
 

Abstract—This paper presents classical/fuzzy/variable structure 
controller-based approach to the load frequency control (LFC) 
problem in interconnected electric power generation systems. This 
approach combines the salient features of both 
classical/fuzzy/variable structure controller to achieve high-
performance and robustness of the LFC. Simulation results indicate 
that the control scheme is able to substantially enhance control 
performance in two-area interconnected systems under deregulated 
operating conditions. Furthermore, it is shown under different case 
studies that the responses of the system employing the proposed 
variable structure controllers are quite insensitive to parameter 
changes and speed governor deadband, with or without generation 
rate constraints. The control strategy requires low computational cost 
and is amenable for practical implementation. 
 

Keywords—Deregulated environment, Load-frequency control, 
variable structure-based control, fuzzy logic control. 
 

I. INTRODUCTION 
 

HE present day power systems are rapidly expanding and 
are in continuous need for control methods in order to 
maintain both stable behaviour and reliable operation. 

This involves meeting the load demands at all the time and 
sustaining constant frequency.  Unpredictable changes in the 
load demand occur continuously in an interconnected power 
system. These changes in load always cause a mismatch 
between power generation and consumption, which adversely 
affects the quality of generated power in several ways. Among 
these, the frequency deviation, the time error (the time integral 
of deviations in frequency) and the deviation in the scheduled 
tie-line power, are the most important. Therefore the objective 
of load frequency control (LFC) or automatic generation 
control (AGC) in interconnected power systems is twofold: 
minimizing the transient errors in the frequency and the 
scheduled tie-line power and ensuring zero steady-state errors 
of these two quantities. 
 A second approach based on the modern optimal control 
theory [1-7]. It is a nonlinear control method that alters the 
dynamics of a nonlinear system by application of a high-
frequency switching control. 
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The multiple control structures are designed so that 
trajectories always move toward a switching condition, and 
hence the ultimate trajectory will not exist entirely within one 
control structure. Instead, the ultimate trajectory will slide 
along the boundaries of the control structures.  

Recently, fuzzy logic controllers based on fuzzy set theory 
are used to represent the experience and knowledge of a 
human operator in terms of linguistic variables that are called 
fuzzy rules. The implementation of linguistic fuzzy rules 
based on the procedures done by human operators does not 
also require a mathematical model of the system. Therefore a 
fuzzy logic controller (FLC) becomes nonlinear and adaptive 
in nature having a robust performance under parameter 
variations with the ability to get desired control actions for 
complex, uncertain, and nonlinear systems without the 
requirement of their mathematical models and parameter 
estimation [8]. 

In this paper, the two area dynamic model formulated 
following the ideas presented by Kumar et al. [9], [10] is 
considered for application of different classical controllers and 
fuzzy logic controllers. The traditional AGC is well discussed 
in the papers of Elgerd and Fosha [11], [12]. Research work in 
deregulated AGC is contained in [13], [14]. The purpose of 
this paper is to present a systematic approach for comparative 
application of classical, variable-structure and fuzzy 
controllers for the load frequency control of an interconnected 
restructured power system. 

 

II. RESTRUCTURED POWER SYSTEM 

In the restructured or deregulated environment, vertically 
integrated utilities no longer exist. The utilities no longer own 
generation, transmission, and distribution. As there are several 
GENCOs and DISCOs in the deregulated structure, a DISCO 
has the freedom to have a contract with any GENCO for 
transaction of power in another control area. Such transactions 
are called “bilateral transactions.” All the transactions have to 
be cleared through an impartial entity called an independent 
system operator (ISO). The ISO has to control a number of so-
called “ancillary services,” one of which is AGC. [15]–[17]. 
 

A. DISCO Participation Matrix   
In the restructured environment, GENCOs sell power to 

various DISCOs at competitive prices. DISCOs may or may 
not have contracts with the GENCOs in their own area. This 
makes various combinations of GENCO-DISCO contracts 
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possible in practice. The “DISCO participation matrix” (DPM) 
is a matrix with the number of rows equal to the number of 
GENCOs and the number of columns equal to the number of 
DISCOs in the system. Each entry in this matrix can be 
thought of as a fraction of a total load contracted by a DISCO 
(column) toward a GENCO (row). Thus, the entry corresponds 
to the fraction of the total load power contracted by DISCO 
from a GENCO. The sum of all the entries in a column in this 
matrix is unity [9], [10]. 

