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Abstract— This paper introduces a new indirect adaptive
type-2 fuzzy sliding mode controller as a power syasm stabilizer
(PSS) that used to damp out the low frequency oskitions in
power systems. The proposed controller design basesh the
integration of sliding mode control (SMC) and Adaptve type-2
fuzzy control. The type-2 fuzzy logic system is ude to
approximate the unknown system function and PI combl term is
used to eliminate chattering action in the designfasliding mode
control. Using Lyapunov stability theory, the adaptdion laws are
developed to make the controller adaptive to take aze of the
changes due to the different operating conditionsazurring in the
power system and guarantees stability converge. Thebustness
of the proposed stabilizer has been tested on a gie machine
infinite bus model. Nonlinear simulation studies sbw the
successful performance of the proposed AFSMPSS ard show
its superiority over other AFSPSS, AFPSS and CPSS$adilizers.

Keywords— sliding mode control; Pl term; type -2 fyzzystem;
adaptive control; power system stabilizer

I. INTRODUCTION

of PSSs [5-8]. Fuzzy logic provides a tool for gsimuman
expert knowledge in additional to mathematical kiealge. It
is a model-free approach, which is generally caered
suitable for controlling imprecisely defined systeniThe
parameters of the fuzzy power system stabilizerkkepe fixed
after the design is completed. The performancehefftizzy
PSS depends on the operating conditions of the psystem.

In the last decades, the merits of adaptive cordaral
intelligent techniques such as fuzzy logic haventegeplied to
the designs of adaptive stabilizing controllers 1{8;.
Recently, in an effort to improve the robustness tioé
adaptive fuzzy power system stabilizer a reseaffdrtehas
been engaged in the design of adaptive fuzzy gidimode
controllers [15, 16], which integrates the slidingode
controller design technique into the adaptive fuzeptroller
design.

In this paper, an indirect adaptive type-2 fuzaglisy mode
power system stabilizer is designed to damp out ldve
frequency oscillations in power systems. The predos

Power Systems are Comp|ex and h|gh|y nonlineae Thstabilizer is initialized Using the type-Z fUZZ)glo SyStem to

change in operating conditions will result in lovedquency
oscillations that may persist for long periodsiofd. In some
cases, the oscillations will limit the power traars€apability.
Power system oscillations are damped by the intriolu of a
supplementary signal to the excitation system dapjewer
system stabilizer (PSS). Early researches deal lead-lag
compensation as a conventional type [1, 2] which taned
using a linear model of fixed power system in tipecsfic
operating point. However, the system dynamic respanay
regress when the operating point changes to soreatexn
addition the power systems are highly nonlinear ainel
operating conditions could change over a wide raagea
result of load changes, line switching and unfozabée major
disturbances such as three phase faults, adaptintotier
designs based on nonlinear models are more pragmiSine
basic idea behind adaptive techniques is to estinthe
uncertainties in the plant on-line based on meassignals
[3,4]. However, adaptive PSSs can only deal witstesys of
known structure.

This problem is overcome by using artificial inigdince
(fuzzy logic, neural networks) based techniquesttierdesign

approximate the unknown nonlinear functions of gwaver
system model Pl control term is used to elimindtattering
action in the design of sliding mode control. Bg thyapunov
synthesis approach, adaptation laws are develapethke the
fuzzy logic systems adaptive to change in the diffe
operating conditions occurring in the power systehhe
simulation of the proposed stabilizers concept #rone
machine-infinite bus system has shown that theopmdince of
the adaptive type-2 fuzzy sliding mode power sysséailizer
(AFSMPSS) is better than that of adaptive type-2zju
synergetic (AFSPSS), adaptive type-2 fuzzy (AFP&%®) the
conventional (CPSS) stabilizers.

Il. POWERSYSTEM MODEL

The dynamics of a single machine power system @n b

represented with a two-axis model [17] as in (1-5).
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In the design of the power system controller pregom
this paper, the dynamics model of generator caexpeessed
in the following nonlinear state-space equations:

X, = ax,
X, =f (X1, X,)+ g (X, XU (6)
y =X,

Where a=-1/2H, X, =Aw=w-a, and

X, =AP =P, —-PF,, H is the per unit machine inertia

constant, w is the rotor speed and), is the synchronous

speed are in per unitP,, is the mechanical input power

treated as a constant in the excitation controllsige i.e., it
is assumed that the governor action is slow enouglorftde

any significant impact on the machine dynamics Bgdis the

. . T .

delivered electrical power. £=[X1,X2] OR? is a
measurable state vector. The PSS output u repeeghat
controlling supplementary signal to be designed gnd Aw

is the output state while f and g are nonlineacfioms which
are assumed to be unknown. (Eq.1) represents tluhinga
during a transient period after a major disturbaraes
occurred in the system.

