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This paper presents a self-adjusting, fast acting fuzzy gain scheduling scheme for conventional integral gain
automatic generation controller for a radial and ring connected three equal power system areas. Different fuzzy
membership functions have been considered. Various results of transient responses obtained by Sugeno type fuzzy
control, fixed integral gain control and conventional fuzzy control with centre of gravity defuzzification technique
are compared for different off-nominal system operating parameters in a ring or radial connected three areas system.
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INTRODUCTION

Constancy of system frequency and tie-line loadings must be
maintained for satisfactory performance of transformers, electric
clocks, auxiliary induction motor drives of generating units in
generating stations and large ac drives of various industries in
very large scale interconnected systems. Thus automatic genera-
tion control in response to area load changes and abnormal system
operating parameters and conditions in large-scale interconnected
power systems has essentially three objectives.

1. System frequency is to be satisfactorily maintained at or,
very close to specified nominal value ie deviation in
frequency (∆ f ) must be made zero as quickly as possible.

2. Deviation in tie-line interchanges (∆ Ptie ) from the

pre-scheduled contracted interchanges among the areas
must also be made zero as fast as possible.

3. Lastly, optimal generation scheduling must also be done.
Over the last few decades, various load frequency control
strategies have been developed in order to have better
dynamic transient response1 − 4 ,6 ,8. Fixed integral gain
controllers have been proposed for nominal operating
conditions but they fail to provide best control
performance over a wide range of off-nominal operating
conditions. So, to achieve optimal perfor- mance, various
other state feedback and state adaptive optimal
controllers7, 9, 10 have been proposed, which require very
large, complicated computational burden, memory and
time. More recently, fast acting artificial neural networks
(ANN) have been developed to cater for the uncertainties
in the operating power system parameters. But the ANN
approach has many inherent drawbacks like requiring of
large historical database for proper training, network
topology dependence and choice of proper response
functions etc due to which exactly similar performance
may not be obtained. In this paper, two fast acting fuzzy
techniques (1) Sugeno technique11, 12 and (2) Conventional
fuzzy logic with center of gravity defuzzification5

technique have been adopted to change the integral gain

settings automati- cally to restore nominal system
frequency and tie-line loadings for various wide-range
off-nominal power system parameters and area load
changes.

Fuzzy subsets and corresponding membership functions are de-
signed for the operating input parameters as power system time
constant tp, tie-line constant t12 and frequency bias coefficient b.
Decisions are obtained for the optimal integral gain K as the
output. The overall computational and memory burden are very
low, hence becoming very fast acting and adaptive. Results are
apparently found to be less dependent on choice of different
membership functions, choice of defuzzification technique and
more promising than fixed integral approach.

SYSTEM MODELS FOR INTEGRAL CONTROLLED
THREE UNEQUAL INTERCONNECTED AREAS

Two different interconnections have been considered (a) radial
type and (b) ring type. Block diagrams of closed loop controlled
ring type systems are shown in Figure 1. The overall system
connections and assumed tie-line power are shown in Figure 2.

Automatic generation control of these closed loop control sys-
tems means minimizing the area control errors (ACEi) so that
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experience based on transient response or optimal load frequency
control theory12) corresponding to each definite group of sets of
input variables.

For example, assume tp = 20s (M), t12 = 0.45 (L), b = 0.12  (S).

Therefore, ‘tp’ lies within the ‘Medium’ subset and ‘t12’ lies

within the ‘Large’ subset and ‘b’ lies within ‘Small’ subset, then
output integral gain K=0.12 corresponding to rule number 16 (as
given in the Table 1) for ‘M-L-S’ group of set. In this way, for
other values of input variables, other rule numbers and corre-
sponding K values are given by the Table 1.

In this paper the values of K as shown in the Table 1 are
determined on the basis of 10s to 15s settling time and unity pu
overshoot of frequency error ∆ f1 (t) in the area 1 for 0.01 pu step
increase of load in the area 1.

Sugeno Fuzzy Inference Engine

For some unknown numerical values of tp, t12 and b, firstly their
fuzzy subsets in which the  values lie are determined with the help
of ‘IF’, ‘THEN’ logic and corresponding membership values are
determined from the membership functions of the subsets. From

the Table 1 (Sugeno fuzzy rule-base), corresponding rule num-
bers and integral gain (K) values are found out. Now, for each rule
number (say, i) being satisfied, 3 number of membership values

of µtp
(i),  µt12

(i) and µb
(i) are computed from the membership functions

and the ultimate membership value for each rule is calculated as

the minimum (µmin
(i) ) of µtp

(i),  µt12
(i) and µb

(i) because the fuzzy

decision is obtained by the intersection of the fuzzy subsets in
which the numerical values of the inputs tp, t12 and b lie. For the

rule numbers which are not satisfied because values of tp,  t12 and

b do not lie in the corresponding fuzzy subsets (vide Sugeno fuzzy

rule base Table 1), µmin
(i)  will be zero. This is how Sugeno fuzzy

inference engine works.