B. Block Diagram Formulation 
In this section, the block diagram for a two-area AGC 

system in the deregulated scenario is formulated. Whenever a 
load demanded by a DISCO changes, it is reflected in the 
deregulated AGC system block diagram at the point of input 
to the power system block. ACE signal has to be distributed 
among GENCOs in proportion to their participation in the 
AGC. Coefficients that distribute ACE to several GENCOs are 
termed as “ACE participation factors”.  

C. State Space Model Of The Two-Area System In 
Deregulated Environment 

The closed loop system is characterized in state space form 
as given in reference [18] is used in this work.  

.
cl clx A x B u= +  

Where x  is the state vector and u  is the vector of power 
demands of the DISCOs. clA  and clB matrices are 
constructed from the block diagram. The state matrices are 
given in ref.[18]. 

III. FUZZY LOGIC IN POWER SYSTEMS 
Nowadays fuzzy logic is used in almost all sectors of 

industry and science. One of them is load frequency control . 
The main goal of load frequency control in interconnected 
power systems is to protect the balance between production 
and consumption.  

A fuzzy system knowledge base consists of fuzzy IF-THEN 
rules and membership functions characterizing the fuzzy sets . 
The result of the inference process is an output represented by 
a fuzzy set, but the output of the fuzzy system should be a 
numeric value. The transformation of a fuzzy set into a 
numeric value is called defuzzification. In addition, input and 
output scaling factors are needed to modify the universe of 
discourse. Their role is to tune the fuzzy controller to obtain 
the desired dynamic properties of the process-controller closed 
loop. 

A. Fuzzy Logic Controller 
The inputs of the proposed fuzzy controllers are area control 

error (ACE), and change rate in area control error (ΔACE) as 
shown in Fig.1, which is indeed error (e) and the derivative of 
the error ( �̇�) of the system, respectively. This gives us a fairly 
good indicator of the general tendency of the error. 

The block diagram of fuzzy logic controller is shown in 
Fig.1. Membership Functions (MF) specifies the degree to 
which a given input belongs to set. Here, seven membership 
function have been used to explore best settling time namely, 
Negative Large (NL), Negative Medium (NM), Negative 

Small (NS), Zero (ZE), Positive Small (PS), Positive Medium 
(PM) and Positive Large (PL). 
 

 

 

 

 

Fig. 1. Block diagram of fuzzy logic controller 

Fuzzy rules are conditional statement that specifies the 
relationship among fuzzy variables. Rules are given in Table I. 
The rules are interpreted as follows, 
   If input1 “ACE1” is ZE and input2 “derivativeACE1” is NL 
then output is NM. 

TABLE I 
FUZZY RULES 

ACE1 
 

Derivative         
ACE1 

 

 NL NS ZE PS PL 
NL NL NL NM NS ZE 
NS NL NM NS ZE PM 
ZE NL NS ZE PS PL 
PS NS ZE PS PM PL 
PL ZE PS PM PL PL 

    

IV. REVIEW OF VARIABLE STRUCTURE CONTROLLER: 
This paper starts by reviewing some of the basic concepts of 

variable structure control.  

 Basic Concepts of VSC 
 Variable structure systems concepts have subsequently been 

utilized in many applications and engineering problems 
including power systems There are various methods of 
defining sliding mode condition. The Lyapunov- function-like 
reaching condition is defined as follows: 

.
0TV σ σ= < ,  

where 
1 0
2

TV σ σ= <                                                                       (1) 

 The reaching law approach and the direct switching 
function approaches are respectively defined by 

.
sgn( )k qσ σ σ= − −                    (2) 

.

0lim 0σ σ→+ <      and   
.

0lim 0σ σ→− >   
Consider a second-order system described by the following 

equations, 

 
.
x y=   
.

2y y x u= − +                                                                     (3) 
u xψ= −                                                                                              
where 

 
4, ( , ) 0

4, ( , ) 0
s x y

u
s x y

>
= − <

 

And ( , )s x y xσ= ,   0.5x yσ = +  

Derivative 

Zero-Order 
Hold 1  
 

𝑑𝑑
𝑑𝑑

 Fuzzy logic Controller 
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The switching surface consists of the product of two 
functions 0x =  and 0.5 0x yσ = + = . These functions 
represent switching lines that divide the phase plane into 
regions according to the sign ( , )s x y . The main regions are 
defined as follows, 
 Region I:  ( , ) 0, 4,s x y xσ ψ= > =  and the model is 
described as 

.
x y=  

 
.