I1l. SLIDING MODE CONTROL DESIGN
The control objective is to forcg in the system (6) to
track a given desired trajectosy, . Then the control objective

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

The elaboration of an indirect adaptive fuzzy sigdmode
controller is presented in the rest of this secfibs, 16], to
achieve the above control objectives is discussed.

Let the tracking error be defined as:

e=y-y, =[ee] ™

and a sliding surface defined as:

®)

s)=ke+e=k'e

-
Where K = [kl,l] are the coefficients of the Hurwitzian

polynomial h(A) = A +k, . If the initial error vectore(0) = 0,
then the tracking problem can be considered asttte error
vector € remaining on the sliding surface(e) =0 for all

t >0. A sufficient condition to achieve this behaviar to
select the control strategy such that:
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From (8) and (9), we have

S=ke+f (x)+g(x)u-vy,. (10)

If f and g are known, we can easily construct theirgy

mode controlu =uUg, —Ug, :

u =gt ()[-ke-f (x)-nsan)+ye]  AD
_ .1 . "

Ugg =9 (x) [k~ (x)+ V4] (12)

Ug, =0 " (x)[75gn6 | (13)

However, power system parameters for nonlineartfons
are not well known and imprecise; therefore it i§iallt to
implement the control law (11) for unknown nonlinegistem
model. Not only f and g are unknown but the switghiype
control term will cause chattering. An adaptiveey® fuzzy
sliding mode controller using type-2 fuzzy logigseem and
PI1 control term is proposed to solve these problems

IV. INDIRECTADAPTIVE IT2 FuzzyY SLIDING MODE CONTROL
DESIGN

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

sliding mode controlu” introduced in the previous section,
however, f and g are not known, we thus replacéx,t)
and g(x,t) by the interval type-2 fuzzy logic system
fA(x 6 ), g(x | 84 ) which are in the form of (14-15) [18,
19].
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to which we append a proportional integral Pl ooint
term to suppress the chattering action. The inpats output
of the latter are defined as

u, =k,h +k;h, (16)

Where h, =s, h, =[sdt, k, andk; are are PI control
gains. (16) can be rewritten as

p(h18,)=6,y¢(h) A7)

g, -[ b ':l OR?is an adjustable parameter vector,

and (,g (h) :[ 1, 2]DR is a regressive vector. We use
interval type-2 fuzzy logic systems to approximatee
unknown functionsf (x), g(x) and design an adaptive PI

control term eliminate chattering due to slidingdaccontrol.
Hence, the control law becomes:

— | -k f g h|8
g(xlé’)[ €1 (x16)-ph18,)+V, | (18)

There for around the sliding surface, control lasv i
introduced as.
T .
i ={epw(h) it Iok<g 19)
nsgng )if § kg
where is¢ the thickness of the boundary layer.
Using the control law in (18), then (10) becomes:
S=kg+f (x,t)+gXx,tu-y,
=f )= (16 )+ @& )-G& 165 (20)

~p(h18,)

The next task, is to repIao‘é and g by type-2 fuzzy logic
systems represented in (14-1%), is given by (17) and to
develop adequate adaptation laws for adjustingptinameters
vector & ,Qg and Qp while seeking a zero tracking error.
Using the procedure suggested in [28, 29], the merer
vectors off (x |6 )and g(x | €4) will be adapted according
to the following rules.

Theorem 1. Consider the control problem of thelinear

system (6). If the control (18) is used, if theeival type-2
fuzzy and PI are adjusted by the adaptive conawl (21-25),

the closed-loop system signals will be bounded &mg
tracking error will converge to zero asymptotically

by = yis&, (x) 1)
b, = v,5€, (x) (22)
8y = yis€, (X)u (23)
ggr = y4S§gr (l)u (24)
8, = yesy(h) (25)
Proof. Define the optimal parameters vector
6 =arg min (ngpr X B rf XL@ (26)
g, —argerglr; (XD p{g X By roxt \)j (27)
Q* =arg mln( sup‘p b B, rug, 0 (28)
Qp \ hoR"

Where Q; , Qg and Qp are constraint sets fo; ,Qg

and Qp
error:

e=f (x,1) = (x |6 )+ (@ t)-§ (x |8, )

, respectively. Define the minimum approximation

(29)

Assumption 1 The paramete& , 8, and g, belong to

the constraint set$); , Qg and Qp respectively, which are

defined as
o, ={6, OrR":|g,| <™} (30)
:{Qg OR" :O<(s||Qg||sMg} (31)
={e, 0rR":|g,[<™,} (32)

M, ¢, M, and M, are positive constants designer
specified for estimated parameters’ bounds. Assgntirat
fuzzy 6; ,8,and Pl control parametef, do not reach the
boundaries.

