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Power system is a combination of a number of sources and loads properly linked by a transmission system. 

The source is a generating system fueled by renewable or non
renewable system where bio mass fuel is used to generate electric power. Due to low levels of bio fuel 
availability, the gas turbine system is considered as a weak system when compared to thermal and hydro 
systems. However, stable operation can
strong sources. 

The mathematical modelling of a gas turbine system was proposed by Rowen (1983). Later many authors 
have proposed several modelsfor gas turbine plant,Hamid Asgari 
Hannet et al (1995); Hannet and Khan (1993), but Rowen’s model is a proven model for the analysis of gas 
turbine plants to enhance its performance. With Rowen’s model as reference, a small signal model of gas turbine 
plant is developed for interconnected operation with thermal and hydro systems. The one line diagram of the 
Single Area Multi Source system is shown in Fig.1. A control strategy is formulated to control the frequency 
deviation in the single area system with s

The modelling of thermal (Elgerd, 2000) and hydro systems (IEEE committee report, 1973) involve speed 
governors and turbine systems.  These speed governors are identified with drooping c
limitation of speed governor drooping characteristics of thermal and hydro systems, the frequency would settle 
with steady state error when the systems are subjected to load change.

Australian Journal of Basic and Applied Sciences, 10(5) Special 2016, Pages: 137-143

 
AUSTRALIAN JOURNAL OF BASIC AND 

APPLIED SCIENCES 
 

ISSN:1991-8178        EISSN: 2309-8414  
Journal home page: www.ajbasweb.com 

 

© 2016 AENSI Publisher All rights reserved 
work is licensed under the Creative Commons Attribution International License (CC BY). 

http://creativecommons.org/licenses/by/4.0/ 

S.Selva Kumar, Dr. R. Joseph Xavier, Dr. S. Balamurugan., Fuzzy Gain Scheduling for Load Frequency 
Gas Turbine System. Aust. J. Basic & Appl. Sci., 10(5): 137-143, 2016

Fuzzy Gain Scheduling for Load Frequency Control of Single Area Multi 
- Gas Turbine System 

Dr. S. Balamurugan, 

EEE, Amrita School of Engineering, Amrita Vishwa Vidyapeetham, Amrita University, Coimbatore,Tamil Nadu, India
Principal, Sri Ramakrishna Institute of Technology, Coimbatore, Tamil Nadu, India 

Vidyapeetham, Coimbatore, Tamil Nadu, India. 

A B S T R A C T  
It is necessary to operate the power system in interconnected mode with the 
development of renewable and non-renewable energy sources and increase in load
demand. Bio fuelled gas turbine plants as a form of renewable source can be operated 
along with other sources of generation but have to be properly connected and controlled 
to provide better performance when sharing a common load. This paper deals with lo
frequency control of single area multi source system consisting of hydro, thermal and 
gas turbine. When subjected to load change, the speed governor helps in controlling the 
frequency to its nominal value but secondary controller is required for fine tu
frequency. Proportional + integral (PI) controller is used in this work. Ziegler Nichols’ 
(ZN), Genetic Algorithm (GA) and Fuzzy Gain Scheduling (FGS) methods have been 
used for optimal tuning of secondary controller. FGS tuned secondary controller
found to yield better performance. 

INTRODUCTION  

Power system is a combination of a number of sources and loads properly linked by a transmission system. 
The source is a generating system fueled by renewable or non-renewable inputs. A gas turbine 
renewable system where bio mass fuel is used to generate electric power. Due to low levels of bio fuel 
availability, the gas turbine system is considered as a weak system when compared to thermal and hydro 
systems. However, stable operation can be achieved when the gas turbine system is interconnected with other 

The mathematical modelling of a gas turbine system was proposed by Rowen (1983). Later many authors 
have proposed several modelsfor gas turbine plant,Hamid Asgari et al (2011); De Mello and Ahner (1994); 

(1995); Hannet and Khan (1993), but Rowen’s model is a proven model for the analysis of gas 
turbine plants to enhance its performance. With Rowen’s model as reference, a small signal model of gas turbine 

nt is developed for interconnected operation with thermal and hydro systems. The one line diagram of the 
Single Area Multi Source system is shown in Fig.1. A control strategy is formulated to control the frequency 
deviation in the single area system with suitable secondary controller to handle the change in electrical load.

