB 2 2 2 2 2 2 2
NM 3 3 2 2 2 3 3
NS 4 3 3 2 3 3 4
ACE Z0 5 4 3 3 3 4 5
PS 4 3 3 2 3 3 4
PM 3 3 2 2 2 3 3
PB 2 2 2 2 2 2 2

From (5), (6) and (8) the following equations can be
deduced:

K =(K

P pmax

_Kpmin )K P +Kpmin (1 1)

Kd = (K - Kdmin )Kld + Kdmin (12)

d max
K, =K /(aT)) (13)

The above factors will be applied when running the PID —
like fuzzy logic controller in dealing with the load frequency
control of an interconnected power system.

IV. CASE STUDIES

This section presents numerical simulations implemented in
MATLAB/Simulink considering numerous perspectives to
demonstrate the proposed control strategy. The simulation
scenarios describe a system encountered with nonlinearities,
variation of different load types, uncertainties, and time delay.
The system parameters used in the simulations are described in
the Appendix (Table VI). The proposed controller is compared
with GA PI [16], BFOA PI [16], BFOA-PSO optimized PI
[17], fuzzy PI [18], and FPID [19] controllers to verify its
control quality.

A. Performance Comparison under Step Load, Pulse Load,
Random Load, and Sinusoidal Load Disturbances.

In a power system, the electrical energy at the power supply
is taken from generators and imported energy sources. The
electrical energy is supplied to consumers, production plants,
energy for export, or is lost on the transmission line. When the
supplied electrical energy is greater than the consumed energy,
the system frequency will increase, otherwise, it will decrease.
In fact, due to the large changes of the load, the frequency of
the system changes continuously affecting the equipment in the
system such as: AC motors, tranformers, steam turbines, etc.
The types of load disturbance are shown in Figure 11.

e Step load disturbance : AP, =AP _ =0.03(pu) .

dl d2

e Pulse load disturbance: AP =AP

' 'y = 0.03(pu) , period: 40s,
and pulse width: 10%.

e Random load disturbance: AP =AP _=0.03(pu) , sample

dl d2
time: 40s.
¢ Sinusoidal load disturbance: APdl :Asz = 0.03sin(0.0628¢)
0.03 —
0.02 o :
‘
, N
. N
‘
0.01 7 N
é Fof--=-===-====-=-=-=---- \
B \
] ’ ____\‘____ _____ [
& .
N
\
0.01 m—Step load disturbance '
—Pulse load disturbance \
- = -Random load disturbance .
-0.02 - - = Sinusoidal load disturbance N

L0.03 . . . i
0 10 20 30 40 50 60 70 80

Time(s)

Fig. 11.  Load disturbance types.
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The proposed fuzzy PID controller was compared with GA
PI [16], BFOA PI [16], BFOA-PSO optimized PI controller
[17], fuzzy PI [18], and FPID [19] controllers and the results
are shown in Table IV. We see that minimum ITAE value and
minimum settling time in frequency deviations are obtained
with the fuzzy PID controller.

x10°3

1
[

1 [
1
'

¥ - = =FPID [19]

GAPI[16]
——BFOAPI[16]
——BFOAPSOPI[17]
Fuzzy PI [18]
Fuzzy PID

-

@

AF1 (Hz)

~

&

L . L .
0 10 20 30 40 50 60 70 80
Time(s)

w

=

s
0 - - -FPID [19]
b = GA PI[16]
> ——BFOAPI[16]
——BFOAPSOPI[17]
4r Fuzzy PI [18]
——Fuzzy PID
e
3 : . : . : . ‘
0 10 20 30 40 50 60 70 30
Time(s)
Fig. 12.  Dynamic responses to the step load disturbance in two areas:

(a) AF/, (b) AF_?.

The step load disturbance in two areas and the system
dynamic response are shown in Figure 12 along with the
simulation results of the tested controllers on the same power
system. Critical analysis of the dynamic responses clearly
reveals that significant improvement is observed with the
proposed fuzzy PID controller.