2 4y y x x= − −    2 5y x= −                                      (4) 
 Region II:  ( , ) 0, 4,s x y xσ ψ= < = −  with state equations 

 
.
x y=  

 
.

2 4y y x x= − −   2 3y x= +                                  (5) 
The trajectory of the whole system is formed by combining 

the trajectories of the two subsystems depending on the 
location of the representative point in the phase plane with 
respect to the two regions. 

V. DESIGN OF VSC FOR AGC SYSTEM 
The optimal generation control problem is to design 

controllers which generate a best actuating signal to control 
the frequency deviation in each subsystem and the tie-line 
power resulting from sudden changes in the load. For 
disturbance conditions it is desirable for the system to have a 
proper transient frequency deviation, zero static frequency 
deviation and reasonably small tie-line power exchange. In 
order to meet these requirements we chosen a quadratic 
performance index in terms of the state vector in the sliding 
mode. 

 Design of the optimal VSC 
To summarize the design procedure for the optimal VSC 

with some modifications as follows: 
Step 1: Find the equation for the system motion in the sliding 
mode: 
First we define the coordinate transformation  

y Mx=                                                                               (6) 
 Such that  

2

0MB
B

=                             (7) 

where M is non-singular n n×  matrix and 2B  is a non-
singular m m×  matrix.  

Differentiating equation (6) with respect to time and then 

substituting for 
.
x from equation 

.
x Ax Bu= +   , 

(0) ssx x= −  we have 
.

1y MAM y MBu−= +                     (8) 
Now writing equation (8) in the form 

.

1 11 12 1
.

221 22 2
2

0y A A y
u

BA A yy

         = +             

                              (9) 

Second, let the equations of the switching hyper plane of the 
VSC be specified by ( ) 0Tx c Xσ = =  with switching vector 

𝑐𝑖 to be determined. In terms of 1y  and 2y  we write above 
equation  

11 1 12 2( ) 0y c y c yσ = + =                                               (10) 

where 11c and 12c are respectively ( )m n m× −  and m m×  
sub matrices satisfying the relation  

[ ] 1
11 12

Tc c c M −=                                                            (11) 
Thus the first equation of equation (9), that is  

.

1 11 1 12 2y A y A y= +                    (12) 
Together with equation (10) uniquely determine the motion 

of the system in the sliding mode. 
Step 2: Specify the optimal sliding mode: 

The problem of designing an optimal VSC in the sliding 
mode can be treated as a linear optimal state regulator 
problem. Without loss of generality, we shall assume that the 
sub matrix 12c  in equation (10) is an identity matrix and that 
the performance index in the sliding mode be given by  

( )1
2 s

T

t
J y Qy dt

∞
= ∫                                                      (13) 

where  

st  is the time instant at which the sliding mode begins and 
Q is real, symmetric, positive semi definite matrix.  

Generally st depends on the initial state y(0) and the 
location of the switching hyper planes of the VSC. In terms of 

1v  and 2v  the performance index in equation (13) can be 
written as 

 ( )1 11 1 1 12 2 2 22 2
1 2 2
2 x

T T T

t
J y Q y y Q y y Q y dt

∞
= + +∫        (14) 

where  

11Q , 12Q  and 22Q are known sub matrices of Q and 2y  is 
regarded as control vector. 

Utkin and Yang[40] have shown that if (a)  22 0Q >  (b) the 
pair (A,B) is controllable and (c)the pair 

1
11 12 22 12( . )TA A Q Q D−− is observable, where  

 1
11 12 22 12

T TD D Q Q Q Q−= −  
Then the optimal control law is given by 

1 1
2 22 12 22 12 1( )T Ty Q A P Q Q y− −= − +  

where P is the solution of the algebraic matrix Ricatti 
equation. 

' ' ' ' 1 ' '( ) ( ) ( ) 0T TPA A P PB R B P Q−+ − + =              (15) 
And 

' 1
11 12 22 22

TA A A Q Q−= −  
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'
12B A=  

'
22R Q= −  

' 1
11 12 12 12

T TQ D D Q Q Q Q−= = −  
Step 3. Determine the optimal switching hyper plane. 
Since 12c I= by assumption, it follows from equation (10) 
that  

1 1
11 22 12 22 22

T Tc Q A P Q Q− −= +                       (16) 
From equation (21) we obtain 

11[ ]Tc c I M=                         (17) 
Therefore the switching hyper planes in equation (10) are 

completely determined by equation (17). 