The modelling of thermal (Elgerd, 2000) and hydro systems (IEEE committee report, 1973) involve speed 
governors and turbine systems.  These speed governors are identified with drooping characteristics. Due to the 
limitation of speed governor drooping characteristics of thermal and hydro systems, the frequency would settle 
with steady state error when the systems are subjected to load change. 
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Fig. 1: One Line Diagram of Single Area Multi Source System 

 
Similarly, the gas turbine system also experiences this error due to its speedtronic governor. Hence, for fine 

tuning of frequency and to remove the steady state error, a secondary controller is preferred. The secondary 
controller makes the power system to settle at zero frequency deviation when the system is subjected to load 
variations. PI controller is the commonly used secondary controller.  
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Fig. 2: Transfer Function Model of Multi Source Single Area System 
 

The controller gains are to be properly tuned to obtain an optimal system response. Tuning of the controller 
gains is carried out by ZN (Ziegler and Nichol’s, 1942);(Kaya Ibrahim et al, 2006), GA (Balamurugan et al, 
2008) and FGS (Zhenyu et al, 1993); (VijayaChandrakala et al, 2013) methods. A comparative analysis is 
carried out among the three methods to obtain optimal secondary controller in retaining the system to its 
nominal value at a faster rate. 
 
Mathematical Modelling Of Single Area Multi Source System: 

The transfer function model of thermal, hydro and gas turbine as interconnected system is considered as 
single area operating at 2000 MW, nominal load of 1000 MW and 50Hz as shown in the Fig .2. With an 
increase of load by 1% in such an interconnected system, it leads to dip in area frequency. This frequency 
change is controlled primarily by speed governor and fine tuning of frequency is achieved by secondary 
controller.  The output of secondary controllers drive the individual sources to settle the change in frequency to 
zero and helps in retaining the frequency of the system to its nominal value. 
 
Tuning Of Secondary Controller: 

Due to the drooping nature of the speed governors, the frequency settles with a steady state error but not to 
its nominal value when subjected to 1% variation in load. Hence, secondary controllers are used to fine tune the 
frequency in bringing the system back to its nominal value and provide a smooth change in response of the 
system. PI controller is used as the secondary controller to fine tune the frequency by changing the reference 
power setting as highlighted in Equation 1. PI controller gains are tuned using ZN, GA and FGS techniques.  
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Ziegler Nichol’s Tuning method: 

ZN method involves determining the ultimate gain ‘Ku’ of the system that makes the system marginally 
stable. At that sustained oscillatory condition, the time period of oscillation of the process variable is ultimate 
time period ‘Tu’ of the system. Using the values of Ku and Tu, the gain values of the PID controller is obtained as 
shown in equations 2 and 3. 
 
Kp = 0.45Ku                           (2) 

 

K i = 
u

p

T

K2.1
                           (3) 

  For the single area system designed, the ultimate gain Ku is found to be 3.927 and the time period of 
oscillation Tu is observed as 1.3s. Hence the PI controller gain values according to ZN method are calculated 
and the values are illustrated in Table 1. 

 
Table 1: ZN Tuned PI Gains 

Kp Ki 
1.7671 1.6311 

 
ZN tuned PI controller gain values are fixed and does not vary with respect to minor system conditions. 

Therefore, to achieve optimal PI controller, GA and FGS methods are attempted in this work. 
 

Genetic Algorithm method:  
GA uses a search technique to generate a global solution for any optimization problem. GA uses specific 

operations like parental selection, cross over and mutation upon some initial population and works towards 
bringing out an optimal solution. The process involves minimizing or maximizing a fitness function. Here for 
the single area system, it is required to tune the PI controller gain values by minimizing the fitness function ‘J’ 
called Integral Squared Error ISE as shown in equation 4. 

