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Abstract—In an interconnected power system, any sudden small
load perturbation in any of the interconnected areas causes the
deviation of the area frequencies, the tie line power and voltage
deviation at the generator terminals. This paper deals with the study
of performance of intelligent Fuzzy Logic controllers coupled with
Conventional Controllers (PI and PID) for Load Frequency Control.
For analysis, an isolated single area and interconnected two area
thermal power systems with and without generation rate constraints
(GRC) have been considered. The studies have been performed with
conventional PI and PID controllers and their performance has been
compared with intelligent fuzzy controllers. It can be demonstrated
that these controllers can successfully bring back the excursions in
area frequencies and tie line powers within acceptable limits in
smaller time periods and with lesser transients as compared to the
performance of conventional controllers under same load disturbance
conditions. The simulations in MATLAB have been used for
comparative studies.

Keywords—Area Control Error, Fuzzy Logic, Generation rate
constraint, Load Frequency, Tie line Power.

[. INTRODUCTION

ELIABILITY in Electrical power is required for proper

functioning of an electric grid. It means that the frequency
and voltage deviations should be within the specified limits
[9]. In an interconnected power system, any sudden small load
perturbation in any of the interconnected areas causes the
deviation of the area frequencies, the tie line power and
voltage deviation at the generator terminals. Automatic
Generation Control (AGC) is hence used to maintain the
desired megawatt output and the nominal frequency in an
interconnected power system through Load Frequency control
(LFC) and also the voltage deviation at the generator terminals
with the help of Automatic Voltage Regulators (AVR). An
AGC scheme for an interconnected power system basically
incorporates suitable control system, which can bring the area
frequencies, tie line powers, voltage deviations back to
nominal or very close to nominal values effectively after the
load perturbations.
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II. AN OVERVIEW OF LOAD FREQUENCY CONTROL

A. Need for Frequency Control

For large scale power systems which consist of inter-
connected control areas, it is important to keep the frequency
and inter area tie power near to the scheduled values. The
input mechanical power is used to control the power output
and thus control the frequency. The change in the frequency
and tie-line power are sensed, which is a measure of the
change in rotor angle [6]. The reactive power is less sensitive
to changes in frequency and is mainly dependent on
fluctuations of voltage magnitude. So the control of the real
and reactive power in the power system is dealt separately.

The main objectives of Load Frequency Control are:

1) To maintain the desired megawatt output and the
frequency in an interconnected power system.

2) To maintain the net interchange of power between control
areas at predetermined values.

In addition, the power system should fulfill the required
dispatch conditions. A lot of studies have been made in the
last two decades about the LFC in interconnected power
systems [1]. Literature survey shows that only a few
investigations have been carried out using Fuzzy Logic
Controller (FLC) [12], [13]. The most widely employed one is
the fixed gain controller, like integral controller or PI
controller due to its low cost and high reliability in operation.
Fixed gain controllers are designed at nominal operating
points and may no longer be suitable in all operating
conditions [11].

The real world power system contains different kinds of
uncertainties due to load variations, system modeling errors
and change of the power system structure. As a result, a
conventional controller based on the classical theories is not
suitable for the LFC problem. The conventional control
strategy for the LFC problem is to take the integral of the area
control error as the control signal. An integral controller
provides zero steady state deviation but it exhibits poor
dynamic performance [2], [3]. Consequently, it is required that
a flexible controller be developed. In view of this, control
strategy based on intelligent fuzzy controllers combined with
conventional controllers has been proposed here.