Sugeno Defuzzification Technique

The final crisp value of integral gain K is computed as follows:-

Final Kcrisp  =  

∑  

i
µmin
(i)  . Ki




 /   


∑  

i
µmin
(i) 



 where i = 1 to 27.

In this equation, only a few values of µmin
(i)  are not equal to zero,

majority values of µmin
(i)  will be zero as explained earlier.

Hence, for various off-nominal values of tp, t12 and b, Sugeno

fuzzy inference engine (IF-THEN logic) works and finally, de-
fuzzified crisp outputs of integral gains K are computed. This may
be called as Sugeno type fuzzy gain scheduling.

Conventional Fuzzy Rule Base

The values of output integral gains K of the Table 1 (Sugeno fuzzy
rule base) are in this case divided into subsets ‘Low’ (L), ‘Me-
dium’ (M) and ‘High’ (H). ‘Low’ is 0.04 <= K <= 0.12; ‘Me-
dium’ is 0.12 <= K <= 0.26; ‘high’ is 0.40 <= K <= 0.80. Mean
values of K of ‘High’, ‘Medium’ and ‘Low’ sets are 0.08, 0.19,
0.60, respectively.

Conventional Fuzzy Inferencing and Defuzzification by
Centre of Gravity Method

The numerical on-line values of the inputs are tried to fit in their
subsets. Some subsets will be satisfied, some will not be satisfied.
The individual membership values tp, t12 and b are determined

from the corresponding membership functions of the subsets and
their minimum µmin is calculated. Correspondingly, the subset of

the output K is also identified from the rule-base (Table 2). In this
way, several µmin values are possible corresponding to the same

subset of the output. The maximum of those µmin values (Max

composition) is the final µ value for the particular subset of the
output. This is how conventional fuzzy inference engine works
here.

Now defuzzification is done by Centre of Gravity technique as
follows:- 

Final  Kcrisp = 

∑  

i
µi . Ki




 /  


∑  

i
µi



 ,  where  i = ‘High’,

‘Medium; and ‘Low’ subsets output K.

Table 1  Sugeno fuzzy rule base

Rule
No

Subset
of tp

Subset
 of t12

Subset
of b

Sugeno
Integral

Gain
K

1 S S S 0.80

2 S S M 0.55

3 S S L 0.41

4 S M S 0.20

5 S M M 0.15

6 S M L 0.12

7 S L S 0.09

8 S L M 0.07

9 S L L 0.05

10 M S S 0.58

11 M S M 0.55

12 M S L 0.50

13 M M S 0.26

14 M M M 0.22

15 M M L 0.20

16 M L S 0.12

17 M L M 0.07

18 M L L 0.04

19 L S S 0.60

20 L S M 0.58

21 L S L 0.52

22 L M S 0.25

23 L M M 0.22

24 L M L 0.21

25 L L S 0.14

26 L L M 0.13

27 L L L 0.12
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system to dampen the oscillations appreciably. As t23

decreases, the oscillations again increase because the
system becomes weakly coupled ring system, tending
towards 3 area radial system.

6. The simple two area system supports much higher integral
gain K for similar transient response obtained from three
area system. The reason may be that more
interconnections of the system introduce more non-
linearity in the system, becoming more difficult to
stabilize with only integral gain control, however small the
value of the gain may be. 

7. The transient responses are found to be immune to the
choice of membership functions and defuzzification
technique but undoubtedly better than those with fixed
integral gain responses because fuzzy approach yields
self-adjusting gain values. 

8.
The first frequency droop of ∆f1 (t) is always much higher
than ∆f2 (t) and ∆f3 (t) as load is impressed on area 1 only.

9. The centre of gravity defuzzification technique is
sometimes immune to variation of input parameters,
yields nearly constant output, in contrast to Sugeno
approach, though transient responses are similar. 

Finally, one limitation of Sugeno approach must be pointed out.

The number of rules in Sugeno Fuzzy rule base increases very

drastically as the number of subset divisions (very low, very

intermediate etc.) increases and the number of input variables

increases. For example, if the number of inputs increases from 3

to 4 and the number of subsets for each input increases from 3 to

5, the increase in the number of rules is 45 - 33 = 997. Thus, the

number of output values of integral gain (K) required for all the

rules will be drastically large, becoming quite inconvenient prac-

tically whereas centre of gravity defuzzification technique con-

sidering some subsets for outputs (Integral gain K) will be

undoubtedly better in this respect with very much lesser number

of K values required, equal to the number of output subsets only.