TABLE 1V. COMPARATIVE PERFORMANCE OF ERROR AND SETTLING
TIME UNDER STEP LOAD DISTURBANCES
Settling T's (s)
Techniques/parameters ITAE
AF; AF,
FPID [19] 12.07 40.01 40.67
GA P1[16] 7.16 17.89 19.01
BFOA PI [16] 7.01 19.14 24.26
BFOA PSO PI [17] 5.08 12.80 16.98
Fuzzy PI [18] 3.44 13.11 11.07
Fuzzy PID 0.84 6.02 5.83

The expression for the ITAE objective function is:

Lsim
mE =] (7| +|amy | +[aBy|)ear - (14)

3
3 x10

[---FPID[19]
GA PI[16]
——BFOAPI[16]
| ——BFOAPSOPI[17]
Fuzzy PI[18]
\: | Fuzzy PID

AF1 (Hz)

0 10 20 30 40 50 60 70 80
Time(s)

- - =FPID [19]
GA PI[16]
——BFOAPI[16]
——BFOAPSOPI[17]
Fuzzy PI[18] /)
Fuzzy PID

)
So
b =
2
4
6
3 . . . . . . .
0 10 20 30 40 50 60 70 80
Time(s)
Fig. 13.  Dynamic responses to the pulse load disturbance in two areas:

(a) AF/, (b) AF_?.

The simulation results shown in Figures 12-15 show that
the output response of the frequency difference of the two areas
has a settling time of about 7 to 10s, the overshoot is very low
and the frequency oscillation does not exist when using the
proposed fuzzy — PID controller. These results prove the
optimality of the proposed controller. In this section, when the
system faces different types of load disturbances, the
undesirable effects will be minimized under the active
capability of the suggested controller.

B. System  Simulations Considering Nonlinear
Components and Uncertainty Parameters

System

It is a fact that nonlinear components such as GDB and
GRC along with the uncertainties of parameters are highly
suitable for practical control systems. A real interconnected
power system must naturally include such components.
Nonlinearities, GDB and GRC, may concern directly the
operation of the power system. In the meantime, the
uncertainties regarding the variation of system parameters as
illustrated in Table V obviously affect the stability of the power
system. In this subsection, these undesired effects will be
minimized under the positive influence of the proposed PID-
like fuzzy logic controller.
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L x10°
05
0
¥5
a =
@) < - - -FPID [19]
——GA PI[16]
——BFOAPI[16]
15 ——BFOA PSO PI[17]
Fuzzy P1[18]
Fuzzy PID
2 e
25 L ! L | . I
0 10 20 30 40 50 60 70 80
Time(s)
15102
)
:,
(G
<
1 L - - =FPID [19]
| ~——GAPI[16]
| ——BFOAPI|[16]
15 | ——BFOAPSOPI[17]
Fuzzy PI[18]
s Fuzzy PID
s L ! L ! L .
0 10 20 30 40 50 60 70 80
Time(s)
Fig. 14.  Dynamic responses to the random load disturbance in two areas:
(a) AF/, (b) AF].
(X100
5 - = =FPID [19] i
~——GA PI[16]
——BFOAPI [16]
——BFOAPSOPI[17]
2 Fuzzy PI [18]
Fuzzy PID
S1
@ =,
1
2
0 10 20 30 40 50 60 70 80
Time(s)
5107
4 - - -FPID [19] E
=——=GA PI[16]
3 ——BFOAPI[16] i
2 ——BFOAPSOPI[17]
Fuzzy PI1[18]
ol
=
o
b £
3
4 . . . . . .
0 10 20 30 40 50 60 70 80
Time(s)
Fig. 15. Dynamic responses to the sinusoidal load disturbance in two areas:

(a) AF/, (b) AF].

Simulation results when embedding nonlinearities and
uncertainties are exhibited in Table V and Figure 16. As can be
seen, the mnegative influences of these variations are
successfully limited. Both the frequency and tie-line power
deviations are still rejected with good control performance, i.e.
low overshoots and short settling times. These results
demonstrate the robustness of the proposed fuzzy logic-based
load-frequency controller.

TABLE V. PARAMETER VARIATIONS
Tgl 0.1+ 0.1*50%
Tg2 0.2+ 0.1*50%
Ml 10 £ 0.1*50%
D1 1+ 1*50%
M2 10 £ 0.1*50%
D2 1+ 1*50%
GRC 5%
GDB 5%
7 2 i
NS e
——FumyPID
:FlllzyPI 18]
(a) EBFOA PSOPI[17]
EBFOA PI[16] b
_GAPI [16]
T D CFPD O] |
-6 . -
0 10 20 30 40 50
Time(s)
%10
!
of =
Fuzzy PID
éz Fuzzy PI[18]
b & —
- ——— BFOA PSOPI[17]
EBFOAPI i3]
-GA PI[16]
6l B - 4
- = -FPD [19]
-8 - — -
0 10 20 30 40 50
Time(s)
Fig. 16.  Dynamic responses to the step load disturbance in two areas (with

uncertainty parameters): (a) AF, (b) AF..

