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Abstract—A new indirect adaptive type-2 fuzzy sliding mode 
controller as a power system stabilizer (PSS) is proposed for 
damping low frequency power oscillation of interconnected 
power system and capable of performing well for a wide range of 
variations in system parameters and/or operating conditions. The 
proposed controller design is based on the integration of sliding 
mode control (SMC) and Adaptive type-2 fuzzy control. The 
type-2 fuzzy logic system is used to approximate the unknown 
system function and PI control term is used to eliminate 
chattering action in the design of sliding mode control. Using 
Lyapunov stability theory, the adaptation laws are developed to 
make the controller adaptive to take care of the changes due to 
the different operating conditions occurring in the power system 
and guarantees stability converge. The robustness of the 
proposed stabilizer has been tested on a two-area four machine 
power system. Nonlinear simulation studies show the best 
performance of the proposed stabilizer and confirm its 
superiority over adaptive type-2 fuzzy synergetic (AFSPSS), 
adaptive type-2 fuzzy (AFPSS) and the conventional (CPSS) 
stabilizers. 

Keywords— sliding mode control; PI control; type -2 fuzzy 
system; adaptive control; power system stabilizer 

I.  INTRODUCTION 
Power systems are complex and highly nonlinear. The 

change in operating conditions will result in low frequency 
oscillations that may persist for long periods of time. In some 
cases, the oscillations will limit the power transfer capability. 
Power system oscillations are damped by the introduction of a 
supplementary signal to the excitation system called power 
system stabilizer (PSS). Early researches deal with lead-lag 
compensation as a conventional type [1, 2] which are tuned 
using a linear model of fixed power system in the specific 
operating point. However, the system dynamic response may 
regress when the operating point changes to some extent. In 
addition the power systems are highly nonlinear and the 
operating conditions could change over a wide range as a result 
of load changes, line switching and unforeseeable major 
disturbances such as three phase faults, adaptive controller 
designs based on nonlinear models are more promising. The 
basic idea behind adaptive techniques is to estimate the 

uncertainties in the plant on-line based on measured signals 
[3,4]. However, adaptive PSSs can only deal with systems of 
known structure.  

This problem is overcome by using artificial intelligence 
(fuzzy logic, neural networks) based techniques for the design 
of PSSs [5-8]. Fuzzy logic provides a tool for using human 
expert knowledge in additional to mathematical knowledge. It 
is a model-free approach, which is generally considered 
suitable for controlling imprecisely defined systems. The 
parameters of the fuzzy power system stabilizer are kept fixed 
after the design is completed. The performance of the fuzzy 
PSS depends on the operating conditions of the power system. 

In the last decades, the merits of adaptive control and 
intelligent techniques such as fuzzy logic have been applied to 
the designs of adaptive stabilizing controllers [9-13]. Recently, 
in an effort to improve the robustness of the adaptive fuzzy 
power system stabilizer a research effort has been engaged in 
the design of adaptive fuzzy sliding mode controllers [14-16], 
which integrates the sliding mode controller design technique 
into the adaptive fuzzy controller design.  

In this paper, an indirect adaptive type-2 fuzzy sliding 
mode power system stabilizer is designed to damp out the low 
frequency oscillations in power systems. It extends our work 
reported in [17]. The proposed stabilizer is initialized using the 
type-2 fuzzy logic system to approximate the unknown 
nonlinear functions of the power system model PI control term 
is used to eliminate chattering action in the design of sliding 
mode control. By the Lyapunov synthesis approach, adaptation 
laws are developed to make the fuzzy logic systems adaptive to 
change in the different operating conditions occurring in the 
power system. The simulation of the proposed stabilizers 
concept for a two-area four machine power system has shown 
that the performance of the adaptive type-2 fuzzy sliding mode 
power system stabilizer (AFSMPSS) is better than that of 
adaptive type-2 fuzzy synergetic (AFSPSS), adaptive type-2 
fuzzy (AFPSS) and the conventional (CPSS) stabilizers. 

