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Abstract—A new indirect adaptive type-2 fuzzy sliding mode designs based on nonlinear models are more pragniSine

controller as a power system stabilizer (PSS) appsed for
damping low frequency power oscillation of internented
power system and capable of performing well foridewange

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 witstays of

of variations in system parameters and/or operatin§nOwn structure.

conditions. The proposed controller design based tlon
integration of sliding mode control (SMC) and Adapttype-
2 fuzzy control. The type-2 fuzzy logic system ised to
approximate the unknown system function and Plrobtérm
is used to eliminate chattering action in the deif sliding
mode control. Using Lyapunov stability theory, daptation
laws are developed to make the controller adaptiveéake
care of the changes due to the different operatonylitions

occurring in the power system and guarantees #tabil

converge. The robustness of the proposed stabliasrbeen
tested on a two-area four machine power systemlimnar
simulation studies show the better performance loé t
proposed stabilizer and confirm the superiorityroaaptive
fuzzy synergetic (AFSPSS), adaptive fuzzy (AFPS8) the
conventional (CPSS) stabilizers.

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

. INTRODUCTION

This problem is overcome by using artificial inigdince
(fuzzy logic, neural networks) based techniquesttierdesign
of PSSs [5-8]. Fuzzy logic provides a tool for gsimuman
expert knowledge in additional to mathematical klealge. It
is a model-free approach, which is generally cared
suitable for controlling imprecisely defined systemThe
parameters of the fuzzy power system stabilizekkep 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 cordral
intelligent techniques such as fuzzy logic haventegeplied to
the designs of adaptive stabilizing controllers 1.
Recently, in an effort to improve the robustness tioé
adaptive fuzzy power system stabilizer a reseaffdrtehas
been engaged in the design of adaptive fuzzy gjiditode
controllers [14-16], which integrates the slidingoade
controller design technique into the adaptive fuzentroller
design.

In this paper, an indirect adaptive type-2 fuzagisy mode

Power systems are complex and highly nonlineae Thpower system stabilizer is designed to damp out ltve

change in operating conditions will result in loveduency
oscillations that may persist for long periodsiofe. In some
cases, the oscillations will limit the power traers€apability.
Power system oscillations are damped by the introlu of a
supplementary signal to the excitation system daplewer
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 tipecific
operating point. However, the system dynamic respanay
regress when the operating point changes to soremtexn
addition the power systems are highly nonlinear el
operating conditions could change over a wide raagea
result of load changes, line switching and unfozabée major
disturbances such as three phase faults, adapointrotier

frequency oscillations in power systems. The predos
stabilizer is initialized using the type-2 fuzzyglo system to
approximate the unknown nonlinear functions of gwaver
system model PI control term is used to elimindtatiering
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 udifie
operating conditions occurring in the power systefihe
simulation of the proposed stabilizers conceptddmwo-area
four machine power system has shown that the pedioce of
the adaptive type-2 fuzzy sliding mode power sysséabilizer
(AFSMPSS) is better than that of adaptive type-2zju



synergetic (AFSPSS), adaptive type-2 fuzzy (AFP&%®) the
conventional (CPSS) stabilizers.
II.  POWERSYSTEM MODEL

The nonlinear dynamics of the synchronous genecatobe
expressed 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,X U (6)
y =X,

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

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 disturbarees
occurred in the system.

lll.  SLIDING MODE CONTROLDESIGN
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 sec{ib#16], to
achieve the above control objectives is discussed.

Let the tracking error be defined as:

T
e=y -y, =[e¢] ™
and a sliding surface defined as:
s(e) =ke+ée =k'e (8)

T
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 e 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=kg+f (X)+g(x)u-y,. (10)

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

mode controlu  =uUg —Ug, :

u =97 )[-ke-f () -nsgné)+y,]  AD
_ A1 . ..

Ug =9 (X)[‘kle—f (x)+yd] (12)

Uy, =9 (x)[759n6 (13)

However, power system parameters for nonlineartions
are not well known and imprecise; therefore it iiallt to
implement the control law (11) for unknown nonlinegstem
model. Not only f and g are unknown but the switghiype
control term will cause chattering. An adaptiveeyd fuzzy
sliding mode controller using type-2 fuzzy logigstem and
PI1 control term is proposed to solve these problems

IV. INDIRECTADAPTIVE IT2 FUzZY SLIDING MODE

CONTROLDESIGN
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].

