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Abstract— This paper presents a novel system stabilizer overcome these problems, a lot of research abeupdiwer

based on type-2 adaptive fuzzy sliding mode approhawvithout

reaching phase or chattering for a nonlinear powesystem. Low
frequency oscillations of small magnitude linked wth the

electromechanical models in power systems, oftenrgevere for
long periods and may in some cases drastically hiets power
transfer capability. These oscillations may occur dcally or

inter-power areas, due to in a large part to the dference in

generators inertia constants of weakly linked powerareas.
Robustness of power availability can therefore beeppardized.
To help prevent these oscillations from limiting pwer flow, we
present a new sliding mode based power system stigr with

a sliding surface such that the system is always dhe sliding

surface and hence improve the system robustness.fhermore,

to account for rapidly changing operating conditiors we use two
adaptive Type-2 fuzzy systems to approximate the “nown

power system nonlinear dynamics. To overcome the gsence of
chattering, we use a modified control signal. Stabiy is insured

through Lyapunov synthesis. Severe operating condéns are
used in a simulation study to test the validity andeffectiveness
of the proposed method which indicates good perforance and
satisfactory transient dynamic behaviour. A multi-machine
power system is used to demonstrate the performanc& the
proposed controller and its superiority over convetional

stabilizers used in the literature.

I. INTRODUCTION

A power system must be modelled as a nonlineaesys

for large disturbances. Power system stability bagn
generally defined according to system operatingditmmms.
Transient stability has been an utmost concernnfany
power specialists for it is related to synchronisaintaining
between generators in the case of a severe disuelja-4].
The use of high performance excitation systemssemtial
for maintaining steady state and transient stgtdlitmodern
synchronous generators and provides fast termiobihge
control [4]. However, these fast acting exciterghwhigh
gains can contribute to oscillatory instability time power
system. This type of instability is characterizeg low
frequency oscillations, which can persist or eveowgin
magnitude [5, 6]. Avoiding this counterproductivéfeet,
supplementary stabilizing signals have been prapas¢he
excitation systems through lead-lag power systehilsters
[6-9]. The computation of the fixed parameters bése
stabilizers is based on the linearized model of pbever
system around a nominal
Nevertheless, if the parameters of the stabilizer faxed,

power system stabilizer (PSS) performance is degrad

whenever the operating point changes [14]. Aimimg
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operating point [10-13},

system stabilizers design has been developed, wbickists
of a wide range of strategies, such as adaptiv@ingli
controllers [15], adaptive controllers [16-18] aadaptive
fuzzy controllers [19-22]. Based on universal appr@tion
theorem [23], many adaptive fuzzy controllers hdesn
proposed in the literature. The common idea is 46 an
adaptive fuzzy system to approximate the unknovstesy
functions. However, the robustness of the closeg lmannot
be guaranteed in presence of a large disturbance.

On the other hand sliding mode control (SMC) hasnbe
widely used in the literature due to its robustnasd its
simplicity design. However, SMC suffers from two jora
shortcomings. The first one is the presence oftetiay
while the second consists in the fact that systgmauhics
must be well-known [24-26].

In this paper, we propose a robust tracking conbifol
nonlinear power system via type-2 adaptive fuzzglirg)
mode method without reaching phase. This approach i
trial to combine the flexibility and intelligencd fuzzy logic
with efficiency and robustness of SMC. The main
contributions presented in this paper consist mamISMC
reaching phase elimination, replacement of the céivig
function of SMC by a smooth and the use of typezzy to
really account for fast varying operating condition

¢ Furthermore the used mathematical development petoi
overcome the previous disadvantages of classiedingl
mode. For this, we use two type-2 adaptive fuzafesys to
approximate the unknown dynamics [27-30].

This paper introduces in the next section the madel
power system, followed by the second section inctvhi
sliding mode without reaching phase and chattering
technique is discussed. In third section the desifyithe
type-2 adaptive fuzzy sliding control is presentadd
stability issue proved followed by simulation and a
presentation of results for different operating ditons
followed by a brief conclusion.. The formatter wilked to
create these components, incorporating the appdicab
criteria that follow.

Il. POWER SYSTEM MODEL

In this paper, a simplified dynamic model of a powgstem,
amely, a single machine infinite bus (SMIB) powgstem

is considered [4]. It consists of a single synclren
generator connected through a parallel transmidsierto a
very large network approximated by an infinite bus
(Figure.1.1). The classic representation of synobus
machine infinite bus SMIB power system can be emitas
follows [1-4].
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% ; . v, reaching phases and the chattering, let the sligimtace be
chosen as:

Generator with Transformer S=Xx,+ X — e’ (X2 (O) + @(1(0)) 3)

excitation controller Double transmission lines

Figure.1.1 One-line SMIB diagram with AVR and PSS

where § is a positive Constantxl(o) and xz(O) represent
the initial states.

