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Abstract:- This paper investigates the performance of fuzzy logic based power system stabilizer in damping the 
local modal oscillations of an interconnected power system. A comparative study between Mamdani and 
Sugeno fuzzy logic designs on one hand and conventional power system stabilizers on the other hand is 
presented. The results obtained by computer simulation show the superiority of fuzzy logic controllers over the 
conventional designs. The test results also show the effectiveness of Mamdani design relative to Sugeno design 
in damping the electromechanical mode of oscillation. 
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1 Introduction 
Interconnected power systems usually experience 
low-frequency oscillations following gradual load 
changes due to insufficient damping. These modes 
of oscillations occur particularly between one 
machine and the rest of a power system with 
longitudinal or weak tie lines or between 
interconnected machines. They result from the 
existence of one or several poorly damped or even 
undamped modes of oscillations in the range of 0.7-
2 Hz for local modes and 0.1-0.7 Hz for inter-area 
modes [1-3]. The stability of these oscillations is of 
vital concern and essential for power system 
planning, operation, and control.  

It was also reported that one of the reasons for the 
presence of these oscillation is the application of 
high gain AVR-exciter system. High gain exciter of 
AVR increases the synchronizing torque but 
reducing the damping torques [4]. 

To compensate the unwanted effect of the voltage 
regulator and enhance the overall power system 
stability, by damping the low-frequency modes of 
oscillations over wide range of operating conditions, 
additional signal is introduced in the feedback loop 
of the voltage regulator. This is achieved by 
injecting a stabilizing signal or some times signals 
in parallel into the excitation system voltage 
reference-summing junction. The additional signals 
are mostly speed deviation, accelerating power, or 
frequency [5]. The devices set up to provide the 
supplementary stabilizing signal in the excitation 
system through properly chosen transfer function, 
have been called “power system stabilizer” (PSS). 

Conventional designs of PSS including phase 
lead-lag compensators or PID controllers were 
typically designed based on linear control theory 
using the concept of phase compensation [3] or pole 
assignment techniques [6-9]. The parameters are 
determined based on a linearized model of the 
power system around a nominal operating point 
where they can provide optimum damping 
performance of low-frequency oscillations at a 
particular operating point. Moreover, to achieve 
robust performance over a wide range of operating 
conditions by tuning the PSS parameters several 
adaptive control techniques were developed [10,11]. 

Recently, artificial intelligence techniques based 
on neural networks (NN) [12-14], genetic 
algorithms (GI) [15], and fuzzy logic (FL) [16-21] 
have been proposed. Fuzzy logic-based PSS 
(FLPSS) has shown promising results in enhancing 
the damping of oscillations, in particular when 
adaptive FLPSS were used. [18-21]   

In this paper, a comparative study between the 
performance of Mamdani and Sugeno fuzzy logic-
based PSS’s is presented. The effect of membership 
functions and fuzzy aggregation types of Mamdani 
FL model is examined. The performance of the 
FLPSS is compared with a conventional lead-lag 
PSS (CPSS). The simulation study was conducted 
using MATLAB fuzzy logic toolbox [22]. 
 
 
2 Description of the Study System 
To study the performance of FLPSS in damping the 
local mode oscillations associated with a single 
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generator or plant, the single machine infinite bus 
system (SMIBS), as shown in Fig. 1, is used. The 
generator is represented by a third-order machine 
model and is equipped with automatic voltage 
regulator (AVR) and PSS [2].  
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Fig.1: Single Machine Infinite Bus System 

 
The design of conventional PSS’s requires 

linearization of the power system at a particular 
operating point to obtain the state-space model 
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where 
, [ ]TPSSfdq uxxEe ∆∆∆∆∆δ∆ω∆ 65′=x

[ ]ω∆=y  and ; ∆ denotes the 
perturbation of the states, inputs and output from 
their operating values. The linearized model of the 
SMIBS can be derived with the aid of the well-
known Phillips-Heffron block diagram [3,4]; 
relating the pertinent variables such as electrical 
torque, speed, rotor angle, terminal voltage, field 
voltage and internal voltage as shown in Fig.2. The 
parameters of the linearized model K

[ T
refm VT ∆∆=u ]

1-K6 are 
function of the operating conditions. Analysis and 
calculations of the parameters of the SMIBS are 
illustrated in details in [3,4]. The small signal 
stability response in terms of the change in the rotor 
speed ∆ω following a small change in the 
mechanical torque ∆Tm or the reference voltage 
∆Vref can be simulated with the aid of the block 
diagram of the SMIBS or the state-space model. 
Dynamic data of the generator and excitation system 
under study, and the matrices of the state-space 
model, constructed from typical machine parameters 
at specific operating point, are given in [3]. 
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Fig.2: Heffron-Phillips Block diagram of SMIBS 