(x18)="0r = 2(d € )+, £ ) .
=6, £, (x)
60c165)=939 =1 (gL ¢ el € ) a5
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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, =koh, +k;h, (16)

Where h, =s, h, =[sdt,
gains. (16) can be rewritten as

ph18,)=6,y¢(h)

k, andk; are are PI control

a7)

g, [ iy ,] 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:

u= [k -1 (x16)-Bh18,)+Y, | (18)

g(XIH)

There for around the sliding surface, control lasv i
introduced as.

i {e}w(h) if Isl<¢ 19)
nsgng )it $ k¢
where is¢ the thickness of the boundary layer.
Using the control law in (18), then (10) becomes:
s=ke+f (x,t)+g(x,tu -V
= (x,)-F (X6 )+ @& )-G& 6,  (20)

-ph|8,)

The next task, is to replacfé and g by type-2 fuzzy logic

systems represented in (14-1%), is given by (17) and to
develop adequate adaptation laws for adjustingptiiameters

the constraint set€); , Q, and Q

vector & ,Qg and Qp while seeking a zero tracking error.
Using the procedure suggested in [28, 29], the merer
vectors off (x | g; )and §(x |Qg )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 theemial 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

Qfl = y13§f| (x) 21

G, = v,SE, (x) (22)

By = 1es¢, (x)u (23)

egr = y4S§gr (l)u (24)

8, = yesy(h) (25)

Proof. Define the optimal parameters vector
Hf =arg mm( sup|f X B ¥f 1L|9 (26)
g D0 \ x[OR"

84 —argenalr; (XD p{g X by roxt ‘)j @27)

6?* =arg mln( sup‘p b B, rug, 0 (28)
Qp \ hoR"

Where Q; , Qg and Qp are constraint sets fo; ,Qg
and 9

error:

e=f () ~f (x 16 )+ (@ t)-§ & |6 )y

, respectively. Define the minimum approximation

(29)

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

respectively, which are

defined as
={o oR" o< m,} (30)
o, oR"0<cslefsm} @
:{ngR“ 5 sMp} (32)




M, {, M jand M,
specified for estimated parameters’ bounds. Assgntirat
fuzzy 6; ,Qg and PI control paramete@p do not reach the
boundaries.

are positive constants designer

So, (20) can be written as
S=g &X)+g Ex+g w(h)-P(h|6,)+e
=281 00+ 8, £,00)+ 3 (6 & 0O+ € 0 B

+g,uh)-p(h|6,)+e

Where g, =Q: -6;, %, =Q; -8y, %, =9:) —8,.

Now let us consider the Lyapunov function candidate

V = 2 T 1 7 T
=S T?ﬂ gﬂ Tgfr gfr ¢gl wQ'
g 2 3 (34)
. 1 7 1 7
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The time derivative oV along the error trajectory is:
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Where @ =-6, , @ =6y , Qgr =0y .
¢, =-0y and ¢ =-6, .
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 <17, |£| —|s|/7 37)
Integrating both sides of (37), we have
t 1 n.t

{)|s|drs;(t\/(0)|+t\/(t)|)+;5(j)|g|dr (38)

then we haves O0L,. 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 proposedvgyo
system stabilizer and the interconnection of thesaniques
are illustrated in Fig.1.
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Figure 1. The proposed indirect adaptive fuzzyistidnode PSS

V. CASE STUDY AND SIMULATION RESULTS

For the study in this paper, the two-area four-nraehest
power system model [21] shown in Fig. 2 is seleclad
testing the performance of the designed PSSs ugiag
proposed approach. This model consists of two fully
symmetrical areas linked together by two transmis$ine of
220 km length. Each area contains two identicatBsanous
generators rated 20 kV/900 MVA. All generators are
connected through transformers to the 230 kV trasson
line and equipped with identical speed governotstarbines,



exciters and AVRs, and PSSs. Under normal conditibe ©10E

Area 1 transmits 400MW active power to the AreaTlBis 5 -
power system typically is used to study the lowgirency ---iggﬂggss
electromechanical oscillations of a large interawiad 4l ——appss . H
system. = | IR CPSS
1 5 s 7 8 = _
25k | 10k o
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Figure 2. Two area four machine test power system. -1 ! ! ! !
0 2 4 6 8 10