B. Single Area Control

The complete block diagram for single (isolated) area can
be obtained by combining all the individual transfer function
blocks of turbine, generator, governor and load as shown in
Fig. 1. There are two important incremental inputs to the load
frequency control system — APc(s), the change in speed
changer setting and APp, the change in load demand. A
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situation where speed changer has a fixed setting [APc(s) = 0]
and load demand APp changes is called free governor
operation. After performing steady state analysis on this
system, the steady state change in system frequency is
obtained as follows (after certain practical approximations)[7]:

1

Af = —-AP 1
f= i (M
APg(s)
AP (s) K., DXgls) K, APg(s) K,. Af (s)
14T, 1+ sT, 1+58T,
1
)

Fig. 1 Single Area Control Model

C. Multi Area Control

In case of an interconnected power system having two or
more areas connected through tie lines, each area supplies its
control area and tie lines allow electric power to flow among
the areas. However, a load perturbation in any of the areas
affects output frequencies of all the areas as well as the power
flow on tie lines. Following are the basic operating principles
of an interconnection of power systems [2]:

1. Under normal operating conditions, each control area
should strive to carry its own load, except such scheduled
portions of the other members’ loads as have been
mutually agreed upon.

2. Each control area must agree upon adopting regulating
and control strategies and equipment that are mutually
beneficial under both normal and abnormal situations.

Incremental power balance equation for area-1 can be
written as [7]:

2L 4 (Af) + BLAfy + APyey  (2)

APg1(s) — APpy(s) = T

Hence the change in frequency is given as shown in Fig. 2:

AF;(s) = [APg;(s) — APy (s) — APge 1 ()] Kps1 A3)

14+5Tps1

Compared to single area,AP,e; is the only change in the
above equation for two area where

T
APye1(s) = T2 [AF,(s) — AF, ()] (4)
APyiei(s)
APG,(s) S Kps1 AF(s)
1+sT,,
APpyy(s)

Fig. 2 Change in frequency for Two Area control

Similarly for control area 2,AP; »(s) is as shown in Fig. 3:

APy () = =22 [AF, (5) — AF,(5)] (5)
APy (s) 2nTs a APge(s)
s 12
AF,(s) AFy(s)

Fig. 3 Tie line power in Area-2

The load frequency control discussed so far does not
consider the effect of the restrictions on the rate of change of
power generation. In power systems having steam plants,
power generation can change only at a specified maximum
rate. Some have a generation rate between 5 to 10% per min.
If these constraints are not considered, system is likely to
chase large momentary disturbances [4]. This results in undue
wear and tear of the controller. Several methods have been
proposed to consider the effect of GRCs for the design of
automatic generation controllers. When GRC is considered,
the system dynamic model becomes non-linear [10].
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Fig. 4 Transfer Function Model for Two Area Thermal System

III.  APPLICATION OF Fuzzy CONTROL STRATEGY

It has been found that the amount of control required is
easier for the operator to describe in terms of qualitative and
symbolic forms. This automatically leads to a fuzzy-type
solution whose strengths lie in the areas described. The fuzzy
controller gives the opportunity to describe the control action
in qualitative terms [13].

The basic idea behind the fuzzy rule set is that if the change
in frequency (delf) is found to be negative and its rate of
change is also negative (deldelf), the power supplied should be
more in order to meet the excess demand and vice versa.
However, in case the rate of change (deldelf) is found to be
positive, it is not required to increase the power generation by
large amount. It can be varied slowly. This is very difficult to
implement in a mathematical formula because slow is not an

” |y
T, }7 AF(x)
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exact number but a qualitative expression. Hence, a control
strategy based on Fuzzy sets is implemented as in Table I.

The model as shown in Fig. 6 was used to implement
intelligent control strategy.

y
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Fig. 5 (a) FIS Editor block in MATLAB
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Fig. 5 (b) Output Surface Viewer in MATLAB

o—F

Derivative -m— NP _@
Outt
B . Integral Controller
Fuzzy Logic -
Controller

Fig. 6 Implementation of Fuzzy Logic Controller in MATLAB

IV. SIMULATION OUTPUTS

The parameters considered for simulation have been
provided in Table II. The simulations were performed in
MATLAB 2012 for the model shown in Fig. 4. The tuning of
gains for conventional controllers was performed using PID
tuner tool available in MATLAB.