J = 
2

∫∆f dt               (4) 

  In GA, the initial population taken is five with cross over and mutation probabilities as 0.8 and 0.05 
respectively. An iterative tuning is carried out and the stopping criterion is reached when the mean and best 
values of the minimizing function are equal. GA technique based PI controller gain values are furnished in 
Table 2. 
 
Table 2: GA Tuned PI Controller Gains 

Thermal Hydro Gas Turbine 
Kp Ki Kp Ki Kp Ki 
4.0258 2.9733 11.449 5.378 0.4628 17.85 

 
Fuzzy Gain Scheduling: 

Conventional PI controller has a fixed value for its gains constants for Kp and Ki. These gain constants 
remain unchanged irrespective of the system dynamics and load conditions. Using fuzzy gain scheduling it is 
possible to change the gain values with respect to the system variations thereby providing a better control over 
the process variable.  The fuzzy gain schedule method uses the error and derivative of error to tune the PI gain 
constants as shown in Fig.3. 

 
Fig. 3: Fuzzy Gain Scheduling Block Diagram 

 
Membership functions used in this method are triangular and trapezoidal functions as shown in Fig. 4 with 

triangular functions namely Large Negative (LN), Medium Negative (MN), Small Negative (SN), Zero (Z), 
Small Positive (SP), Medium Positive (MP) and Large Positive (LP) representing the inputs and output. The 
trapezoidal functions LP and LN are used to take care of values beyond the range. The range for the input error 
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E is taken as -0.0171 to 0.0171 and for its derivative E’ the range is -0.0283 to 0.0283. The output range of the 
controller is -0.005 to 0.005. 

 
Fig. 4: Fuzzy Membership Functions 

 
The output scaling factor for proportional and integral gain components is taken as 27 and 7 respectively. 

Table 3 shows the fuzzy rules used to schedule the gain for the Proportional gain Kp and integral gain Ki derived 
from the rule base and previous knowledge on those values. 

 
Table 3: Fuzzy Rules 

E/E’ LN MN SN Z SP MP LP 
LN LP LP LP MP MP SP Z 
MN LP MP MP MP SP Z SN 
SN LP MP SP SP Z SN MN 
Z MP MP SP Z SN MN MN 
SP MP SP Z SN SN MN LN 
MP SP Z SN MN MN MN LN 
LP Z SN MN MN LN LN LN 

 
RESULTS AND DISCUSSIONS 

 
The transfer function model developed as shown in Fig.2 is developed in MATLAB/Simulink (MATLAB 

User Manuals, 2000) environment. The single area system is analyzed with both addition and removal of loads 
at different time instances. An initial load of 0.01 is added to the system at 0s and the same magnitude load is 
removed after 30s. With the load specified, open loop response of the system without secondary controller is 
observed in Fig.5. The open loop response illustrates that the single area system does not settle to the nominal 
value due to the limitations in speed governor which has usually 2-3% variation.  

 

 
Fig. 5: Open loop Response of the System without SecondaryController 

 
 

 
 

Fig .6: Response of Single Area Multi Source System with ZN tuned PI Controller 
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Fig. 7: Response of Single Area Multi Source System with GA tuned PI Controller 
 

 
 
Fig. 8: Response of Single Area Multi Source System with FGS tuned PI Controller 
 
With ZN Tuned Secondary PI Controller: 

The PI gain constants illustrated in Table 1 are incorporated for all the three secondary controllers in the 
single area hydro, thermal and gas turbine system. The response for the system with ZN tuned gain constants is 
shown in Fig. 6. 

The output response of single area multi source shows the frequency deviation settling to the required zero 
value after load changes. But it is also observed that the system takes some period to settle down after few 
oscillations. 

 
With GA Tuned Secondary PI Controller:   

The GA is used to tune the optimal values for the proportional and integral gains. The tabulated gain values 
in Table 2   are used for simulating the system response for the load conditions. The frequency deviation with 
GA tuned controller gains is illustrated in Fig. 7. 