II. POWER SYSTEM MODEL 
The nonlinear dynamics of the synchronous generator can be 
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expressed with a two-axis model [18] as in (1-5). 
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In the design of the power system controller proposed in 
this paper, the dynamics model of generator can be expressed 
in the following nonlinear state-space equations: 

  
1 2

2 1 2 1 2

1

( , ) ( , )

x ax

ax f x x g x x u

y x

=

= +

=

ɺ

ɺ                (6) 

Where 1/ 2a H= − , 1 sx ω ω ω= ∆ = −  and 

2 m ex P P P= ∆ = − , H is the per unit machine inertia 

constant, ω  is the rotor speed and sω  is the synchronous 

speed are in per unit, mP  is the mechanical input power treated 
as a constant in the excitation controller design, i.e., it is 
assumed that the governor action is slow enough not to have 
any significant impact on the machine dynamics and eP  is the 

delivered electrical power. [ ] 2
1 2,

T
x x x R= ∈  is a 

measurable state vector. The PSS output u represents the 
controlling supplementary signal to be designed and y ω= ∆  
is the output state while f and g are nonlinear functions which 
are assumed to be unknown. (Eq.6) represents the machine 
during a transient period after a major disturbance has occurred 
in the system. 

III. SLIDING MODE CONTROL DESIGN 
The control objective is to force y  in the system (6) to 

track a given desired trajectory dy . Then the control objective  

is determine a feedback control ( )u u x=  for the state  y  in 
the system (6) to track a given desired trajectory yd, 

The elaboration of an indirect adaptive fuzzy sliding mode 
controller is presented in the rest of this section [14-16],  to 
achieve the above control objectives is discussed.   

Let the tracking error be defined as: 

 [ ],
T

d
e y y e e= − = ɺ  (7) 

and a sliding surface defined as: 

 1( )
T

s e k e e ek= + =ɺ  (8) 

Where [ ]1,1
T

kk =  are the coefficients of the Hurwitzian 

polynomial 1( )h kλ λ= + . If the initial error vector (0) 0e = , 
then the tracking problem can be considered as the state error 
vector e  remaining on the sliding surface ( ) 0s e =  for all 

0t > . A sufficient condition to achieve this behavior is to 
select the control strategy such that: 

 
21

( ( ))
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dt
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From (8) and (9), we have  

 1 ( ) ( ) .ds k e f x g x u y= + + −ɺ ɺ ɺɺ  (10) 

If f and g are known, we can easily construct the sliding 
mode control  *

eq swu u u= −  :  

 [ ]* 1
1( ) ( ) sgn( ) du g x k e f x s yη−= − − − +ɺ ɺɺ  (11) 

 [ ]1
1( ) ( )eq du g x k e f x y−= − − +ɺ ɺɺ  (12) 

 [ ]1( ) sgn( )swu g x sη−=  (13) 

However, power system parameters for nonlinear functions 
are not well known and imprecise; therefore it is difficult to 
implement the control law (11) for unknown nonlinear system 
model. Not only f and g are unknown but the switching-type 
control term will cause chattering. An adaptive type-2 fuzzy 
sliding mode controller using type-2  fuzzy logic system and PI 
control term is proposed to solve these problems. 

IV. INDIRECT ADAPTIVE IT2 FUZZY SLIDING MODE 
CONTROL DESIGN 

If f and g were known, we could easily construct the 

sliding mode control *u introduced in the previous section, 
however, f and g are not known, we thus replace ( , )f x t  and 

( , ) g x t by the interval type-2 fuzzy logic system ˆ( | )ff x θ , 
ˆ ( | )gg x θ which are in the form of (14-15) [19, 20]. 

( )ˆ ˆ 1
2 2

ˆ( | )= ( ) ( )

( )

T Tl r
f fl frl r

T
f f

f ff x x x

x

θ θ ξ θ ξ
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= +

=
             (14) 
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 to which we append a proportional integral PI control term 
to suppress the chattering action. The inputs and output of the 
latter are defined as  

 1 2p p iu k h k h= +  (16) 

Where 1h s= , 2h sdt= ∫ , pk  and ik  are are PI control 
gains. (16) can be rewritten as  

 ˆ ( | ) ( )
T

p pp h hθ θ ψ=  (17) 

2,
T

p p ik k Rθ = ∈   is an adjustable parameter vector, 

and [ ] 2
1 2( ) ,

T
h h h Rψ = ∈  is a regressive vector. We use 

interval type-2 fuzzy logic systems to approximate the 
unknown functions ( )f x , ( ) g x and design an adaptive PI 
control term eliminate chattering due to sliding mode control. 
Hence, the control law becomes: 

 1
1 ˆ ˆ( | ) ( | )

ˆ ( | )
f p d

g

u k e f x p h y
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θ θ
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There for around the sliding surface, control law is 
introduced as. 
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where is ϕ  the thickness of the boundary layer. 