3 Analysis of Local Mode Oscillations 
When the power system experiences a small 
disturbance as a result of small changes of loads, the 
system will be driven to an initial state x(to) = xo at 
time to = 0. Then, if the input is removed at t = to, the 
system responds according to the state equations 

Cxy
Axx

=
=

•

          (2) 

The state equations of the linearized model given 
in (2) can be used to determine the eigenvalues λi of 
the system matrix A, where λi = σi ± jωi are the 
distinct eigenvalues with a corresponding set of 
right and left eigenvectors Ui and Vi, respectively; σi 
is the damping factor and ωi is the damped angular 
frequency. The right and left eigenvectors are 
orthogonal, and are usually scaled to be 
orthonormal. The state equations of (2) can be 
expressed in terms of modal variables by using the 
modal transformation x = Uz, which leads to 

ΛzzAUVz ==
•

ii          (3) 
where Λ=diag(λi). Following a small disturbance, 
the dynamic response of the system states can be 
described as a linear summation of various modes of 
oscillations [1] 
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The number of the characteristic modes  
equals to the number of states of the linearized 
power system model. Real eigenvalues indicate 
modes, which are aperiodic. Complex eigenvalues 
indicate oscillatory modes. For a complex 
eigenvalue λ

tieλ

i = σi ± jωi, the amplitude of the mode 
varies with as  and frequency of the oscillation, 
f = ω/2π.  

tieσ

For a single output, the system response y(t) can 
be computed as 
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where Ai, σi, fi,and φi are the ith mode amplitude, 
damping factor, frequency, and phase angle, 
respectively, and n is the number of modes.  

Next, an analysis is performed to find the specific 
electromechanical mode that provides the largest 
contribution to the low-frequency oscillation. In 
modal analysis, the electromechanical mode is 
identified by analyzing the right and left 
eigenvectors in conjunction with the participation 
factors [1]. The participation factors provide a 
measure of association between the state variables 
and the oscillatory modes. 
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4 Power System Stabilizer Design 
4.1 Conventional PSS Design 
PSS typically is designed based on linear control 
theory using the concept of phase compensation [4]. 
The parameters are determined so that they can 
provide optimum damping performance of low-
frequency oscillations. Phase compensation is 
accomplished by adjusting the PSS parameters to 
provide a appropriate phase lead to compensate for 
the phase lags through the generator, AVR and 
excitation system over a wide frequency range (0.1-
2.0 Hz) of low frequency oscillations such that the 
PSS provides torque changes ∆Te(t) in phase with 
speed changes ∆ω(t). Tuning should be performed 
when system configuration and operating conditions 
result in the least damping [3]. 

In this paper, a phase lead-lag CPSS has been used 
for performance comparison with FLPSS. The 
transfer function of the CPSS comprises a gain 
block Kc, a washout filter and two-stage lead-lag 
blocks. The input signal is the rotor speed deviation 
∆ω, and the output is the stabilizing signal ∆UPSS. 
The block diagram of the CPSS is shown in Fig. 3. 
In this study, Tw T2, and T4 were set at Tw= 5s, T2= 
T4= 0.1s, and T1=T3. The technique for calculating 
Kc and T1 using phase compensation method is 
presented in [3]. 
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Fig.3: Phase Lead-Lag PSS 

 
 

4.2 Fuzzy Logic PSS Design 
The design of FLPSS using the two famous fuzzy 
Mamdani and Sugeno models is discussed. The 
input signals to the FLPSS are selected as generator 
speed deviation ∆ω and generator speed deviation 
change ω∆ & , while the output signal is the 
stabilizing signal UPSS, which is fed into the 
reference voltage summing point. The input and 
output variables are classified into subsets of 
linguistic variables. Based on trail and error, seven 
linguistic variables for each input and output 
variable such as large negative (LN), medium 
negative  (MN), small negative (SN), zero (Z), small 
positive (SP), medium positive (MP), and large 
positive (LP) were found good enough. These 
classifications get 49 Mamdani rules as given in 
Table 1. Too many rules will result in wasting 
computer memory and computing time, and too few 
rules will not give the appropriate control effort.  

4.2.1 Mamdani FLC Design 
In Mamdani FLC design, fuzzification is applied by 
converting the crisp values of the input variables 
into their associated fuzzy sets using either 
triangular or Gaussian membership functions as 
shown in Fig. 4. Each crisp input has seven values 
when it is fired with these membership functions.  