VI. SIMULATION RESULTS FOR RESTRUCTURED POWER 
SYSTEM 

To illustrate the effectiveness of the proposed application of 
classical, VSC and fuzzy controllers, the two area restructured 
interconnected power system given in reference [18] is 
considered. In this system, the steam plant is interconnected 
with a steam plant via tie-line. The values of the system 
parameters are given same as in Appendix of reference [18].  
 
Case 1: Base Case 
The VS controller is given by  

1 1u K x= , 2 2u K x=                                                        

where [1 17.1663 2.20941.11571 25.0000K = −  

              ]10.0757 7.5215 6.970012.0840 25.000  

   [2 17.1663 2.20941.11571 25.0000K = −  

                  ]10.0757 7.5215 6.970012.0840 25.000  
These values are obtained by applying variable structure 

controller to the two area deregulated power system. Also the 
classical PID and fuzzy logic controllers are also implemented 
with the same system. The simulation diagram of two area 
deregulated power system with PID, VSC and fuzzy 
controllers is implemented in MATLAB/Simulink.  

Figures 2-4 show the results of load change: area 
frequency deviations, actual power flow on the tie line (in a 
direction from area I to area II), following a step load change 
in the load demands of DISCO1 and DISCO2. The frequency 
deviation in each area goes to zero in the steady state [Figs. 2 
and 3]. As only the DISCOs in area I, viz. DISCO1 and 
DISCO2, have nonzero load demands, the transient dip in 
frequency of area I is larger than in area II. Since the off 
diagonal blocks in DPM are zero, i.e., there are no contracts of 
power between a GENCO in one area, the scheduled steady 
state power flow over the tie line is zero.  The actual power on 
the tie line goes to zero [Fig.4]. Comparison of the 
performance of the different controllers (PID, Fuzzy and VSC 
controller) is also provided in the Figs.2-4. On comparing PID 
controller, FL controller and VS controllers, variable structure 
controller is acting efficiently than other controllers in terms 
of performance parameters like settling time, peak overshoot 
and peak undershoot and those values are given in Table II. 

 
Fig. 2. Frequency deviation(f1)  in area I (Case 1) 

 
Fig. 3. Frequency deviation(f2)  in area II (Case 1) 

 
Fig. 4. Tie-line power deviation Ptie1-2(Case 1) 
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TABLE II 
COMPARISON OF PERFORMANCE PARAMETER(CASE 1) 

Results         PID      FLC       VSC 
Delta F1 
Settling time    15 sec     5 sec       6 sec 
Peak overshoot    -0.15    -0.2       -0.15 
Peak undershoot     0.75     0.15        0.1 
Delta f2 
Settling time     15 sec     5 sec     6 sec 
Peak overshoot     -0.04      ------     -0.05 
Peak undershoot     0.65       0.08      0.1 
Delta Ptie 
Settling time     14 sec      5 sec      10 sec 
Peak overshoot     -0.28      -0.04      -0.04 
Peak undershoot      -----        -----       ------ 

 
Case 2: All GENCO’s are in contract with DISCO’s 
 

The VSC controller is given by  
  

1 1u K x= ,  

2 2u K x=                          
 
where 

[1 17.1663 2.20941.11571 25.0000K = −  

              ]10.0757 7.5215 6.970012.0840 25.000  

   [2 17.1663 2.20941.11571 25.0000K = −  

                  ]10.0757 7.5215 6.970012.0840 25.000  
 

These values are obtained by applying variable structure 
controller to the two area deregulated power system. Also the 
classical PID and fuzzy logic controllers are also implemented 
with the same system. The simulation diagram of two area 
deregulated power system with PID, VSC and fuzzy 
controllers is implemented in MATLAB/Simulink.  

Figures 5-7 show the results of load change: area frequency 
deviations, actual power flow on the tie line (in a direction 
from area I to area II), following a step load change in the load 
demands of DISCO1 and DISCO2. The frequency deviation in 
each area goes to zero in the steady state [Figs. 5 and 6]. As 
only the DISCOs in area I, viz. DISCO1 and DISCO2, have 
nonzero load demands, the transient dip in frequency of area I 
is larger than in area II. Since the off diagonal blocks in DPM 
are zero, i.e., there are no contracts of power between a 
GENCO in one area, the scheduled steady state power flow 
over the tie line is zero.  The actual power on the tie line goes 
to zero [Fig.7]. Comparison of the performance of the 
different controllers (PID, Fuzzy and VSC controller) is also 
provided in the Figs.2-4. On comparing PID controller, FL 
controller and VS controllers, variable structure controller is 
acting efficiently than other controllers in terms of 
performance parameters like settling time, peak overshoot and 
peak undershoot and those values are given in Table III. 