Using the control law in (18), then (10) becomes: 

ˆ ˆ ˆ( , ) ( | ) ( ( , ) ( | )) ( | )f g ps f x t f x g x t g x u p hθ θ θ= − + − −ɺ (20) 

The next task, is to replace ˆf and ĝ  by type-2 fuzzy logic 
systems represented in (14-15), p̂  is given by (17) and to 
develop adequate adaptation laws for adjusting the parameters 
vector fθ , gθ  and pθ while seeking a zero tracking error. 
Using the procedure suggested in [28, 29], the parameter 
vectors of ˆ( | )ff x θ and ˆ ( | )gg x θ will be adapted according 
to the following rules. 

Theorem 1.  Consider the control problem of the nonlinear 
system (6). If the control (18) is used, if the interval type-2 
fuzzy and PI are adjusted by the adaptive control law (21-25), 
the closed-loop system signals will be bounded and the 
tracking error will converge to zero asymptotically. 
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Where fΩ , gΩ  and pΩ are constraint sets for fθ , gθ  

and pθ , respectively. Define the minimum approximation 
error: 

* *ˆ ˆ( , ) ( | ) ( ( , ) ( | ))f gf x t f x g x t g x uε θ θ= − + −  (29) 

Assumption 1  The parameters fθ , gθ  and pθ belong to 

the constraint sets fΩ , gΩ  and pΩ  respectively, which are 
defined as  

 { }:n
f ff fR Mθ θΩ = ∈ ≤  (30) 

 { }: 0n
g gg gR Mθ ζ θΩ = ∈ < ≤ ≤  (31) 

 { }:n
p pp pR Mθ θΩ = ∈ ≤  (32) 

fM , ζ , gM and pM  are positive constants designer 
specified for estimated parameters’ bounds. Assuming that 
fuzzy fθ , gθ and PI control parameter pθ do not reach the 
boundaries. 

So, (20) can be written as  
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Where 
*
f ffφ θ θ= − , 

*
g ggφ θ θ= − , 

*
p ppφ θ θ= − . 

Now let us consider the Lyapunov function candidate  
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The time derivative of  V along the error trajectory is: 

1 2
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5
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Where  frfrφ θ= −ɺ ɺ ,  flflφ θ= −ɺ ɺ ,  grgr
φ θ= −ɺ ɺ , 

 glgl
φ θ= −ɺ ɺ and   pp

φ θ= −ɺ ɺ . 

 Substitute (21-25) into (35), then we have 

 0V s sε η≤ − ≤ɺ  (36) 

Since ε  is being the minimum approximation error, (36) is 
the best we can obtain. Therefore all signals in the system are 
bounded. Obviously, ( )e t  will be bounded if (0)e  is bounded 

for all t. Since if the reference signal 
d

y  is bounded, then 

system states x  will be bounded. We need proving that 
0s →  as t → ∞ . Assuming that ss η≤  then (36) can be 

further simplified to 

 sV s s sε η η ε η≤ − ≤ −ɺ  (37) 

Integrating both sides of (37), we have 

0 0

1
 ( (0) ( ) )  

t t
ss d V V t d

η
τ ε τ

η η
≤ + +∫ ∫             (38) 

then we have 1s L∈ . From (36), we know that s  is bounded 

and every term in (33) is bounded. Hence, ,s s L∞∈ɺ , use of 
Barbalat’s lemma [21]. We have 0s →  as t → ∞ , the 
system is stable and the error will asymptotically converge to 
zero.  