So, (20) can be written as
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Where g, =6, -6, 2, =Q; -8y, 9 =6, -6,

Y =%

Now let us consider the Lyapunov function candidate
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The time derivative oV along the error trajectory is:
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Substitute (21-25) into (35), then we have

vV SS£—|S|I7SO (36)

Since & is being the minimum approximation error, (36)
is the best we can obtain. Therefore all signalthénsystem
are bounded. Obviouslye(t) will be bounded ife(0) is

bounded for alt. Since if the reference signgld is bounded,

then system stategs will be bounded. We need proving that
s -0 ast - o. Assuming that|s|5/7S then (36) can be
further simplified to

V < |s||£| —|s|/7 7 |£| —|s|/7 37)

Integrating both sides of (37), we have

t 1 Nt
{)|s|drs;(t\/(0)|+t\/(t)|)+;(j)|g|dr (38)

then we haves [IL,. From (36), we know thas is bounded

and every term in (33) is bounded. Henses UL, use of

Barbalat's lemma [20]. We haves - 0 ast — o, the
system is stable and the error will asymptoticatiyverge to
zero.

The simplified schematic diagram of the proposedvegyo
system stabilizer and the interconnection of theséniques
are illustrated in Fig.1.
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Figure 1. The proposed indirect adaptive fuzzyistianode PSS

V. APPLICATION TO THESINGLE MACHINE INFINITE-BUS
MODEL

A nonlinear power system model consisting of a Ising
machine connected to a infinite bus (SMIB) throagstep-up
transformer and double circuit of three phase trassion
lines is chosen for time domain simulation studi@stails of
the system data and the dynamics model of genemator
given in [21]. A diagram representation of the pogsstem is
shown in Fig.2.
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Figure 2. Single Machine Infinite Bus Power System

Three different operating conditions are used twate the
soundness of the approaghthree-phase fault to ground on the
transmission linedoccurring at=0.2 sec with a duration of 0.07
sec, where considered as the large disturbande ifotlowing
nonlinear simulations. In each case, the performasfcthe
proposed indirect adaptive type-2 fuzzy sliding equbwer
system stabilizer (AFSMPSS) is compared with adefiype-

2 fuzzy synergetic (AFSPSS), adaptive type-2 fuzdyPSS)
and conventional (CPSS).

1) First Case: Normal operating conditions

Operating point : P;=0.9 py Q,=0.3 puandXe=0.2 pu

Fig. 3, show the simulations of the system responseler a
three-phasfault for the stabilizers represent speed deviation
the absence of PSS presents dangerous oscilldtiang/ould
end up in loss of synchronism, with the stabiliz&FE$°SS and
AFSPSS the damping of oscillations is improved carag to
conventional (CPSS). From the figure, it can bartjeseen
that the system response for the proposed indkE&MPSS
seems to be the best response showing rapid discia
suppression, which indicates adequate damping.
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Figure 3. Response to a three-phase fault foritstechise.

2) Second Case: Heavy reactive load and weak connection

Operating point: P,=0.8 py Q,=0.7 puandX.=0.4 pu.

Here system response is more oscillatory in thiseca\s
observed, the oscillation was damped with the AFEPSS
AFSPSS and it was damped with a much faster respwith

the indirect AFSMPSS as illustrated in Fig. 4.
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Figure 4. Response to a three-phase fault forabersl case.

3) Third Case: Importing reactive power

Operating point : P;=0.9 pu, Qy=-0.3 pu and X=0.15 pu.
In this case, the synchronous machine is absothmgeactive
power and it is easily to lead unstable. From Bigan be seen
that the system response for indirect AFSMPSS dshib
superior damping performance of its author PSSs.
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Figure 5. Response to a three-phase fault foting tase.
VI. CONCLUSION

In this article, a new an indirect adaptive typ&+2zy sliding
mode power system stabilizer based for design am th
approximation of unknown nonlinear function of sgranous
machine using the type-2 fuzzy logic systand enhanced by
a Pl term controller that eliminates chatteringthe sliding
mode control signalAdaptation laws are developed based on
the Lyapunov synthesis approach.

It's evident from nonlinear simulation studies thah
adaptive type-2 fuzzy sliding mode power systenbikrar



shows better performance in a wide range of opegati [9]
conditions, compared to adaptive type-2 fuzzy, tdagype-
2 fuzzy synergetic and conventional power systeabikters
counterpart by adding enough positive damping @ gbhwer
system thus rapidly suppressing power flow hindgriow
frequency oscillations.
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