 
Fig. 5. Frequency deviation(f1)  in area I (Case 2) 

 
Fig. 6. Frequency deviation(f2)  in area II (Case 2) 

 
Fig. 7. Tie-line power deviation Ptie1-2 (Case 2) 
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TABLE III 
COMPARISON OF PERFORMANCE PARAMETERS(CASE 2) 

  Results          PID      FLC       VSC 
Delta F1 
Settling time    6 sec     6 sec       4 sec 
Peak overshoot    -0.25    -0.16       -0.15 
Peak undershoot     0.06     0.1        ------ 
Delta f2 
Settling time     15 sec     6 sec     14 sec 
Peak overshoot     -0.19      -0.14     -0.14 
Peak undershoot     0.16       0.15      0.02 
Delta Ptie 
Settling time     10 sec      8 sec      10 sec 
Peak overshoot     -0.008      -0.035      -0.05 
Peak undershoot      -----        -----       ------ 

 
Case 3: Contract Violation: DISCO’s may demand more 
power from GENCO’s than specified. 
 

The VS controller is given by  

1 1u K x= , 2 2u K x=   
where    
 

[1 17.1663 2.20941.11571 25.0000K = −  

              ]10.0757 7.5215 6.970012.0840 25.000  

   [2 17.1663 2.20941.11571 25.0000K = −  

                  ]10.0757 7.5215 6.970012.0840 25.000  
 

These values are obtained by applying variable structure 
controller to the two area deregulated power system. Also the 
classical PID and fuzzy logic controllers are also implemented 
with the same system. The simulation diagram of two area 
deregulated power system with PID, VSC and fuzzy 
controllers is implemented in MATLAB/Simulink.  

Figures 8-10 show the results of load change: area 
frequency deviations, actual power flow on the tie line (in a 
direction from area I to area II), following a step load change 
in the load demands of DISCO1 and DISCO2. The frequency 
deviation in each area goes to zero in the steady state [Figs.8 
and 9]. As only the DISCOs in area I, viz. DISCO1 and 
DISCO2, have nonzero load demands, the transient dip in 
frequency of area I is larger than in area II. Since the off 
diagonal blocks in DPM are zero, i.e., there are no contracts of 
power between a GENCO in one area, the scheduled steady 
state power flow over the tie line is zero.  The actual power on 
the tie line goes to zero [Fig.10]. Comparison of the 
performance of the different controllers (PID, Fuzzy and VSC 
controller) is also provided in the Figs.2-4. On comparing PID 
controller, FL controller and VS controllers, variable structure 
controller is acting efficiently than other controllers in terms 
of performance parameters like settling time, peak overshoot 
and peak undershoot and those values are given in Table IV. 
 

 
Fig. 8. Frequency deviation(f1)  in area I (Case 3) 

 
Fig. 9. Frequency deviation(f2)  in area II (Case 3) 

 
Fig. 10. Tie-line power deviation Ptie1-2 (Case 3) 
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TABLE IV 
COMPARISON OF PERFORMANCE PARAMETER(CASE 3) 

Results          PID      FLC       VSC 
Delta F1 
Settling time    25 sec     6 sec       8 sec 
Peak overshoot    -0.42    -0.29       -0.26 
Peak undershoot     -----     0.08       0.02 
Delta f2 
Settling time     14 sec     7 sec     8 sec 
Peak overshoot     -0.19      -0.15     -0.12 
Peak undershoot     0.17       0.12      0.09 
Delta Ptie 
Settling time     20 sec      8 sec      8 sec 
Peak overshoot     -0.08      -0.07      -0.09 
Peak undershoot      -----        -----       ------ 

VII. CONCLUSION 
In this paper, a comparative application of PID controller, 

fuzzy logic controller and variable structure controller for two 
area interconnected power system under deregulated 
environment has been presented. By observing above results it 
is concluded that variable structure controller was acting more 
efficiently in terms of peak overshoot, peak undershoot and 
settling time in all the three case studies. In the proposed AGC 
implementation, contracted load is fed forward through the 
DPM matrix to GENCO set points. The actual loads affect 
system dynamics via the inputs to the power system blocks. 
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