V. CASE STUDY AND SIMULATION RESULTS 
For the study in this paper, the two-area four-machine test 

power system model [22] shown in Fig. 1 is selected for testing 
the performance of the designed PSSs using the proposed 
approach. This model consists of two fully symmetrical areas 
linked together by two transmission line of 220 km length. 
Each area contains two identical synchronous generators rated 
20 kV/900 MVA. All generators are connected through 
transformers to the 230 kV transmission line and equipped with 
identical speed governors and turbines, exciters and AVRs, and 
PSSs. Under normal condition, the Area 1 transmits 400MW 

active power to the Area 2. This power system typically is used 
to study the low frequency electromechanical oscillations of a 
large interconnected system. 

 

Figure 1.  Two area four machine test power system. 

The performance of the proposed controller is evaluated by 
applying a large disturbance caused by a three-phase fault 
short circuit at the middle of one of the transmission lines 
between bus-7 and bus-8 at time t = 0.5 s. and cleared after  t 
= 0.133 s. The fault is cleared without line tripping and the 
original system is restored upon the clearance of the fault. The 
system should be capable of appropriate performance on 
various operating conditions and can cause necessary 
attenuation during disturbances. In order to evaluate the 
performance of the proposed indirect adaptive type-2 fuzzy 
sliding mode power system stabilizer (AFSMPSS), the system 
response for two operation conditions is compared with is to 
those obtained using adaptive type-2 fuzzy synergetic 
(AFSPSS), adaptive type-2 fuzzy (AFPSS) and conventional 
(CPSS).To further assess robustness of the proposed PSS, 
performance index ( ( )PJ t ω= ∆∑ |) is used to compare 
between the different PSSs considered.  

 
1) Operating condition 1 

TABLE 1. OPERATING CONDITION1 

Generator 1 2 3 4 

Real Power (pu) 0.96 0.59 0.80 0.78 

Reactive Power (pu) 0.21 0.13 0.14 0.093 
 

 
Figure 2. Response Gen1 for operating condition 1. 
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Figure 3. Response Gen2 for operating condition 1 . 
 

 
 

Figure 4. Response Gen3 for operating condition 1 . 
 

 
Figure 5. Response Gen4 for operating condition 1. 

 

TABLE 2. COMPARING THE PERFORMANCE INDEX OPERATING 
CONDITION 1 

Operating 
condition 

Jp 

CPSS AFPSS AFSPSS ASMPSS 
Gen 1 195 77 72 43 
Gen 2 195 84 62 36 
Gen 3 204 92 76 32 
Gen 4 201 88 74 32 
2) Operating condition 2 

TABLE 3. OPERATING CONDITION 2 

Generator 1 2 3 4 
Real Power (pu) 0.56 0.92 0.56 0.61 

Reactive Power (pu) 0.059 0.021 -0.018 -0.20 
 

 
Figure 6. Response Gen1 for operating condition 2. 

 
Figure 7. Response Gen2 for operating condition 2. 

 
TABLE 4. COMPARING THE PERFORMANCE INDEX OPERATING 

CONDITION 2 
Operating 
condition 

Jp 
CPSS AFPSS AFSPSS ASMPSS 

Gen 1 223 145 104 47 
Gen 2 214 150 123 58 
Gen 3 234 166 128 44 
Gen 4 229 158 117 32 
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Figure 8. Response Gen3 for operating condition 2. 

 
Figure 9. Response Gen4 for operating condition 2. 

 
As shown in the all figures for two operating conditions the 
one noted that, the damping stability is greatly improvement 
and steady state error when used AFSMPSS than used ASPSS, 
AFPSS and CPSS. The proposed stabilizer provides very good 
performance to change in operating conditions in terms of 
overshooting and settling time compared to the other PSSs. 

VI. CONCLUSION  
In this paper, a new an indirect adaptive type-2 fuzzy sliding 
mode power system stabilizer based for design on the 
approximation of unknown nonlinear function of synchronous 
machine using the type-2 fuzzy logic system and enhanced by 
a PI term controller that eliminates chattering in the sliding 
mode control signal. Adaptation laws are developed based on 
the Lyapunov synthesis approach. 
It’s evident from nonlinear simulation studies that an adaptive 
type-2 fuzzy sliding mode power system stabilizer shows 
better performance in a wide range of operating conditions and  
system parameter variations, compared to adaptive type-2 
fuzzy, adaptive type-2 fuzzy synergetic and conventional 
power system stabilizers counterpart by adding enough 

positive damping in the power system thus rapidly suppressing 
power flow hindering low frequency oscillations. 
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