TABLE I
PARAMETERS USED FOR SIMULATION
Single Area Two Area
Parameters
System 1 System 2 Area 1 Area 2
Ty, (sec) 0.4 0.3 0.4 0.45
T, (sec) 0.36 0.2 0.36 0.5
Tps (sec) 20 20 20 22
K 1 1 1 1
K, 1 1 1 1
Kops 125 125 125 100
1/R
(p.u(MW)/Hz) 0.4 0.4 0.4 0.33
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Fig. 7 (b) Using Intelligent Controllers (Change in frequency vs. Time)
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B. Single Area Control with Multiple Generators

Single Area Control with two generators using Conventional controllers
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Fig. 8 (b) Comparison between conventional and intelligent controllers (Change in frequency vs. Time)

C. Single Area Control with Generation Rate Constraints

Single area control with GRCs
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Fig. 9 Comparison between conventional and intelligent controllers (Change in frequency vs. Time)
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Fig. 10 (c) Using conventional controllers (Change in tie line power vs. Time)
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Fig. 10 (d) Comparison between conventional and intelligent controllers (Change in tie line power vs. Time)

E. Two Area Control with Change in Area-2
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Fig. 11 (b) Comparison between conventional and intelligent controllers (Change in frequency vs. Time)
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Fig. 11 (d) Comparison between conventional and intelligent controllers (Change in tie line power vs. Time)

V.RESULTS

The results obtained have been tabulated as shown.

TABLE V
SETTLING TIME AND STEADY STATE ERROR FOR SINGLE AREA CONTROL
WITH GENERATION RATE CONSTRAINTS

Without Controller PI Fuzzy PID

TABLE III —
SETTLING TIME AND STEADY STATE ERROR FOR SINGLE AREA CONTROL Settling Time (sec) 27 Inf 1.3
Without Fuzzy  Fuzzy Steady state error(p.u) -0.05 Inf 0
Controller  F1D Fuzzy PI PID
Settling Time 18 16 5 12 6 TABLE VI
(sec) SETTLING TIME AND STEADY STATE ERROR IN FREQUENCY AND TIE LINE
Steady state 0.05 0 0.023 0 0 POWER FOR TWO AREA CONT?OL WITH CHANGE IN AREA |
error(p.u) Without PID Fuzzy Fuzzy
Controller PI PID
TABLE IV Settling Freq. 23 37 11 13
SETTLING TIME AND STEADY STATE ERROR FOR SINGLE AREA CONTROL time(sec) Tie line Power 23 37 1 13
WITH MULTIPLE GENERATORS
: Steady State Freq. -0.029 0 0 0
Without Fuzzy Lo
Controller PI PID Fuzzy PI PID Error (p.u)  Tie line Power -0.009 0 0 0
Settling
Thme (s6¢) 25 50 23 12 7
Steady state 0.025 0 0 0 0
error(p.u)
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TABLE VII
SETTLING TIME AND STEADY STATE ERROR IN FREQUENCY AND TIE LINE POWER FOR TWO AREA CONTROL WITH CHANGE IN AREA 2

S Freq.
Settling time(sec) Tie line Power

Steady State Error Freq.
(p.u) Tie line Power

For single area control with single generator as shown in
Fig. 12 (a) and Table III it is observed that using intelligent
controllers there is improvement in the steady state and
transient response of the system. As shown in Fig. 12 (a) using
Fuzzy PID controllers there is reduction in the settling time
62.5% compared to conventional PID and the steady state
error in frequency is also brought down to zero. In general
with only fuzzy controllers, there is a reduction in the settling
time. However, using only fuzzy controllers does not make

Without Controller PID Fuzzy PI Fuzzy PID
17 38 14 12
17 38 14 12
-0.027 0 0 0
0.01 0 0 0
20
15 -
10 A m Settling Time
(sec)
5
o m Steady State
Error
S A B
$.30° ! Q& G @QQ [X (-0.01) p.u)]
<° <‘o$

steady state error zero. Hence they are coupled with
conventional controllers to achieve that.

For single area control with multiple (two) generators also
as shown in Fig. 12 (b) and Table IV it is observed that using
intelligent controllers (Fuzzy PID) there is improvement in the
steady state and transient response of the system. Using Fuzzy
PID the settling time has reduced by 69%. However since
there are two generators, for the same change in load APp the
system takes more time to settle.