The performance of the proposed controller is eatalt by Time {sec)

applying a large disturbance caused by a threeeplfeast
short circuit at the middle of one of the transhmoisslines
between bus-7 and bus-8 at titre 0.5 s. and cleared after

Figure 4. Response Genl foperating condition 1

= 0.133 s. The fault is cleared without line tripgpiand the . . .
original system is restored upon the clearancéefault. The ———iEEITSPSSS
system should be capable of appropriate performante 257 —— - AFPSS
various operating conditions and can cause negessa - | (§ | CPSS
attenuation during disturbances. In order to eveluthe = 2r T
performance of the proposed indirect adaptive §dezzy o
sliding mode power system stabilizer (AFSMPSS),sy&tem §1-5 i ]
response for two operation conditions is comparéd 8 to 5
those obtained using adaptive type-2 fuzzy synerget g T ]
(AFSPSS), adaptive type-2 fuzzy (AFPSS) and conweat 2
(CPSS).To further assess robustness of the propPS&y avor |
performance index ((]P =>t |Aw{) [) is used to compare 0 b e
between the different PSSs considered. Fig. 3 shihes
schematic diagram of the model used to represensybtem 055 5 ! 6 5 10
generators. Tirne (sec)
Synchronous Figure 5. Response Gen2 foperating condition 1
y 0 other
l y"{ Generator Machines ) 10_3
A 2
i y -— - AFSPSS
Am g ——-AFPSS ]
- O
Figure 3.Schematic diagram of one generator power systenemod § |
(=]
1) Operating condition 1 :% il
3
TABLE 1. OPERATING CONDITION1 E i
jo'l
Generator 1 2 3 4 @ TP T PP IT T I II LI TE
Real Power (pu) 0.96 0.59 0.80 0.78
Reactive Power (pu) 0.21 0.13 0.14] 0.093 05 ) ) ) )
0 2 4 6 8 10

Time (sec)

Figure 6. Response Gen3 foperating condition 1
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TABLE 2. COMPARING THEPERFORMANCEINDEX OPERATING
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Figure 7. Response Gen4 foperating condition.1

CONDITION 1
Operating Jo
condition CPSS AFPSS AFSPSS ASMPSH
Gen 1l 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
x10°
3 T T T T
— AFSMPSS
——-AFSPSS
— = -AFPSS
s 08 CPSS
& Al
o
k=l |
5
g
% -
=
_
I
I -
jol
0]
ft._—_‘—_lnu——- I ....... T T -, T
U5 2 4 & 8 10
Time (sec)

Figure 8. Response Genl foperating condition.2

Speed deviation of G2 (pu)

Speed deviation of G3 (pu)

Speed deviation of G4 (pu)
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Figure 9. Response Gen2 foperating condition.2
4
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Figure 10. Response Gen3 fgperating condition .2
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Figure 11. Response Gen4 fgperating condition .2



TABLE 4. COMPARING THEPERFORMANCEINDEX OPERATING

CONDITION 2
Operating Jp
condition CPSS AFPSS AFSPS$ ASMPSS
Gen1l 223 145 104 47
Gen 2 214 150 123 58
Gen 3 234 166 128 44
Gen 4 229 158 117 32

As shown in the all figures for two operating cdiafis the
one noted that, the damping stability is greatlpliovement
and steady state error when used indirect AFSMB&S$ used

ASPSS, AFPSS and CPSS. The proposed stabilizeidgov

very good performance to change in operating camrdiin
terms of overshooting and settling time comparethé&other
stabilizers.

VI. CONCLUSION

In this paper, a new an indirect adaptive typeZyusliding
mode power system stabilizer based for design am th
approximation of unknown nonlinear function of sgranous
machine using the type-2 fuzzy logic system andaroéd by
a Pl term controller that eliminates chatteringthe sliding
mode control signal. Adaptation laws are developasked on
the Lyapunov synthesis approach.

It's evident from nonlinear simulation studies that adaptive
type-2 fuzzy sliding mode power system stabilizbovss

better performance in a wide range of operatinglitmms and
system parameter variations, compared to adapipe-2

fuzzy, adaptive type-2 fuzzy synergetic and conoeat

power system stabilizers counterpart by adding ghou

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