 
Table 1: Rule Base Table of Mamdani FLC  

Input ( ω∆ & ) 
LN MN SN Z SP MP LP 

 
Input 
(∆ω) Output (UPSS) 
LN LN LN LN LN MN SP Z 
MN LN MN MN MN SN Z SP 
SN LN MN SN SN Z SP MP 
Z LN MN SN Z SP MP LP 

SP MN SN Z SP SP MP LP 
MP SN Z SP MP MP LP LP 
LP Z SP MP LP LP LP LP 
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Fig. 4-a: Triangular Type Membership Functions 
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Fig. 4-b: Gaussian Type Membership Functions 

  
Next, the fuzzy output of the FLC is defuzzified 

by converting it into a single value using the center 
of gravity 
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where n is the number of discrete values (UPSSi) in 
the universe of discourse and µ is the membership 
grade. 

The effect of the triangular and Gaussian 
membership functions on the performance of the 
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FLC with the same fuzzy sets and universe of 
discourse, and the effect of aggregation types (max-
min-max, max-pro-max, and max-pro-sum) will be 
investigated. 

 
4.2.2 Sugeno Zero-Order FLC Design 
Sugeno zero-order model is considered as a 
special case of Mamdani model. In this regard, 
the output is considered as a singleton. Instead 
of considering the output control signal as a set 
of numbers, Sugeno method proposes a specific 
number as the output control signal UPSS as 
given in Table 2. 

 
Table 2: Rule Base Table of zero-order Sugeno FLC  

Input ( ω∆ & ) 
LN MN SN Z SP MP LP 

 
Input  
(∆ω) Output (UPSS) 
LN -1.0 -1.0 -1.0 -1.0 -0.66 0.33 0.00 

MN -1.0 -0.66 -0.66 -0.66 -0.33 0.00 0.33 

SN -1.0 -0.66 -0.33 -0.33 0.00 0.33 0.66 

Z -1.0 -0.66 -0.33 0.00 0.33 0.66 1.0 

SP -0.66 -0.33 0.00 0.33 0.33 0.66 1.0 

MP -0.33 0.00 0.33 0.66 0.66 1.0 1.0 

LP 0.00 0.33 0.66 1.0 1.0 1.0 1.0 

 
 
5 Simulation Results 
The effect of the fuzzy model on the performance of 
the FLPSS is investigated. Two types of fuzzy 
models were investigated, namely Mamdani and 
Sugeno zero-order models. 
 
5.1 Performance of Mamdani FLPSS  
The effect of Mamdani membership function type 
on the performance of the FLPSS is examined using 
the block schematic of the SMIB-FLPSS with 
triangular and Gaussian as shown in Fig.5. The 
results are depicted in Fig. 6. It can be seen that 
triangular Membership function gives better 
damping characteristics than Gaussian membership 
function. This is because it fires faster in triangular 
type than in the Gaussian type membership function. 
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Fig. 5: SMIB-Mamdani FLPSS Block Schematic 

The effect of implication & aggregation types on 
the performance of Mamdani FLPSS was also 
assessed. Figure 7 shows that the max-pro-sum 
performs well in comparison with the other types of 
aggregation. Figure 7 also indicates that max-min-
max and max-pro-max aggregations exhibit 
identical performance over wide range of operating 
conditions. 
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Following the proper choice of membership 
functions and aggregation type of Mamdani FLPSS, 
a comparison between the FLPSS and Lead-Lag 
CPSS is depicted in Fig. 8. The parameters of the 
CPSS were computed so that near optimum 
performance at the particular operating point is 
satisfied. It can be seen that FLPSS using triangular 
membership function and max-min-sum perform 
better than the CPSS. 
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5.2 Performance of Sugeno FLPSS  
Comparison between Sugeno zero-order FLPSS and 
Mamdani FLPSS using the schematic of Fig. 9 is 
demonstrated in Fig. 10. It can be seen that Sugeno 
FLPSS gives better damping characteristics than 
Mamdani FLPSS with Gaussian Membership 
function. However, Fig. 10 shows that the 
performance of Mamdani FLPSS with triangular 
membership function is more excellent than the 
performance of either Sugeno FLPSS or Mamdani 
FLPSS with Gaussian membership function. 
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Fig. 9: SMIB-Sugeno-Mamdani FLPSS 
Block Schematic  
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Fig.10: Performance Comparison Between Sugeno 
and Mamdani FLPSS’s. P=1.0 pu, Q=0.015 pu  

 
 

6 Conclusion 
In this paper, a comparative study between the 
effectiveness of Mamdani and Sugeno fuzzy logic-
based PSS’s was investigated. The effect of 
membership functions and fuzzy aggregation types 
of Mamdani FL model was examined. The 
performance of the FLPSS is compared with a lead-
lag CPSS. The simulation results show the 
effectiveness of FLPSS in damping the low-

frequency modes of oscillation of interconnected 
power system as compared with a well designed 
lead-lag CPSS. The results also indicate the 
Mamdani FLPSS with triangular membership 
function give the best dynamic performance and 
excels the other FLC designs presented in this study. 
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