For single area control with generation rate constraints as
shown in Fig. 9 and Table V, it was observed that
conventional controllers based on classical theory were not
able to settle the error in frequency produced. Using Fuzzy
PID controllers this was overcome.

For two area control, two cases have been studied. In each
case, there is same change in load APp given to one single
area. It is found that in both cases using intelligent controllers
(Fuzzy PID) there is improvement in the steady state and
transient response of the system. For change in area 1, it is
found that with an increase in load there is power flow in tie
line from Area 2 to Area 1. Since in our analysis AP, 1_, Was
assumed to be positive (in the modelling), the steady state
error is found to be negative. This is illustrated in Figs. 10 (a)-
(d) and Table VI. In this case using Fuzzy PI the system
settled almost thrice faster compared to conventional PI.
Similarly, for an increase in load demand in area 2, there is a
drop in frequency. However, in this case since the flow of
power is from area 1- area 2, the steady state error in tie line
power is positive (as per our assumption). This is illustrated in
Figs. 11 (a)-(d) and Table VII. In both cases considered it is
found that there is a considerable change in the performance
using intelligent Fuzzy controllers compared to the
conventional PID controllers.

In all the cases studied, it is also found that the Fuzzy
controller reduces the peak overshoots or undershoots in the
system. Thus, even under load perturbations, it remains mostly
within the allowable limit.

Fig. 12 (a) Comparison of different controllers for Single Area

Control

60
50
40 m Settling Time
30 (sec)
20 -+
10 -~ u Steady State

0 - Error

0\\@& > Q\Q @Qx Q\Q [X (-0.001)p.u]
0&.S QQ'(‘) QQ'(\)(‘:\
Y
@‘@

Fig. 12 (b) Comparison of different controllers for Single Area
Control with Multiple Generators

40
30
20 A ® For change in
Area-1 (sec)
10 4 ® For change in
0 - Area-2 (sec)
Without PID Fuzzy P Fuzzy PID
Controller

Fig. 12 (¢) Comparison of different controllers in terms of Settling
Time for Two Area Control

VI. CONCLUSIONS

Load Frequency control for both single area and multi area
have been studied for Thermal generating stations. The typical
two area system has been simulated for different scheduled
generations under different normal loading conditions with 2%
step load disturbance in either area. The scheduled power
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generations from thermal is adjusted to match the system
normal operating load. It can be broadly concluded that using
Fuzzy controllers coupled with conventional controllers the
performance of the system can be improved. Following are
some major conclusions:

D)

2)

3)

4

5)

6)

3]

In case of both single and two area, with increase in load
in one area there is a drop in frequency in both areas. This
is because the area with increase in load tries to demand
power from the other area thus making a deficit of
generated power in both areas. Due to this power transfer,
the power through the tie line increases. Again, without
controllers the frequency and tie line power do not return
to their nominal value.

The PID controller is found to have better dynamic
performance in most cases. It is advantageous in terms of
settling time, overshoot, steady state value and
oscillations. It has been found that the optimal gains of the
controller are different for different loading conditions
and systems [8].

To achieve better dynamic performance, the gains must be
different for each source in an area. Therefore the
selection of gains based on one typical nominal loading of
the system and also by considering one source of power
generation in area is not a realistic study [5].Hence in
realistic power system having diverse sources of power
generation, the dynamics of all energy sources must be
incorporated for controller design.

Conventional controllers being linear controllers do not
respond well to the non-linearity in the system such as
generation rate constraint.

Compared to intelligent Fuzzy controllers, the
conventional controllers are slow in action.

Using only fuzzy controllers gives a steady state error.
Hence, a conventional controller such as PI or PID is used
along with it to make the steady state error zero.

APPENDIX

Parameters Used for Simulation
APp =+0.02 pu, a;, = -1

T,=0.08, B, = 0.425, B, =0.326
Saturation limits (for GRC) =+ 0.2
Nominal Frequency = 50 Hz
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