 
With FGS Tuned Secondary PI Controller: 

The PI gain constants were tuned using the fuzzy gain scheduling method and the system response is 
observed for the two load conditions as shown in Fig. 8.  

 
Fig. 9: Comparison of Response of ZN, GA and FGS tuned PI Controller 
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Fig.10: Bar Chart Comparison of Performance Indices 

 
Fig. 9 show the response of the single area multi source system compared for the three turning methods.  It 

is observed that the FGS tuned secondary controller had made the system to settle to zero and also provided 
enough damping to the system so that it settles down smoothly without much transient after each load 
disturbance. 

In addition to the graphical illustration, the responses are validated using performance indices (Gopal, 2002) 
namely, ISE, Integral Time Absolute Error (ITAE) and Integral Time Square Error (ITSE) given by the 
equations 5, 6 and 7. 

ISE = ∫∆ 2f dt              (5) 

ITAE = ∫ ∆ft dt             (6) 

ITSE = ∫ ∆ 2)( ft dt             (7) 

 The performance indices for the system tuned with ZN and GA methodologies are computed and illustrated 
in Table 4 and bar chart shown in Figure 10. 

 
Table 4: Performance Indices Values 

 Del f (Hz) 
 ZN  GA FGS 
ISE 0.0006 0.0001 8.08x10-5 
ITAE 1.934 0.5454 0.2187 
ITSE 0.0111 0.0020 0.0012 

 
It is noted that the FGS tuned secondary controller achieved better performance compared to ZN and GA 

tuned secondary controllers for single area multi source system. 
 

Conclusion: 
  The single area multi source hydro, thermal and gas turbine system is developed using the transfer 

function models. Load frequency control strategy is applied with deviation in frequency as the control variable. 
The load variations and the drooping nature of speed governors create a considerable deviation in output with 
steady state error when operated in open loop. With the implication of the secondary controllers for each of the 
sources, the system is made to settle at nominal frequency value. The secondary controller gain constants are 
tuned using ZN, GA and FGS methods. Observing the graphical outputs and also by comparing the performance 
indices, it is found that the FGS technique has a better performance and provides an optimal control for the 
single area multi source hydro, thermal and gas turbine system. 

 
Appendix: 

R1 2 Hz/p.u.MW; Regulation of speed governor in thermal plant 
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R2 2 Hz/p.u.MW; Regulation of speed governor in hydro plant 
R3 2 Hz/p.u.MW; Regulation of speed governor in gas turbine plant 
TH1 0.08 s; Hydraulic amplifier time constant of thermal plant 
TT1 0.3 s; Non-reheat turbine time constant of thermal plant 
Kp1  100; Power system gain constant 
Tp1  20 s; Power system time constant 
K1 1.0; Hydro governor gain constant 
T1 48.7s; Hydro governor time constant 
Tw 1s; Time constant of hydro turbine 
T2 0.513 s; Time constants of hydraulic amplifier in hydro plant 
TR 5.0s; Reset time of hydraulic amplifier 
ΔPref1 Change in reference power for thermal plant 
ΔPref2 Change in reference power for hydro plant 

ΔPref3 Change in reference power for gas plant 
Δf Change in frequency of the area 
ΔPD1, ΔPD2Change in load -incremented and decrementedrespectively 
pf11 0.45; Participation factor from thermal plant 
pf12 0.45; Participation factor from hydro plant 
pf13 0.1; Participation factor from gas turbine plant 
E Error 
E’ Derivative of Error 
Kp Proportional gain constant 
K i Integral gain constant 
X, Y, Z X = 0; Y = 0.05; Z = 1; Governor transfer function coefficients 
a, b, c a = 1; b = 0.05; c = 1;Fuel system transfer function coefficients  
Kf 1; Fuel System gain constant  
Tf 0.4; Fuel system time constant  
Tcd 0.1; Compressor discharge volume time constant 
s Laplace operator 
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