Sugeno rule base requires large computer memory.

CONCLUSIONS

1. The fuzzy logic approach to integral gain scheduling
yields overall better performance regarding transient
responses in comparison to the case of fixed integral gain.

2. The ring system shows better transient response than a
radial system, considering the same input parameters and
gains. 

3. The fuzzy logic approach yields automatic, self- adjusting
outputs irrespective of widely varying, impre- cise,
uncertain off- nominal conditions. 

4. The memory burden and the computational burden and
time reduce drastically in the fuzzy logic approach as it
involves only IF- THEN-ELSE logic in the fuzzy
inference engine and accordingly output decision is taken.
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APPENDIX

Block diagram model parameters, equations and transfer functions for three equal
area system. 

Model Parameters

f = System frequency, HZ,

R = Speed governor regulation, HZ/pu,

Tg = Speed governor time constant, s,

Tt = Time constant of main inlet volumes and stream chent of turbine, s,

tr = Time constant of reheater, s,

c = Fraction of total turbine power generated by HP section of reheat turbine,

tp = Power system time constant,s,

b = Frequency bias constant, pu/HZ,

t12 = tie  line synchronising power co-efficient (pu) between area 1 and area 2 =
(2π | V1 |  | V2 | ⁄ X12) cos (δ1 − δ2),

where, X12 is the tie-line reactance in pu, |V1|,  |V2| area 1 and 2 voltages, respec-
tively.

Similarly, t13 and t23 are the tie-line synchronising power co-efficients between
areas 1 and 3 and area 2 and 3, respectively,
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∆PD = small change in load demand PD,

∆Ptie, mn = small change in tie-line power interchange between areas m and n,

∆fm = small change in frequency in area m,

K = integral gain constant (output variable),

s = laplace variable.

Model Equations

∆f1 = ([

B1 . ∆f1 + (t12

 ⁄ s) . (∆f1 − ∆f2) + (t13
 ⁄ s) . (∆f1 − ∆f3)  ×

        (− K1
 ⁄ s) − (∆f1

 ⁄ R1)] . (1 ⁄ ((1 + s . Tg1) . (1 + s . Tt1))) − ∆PD (s)  (T12
 ⁄ s) .

        (∆f1 − ∆f2) − (t13
 ⁄ s) (∆f1 − ∆f3)) × (Kp1

 ⁄ (1 + stp1))

∆f2 = ([

B2 . ∆f2 − (t12

 ⁄ s) . (∆f1 − ∆f2) + (t23
 ⁄ s) . (∆f2 − ∆f3) .

         (− K2
 ⁄ s)  (∆f2

 ⁄ R2)] . (1 ⁄ ((1 + s . Tg2) . (1 + s . Tt2))) + (t12
 ⁄ s) .

         (∆f1 − ∆f2) − (t23
 ⁄ s) (∆f2 − ∆f3)) × (Kp2

 ⁄ (1 + stp2))

∆f3 = ([

B3 . ∆f3 − (t12

 ⁄ s) . (∆f1 − ∆f3) − (t23
 ⁄ s) . (∆f2 − ∆f2)  ×

         (− K3
 ⁄ s) − ∆f3

 ⁄ R3)] . (1 ⁄ ((1 + s . Tg3) . (1 + s . Tt3))) − t13
 ⁄ s .

         (∆f1 − ∆f3) + t23
 ⁄ s (∆f2 − ∆f3)) . (Kp3

 ⁄ (1 + stp3))

∆Ptie 12  =  (t12
 ⁄ s) . (∆f1 − ∆f2),  ∆Ptie 13 = (t13

 ⁄ s) . (∆f1 − ∆f3),

∆Ptie 23 = (t23
 ⁄ s) . (∆f2 − ∆f3)

where in the above equations ∆f1, ∆f2, ∆f3, ∆Ptie12, ∆Ptie13 and ∆Ptie23 are actually

∆f1 (s), ∆f2 (s), ∆f3 (s), ∆Ptie12 (s), ∆Ptie13 (s) and ∆Ptie23 (s), respectively, inverse

Laplace of which will yield ∆f1 (t), ∆f2 (t), ∆f3 (t), ∆Ptie12 (t), ∆Ptie13 (t) and

∆Ptie23 (t), respectively. With the help of ‘MATLAB’ software all these time

functions may be plotted. Study of the curves yields study of the transient response
of the three area system.

Vol 84, December 2003 141