C. Performance Comparison with Time — Delay = 0.2s and

AP, =AP =003 (Step Load)

Time delay is another crucial parameter affecting the
operation of a power system. Long time delay may be
detrimental to system stability and may degrade system
performance. From Figure 17, it is obvious that the damping
characteristics obtained by the proposed fuzzy — PID controller
are the best among the results.

www.etasr.com

Doan etal.: A Novel Fuzzy Logic Based Load Frequency Control for Multi-Area Interconnected Power ...



Engineering, Technology & Applied Science Research

Vol. 11, No. 4, 2021, 7522-7530 7528

x10°3

- - -FPID [19]
———GA PI[16]
——BFOAPI[16]
——BFOAPSOPI[17]
Fuzzy PI [18]
Fuzzy PID

(@)

AT1 (Hz)

0 10 20 30 40 50 60 70 80
Time(s)

AT2 (lz)

(b) - - -FPID[19]
~——GAPI[16]
——BFOAPI[16]

——BFOAPSOPI[17]

Fuzzy PI[18]
Fuzzy PID

) 10 20 30 20 50 60 70 80
Time(s)

Fig. 17. Dynamic responses to the step load disturbance in two areas (with

time delay): (a) AF;, (b) AF-.

V. CONCLUSION AND FURTHER WORK

In this paper, a comparative evaluation has been performed
to examine the effectiveness of the proposed fuzzy —PID
controller. In order to provide realistic results, the proposed and
five known controllers, namely the FPID, GA PI, BFOA PI,
and the fuzzy PI controllers were validated on a two-area

thermal unit power system in which the physical constraints of
the GRC, GDB, and uncertainty have been taken into
consideration. A rule-based scheme for gain scheduling of the
PID controller is proposed for process control. The new
scheme utilizes fuzzy rules and reasoning to determine the
controller parameters and the PID controller generates the
control signal. Comparative dynamic performance evaluations
have been carried out under step, pulse, sinusoidal, and random
load perturbation patterns. The results demonstrate that the
fuzzy - PID controller achieves much better dynamic
performance (largest minimum damping ratio, smallest IATE
value, smallest overshoots, and smallest settling times of the
area frequency oscillations). It is confirmed that the proposed
fuzzy — PID controller outperforms many existing counterparts
such as the FPID, GA PI, BFOA PI, BFOA PSO PI, and fuzzy-
PI controller in stabilizing the system. Future work will focus
on finding a new method to determine significant factors,
namely Kpmin, Kpmar, Kamin and Kgne. In this context, an
effective optimization method should be taken into account.

APPENDIX

Description of a Two-Area Interconnected Power System in a
State-Space Form

State Variables:
X =M Xy =AB X3 = APy
Xy=48H x5 =AR, Xo =AF,
Xg=APpy g =AF ) Yo =[ACEl

X0 = [ ACE,dt

Control inputs: upsy

Disturbance inputs: d1 = AP . d2 =AP, ,

The state vector ‘x’ (10x1), control vector ‘u’ (2x1), and
the disturbance vector ‘d’ (2x1) are:

= 3 APgl 2 APL1 1
T X0 ul ‘ 1 1 A Ptl 1 Afl
s Tats+1 | x3 | Tchis+1 %2 M1.5+D1 x1
Governor 1 Non - Reheat Turbin Generator 1
4
2*pi*T12 *
x8 s -
4 8
-1 -1
Acay 10 7 APg2 ¢ APr2 5 APt2 4 AR
1 x10 u2 1 Fhp*Th.s+1 1
S Tg2.s+1 Tch2.s+1 Trh.s+1 x5 M2.s+D2 x4
Governor 2 Governor 3  Non - Reheat Turbin1 Generator 2
X6
Y
| 2PL2

Fig. 18.

Block diagram of a two-area interconnected non-reheat thermal— reheat thermal power system used to find the state — space of the system.
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