) ) o Time derivative if the sliding surface is given by:

More details about power system modeling and defimiof )

the parameters can be found in [4]. S=x, + 1, +e*(x,(0)+ A (0)) (4)

A nonlinear representation of the machine during @sing (4), to satisfy the attracting condition (&) propose
transient period after a major disturbance hasmedun the  the following theorem:

system can be written as follows: .
SS< 0 (5)

X =%
o (1) Theorem 1: For the nonlinear system (1), if we ceothe
{XZ B f(x,t)+ g(x,t)u following control law:

where x=[Aa) AP/M]T OR? is the state vector in which gl 1 . S
Aa is speed deviationAP =P, - P, is the accelerating u=-9 (X (X)+sz+e (XZ(O)-FﬁXl(O))-FF 6)
power, M is inertia moment coefficienty R is the input,

f(x,t) and g(x,t) are two nonlinear unknown functions tOwhere,o is a positive constant, then the system is stable.

be approximated by fuzzy systems , such that: Proof
AP = _|:'>e (2) Choosing the Lyapunov function candidate to be
Post fault the mechanical input power is considemustant vV :ESTS @)

during the transient regime, that is for first feaconds after
the disturbance has occurred [20].

Therefore
The block diagram of the conventional lead-lag powe . .
system stabilizer used is shown in Figure.1.2. TheV =SS (8)
conventional PSS consists of an amplifier, a wasfitiar, — S[XZ + fx, +e (x,(0)+ ,65(1(0))] (9)

two lead-lag compensators and a limiter.

sT. 1+
Aw K 2 1
o o i o ()

2
S
Figure.1.2 Block diagram of the conventional possstem stabilizer. P
thus:
T,T, Represent time constants of the phasg <0 (12)

7L>u = 9] f (x)+ g(xJu+ Bx, +&(x,(0)+ 5x,(0)) (10)

11 72
compensation K, the stabilization gain and, the filter

time constant. The control low (6) allows ensuring the system

stabilization and robustness but cannot be directly
implemented due to unknown functiofi(x,t) and g(x,t).
In the next section, we propose a new control law t

overcome this problem.
Before Sliding mode control techniques are well\kno

[ll.  SLIDING MODE CONTROL WITHOUT REACHING PHASE
AND CHATTERING

for their invariant properties to certain parame.tariations IV. TYPE-2 ADAPTIVE FUZZY SLIDING MODE CONTROL
and external disturbances and have been succgssiylied ) ) )
in many fields. Sliding mode control approach ives two Power system operating point varies constanflfx,t)

phases, reaching phase and sliding phase. Durmdift and g(x,t) cannot be known accurately at all time except

phase, the system is sensitive to uncertainties afgoygh and adaptive scheme and some mean of ésgma
disturbances thus its elimination should result iRystem nonlinear dynamics. We propose to use twe-8
considerable amelioration of system robustness. adaptive fuzzy systems to approximateéx,t) and g(x,t).

Consider a single-input single-output nonlineartesys A fuzzy system that uses type-2 fuzzy sets and/zryf logic
described in (1). In order to ovoid the problemstil®é and inference is called a type-2 fuzzy system.dntmst, a
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fuzzy system that employs ordinary fuzzy sets, dpgind
inference is called type-1 fuzzy system [27-29].

Type-1 fuzzy systems, especially fuzzy controllarsi
fuzzy models, have been developed and appliedactipal
problems. A type-1 fuzzy set has a grade of merhijethat
is crisp, whereas a type-2 fuzzy set (T2FS) hasmlpership
grade that is fuzzy, so T2FS are ‘fuzzy—fuzzy' satd can
better account for uncertainties. One way of regmésg the
fuzzy membership of fuzzy sets is to use the faotpof
uncertainty (FOU), which is a 2-D representationthw
uncertainties about the left and pairs of the $idie of the
membership function and also about the right andgighe
right side of the membership function.

Operation of type-2 interval fuzzy set is identieéth the
operation of type-1 fuzzy set. However type-2 fusggtem
is an interval fuzzy system where fuzzy operatisrdone
with two type-1 membership functions, upper mersbigr
function (UMF) and lower membership function (LMF,
produce the firing strength as shown in Figurei8 thMF
and LMF will delimit the foot of uncertainty. Defaification
is a mapping process from fuzzy logic control attio a
non-fuzzy (crisp) control action.

A type-2 fuzzy set consists of two separate menhliers
functions, primary and secondary membership functitst
each value of primary variable the membership fisnation
and it is not just a crisp value; here, both prinand
secondary membership functions will be in the waéf0,
1]. Since, the FOU is not a single point but des@jover an

6(x.6,)= (e,

whered) =[0,,6,,....0, ]

&= [51,52,...,§m]T is the vector of fuzzy basis functions (FBF),
such that:

(14)

is the vector of parameters,

o, =%[€J &le..6.] (15)

Yeala, 6]

£6,=>

(16)
where:

q=leeerl q=lee el 6 =00,0,..0,]
andg, =[6,.0,,...0,,].

This yields a minimum approximation error:

£=0,+9d,u @an

where:
5, = t(x)-¢&"(x)e; (18)
3, =9(x)-¢"(x)e; (19)

and 4, , 6?; are the optimal approximation parameters and
letting:

interval, type-2 fuzzy logic controller can also federred as 6, =6, -6, (20)
interval type-2 fuzzy logic controller. This effeof taking - )
their FOU over a range or an interval gives the 3- 6, =6,-6, (21)

dimensional effect. The architecture of a type-2zfulogic
controlled system is shown in Figure.3 which camgathe
following five components: fuzzifier, rule base, zhy
inference engine, type-reducer, and defuzzifier.

Type-2 FLS
Output Processing

Crisp
Fuzzifier

inputs
X

1Type-reduced
1 1Set (Type-1)

Figure.3 Type-2 fuzzy logic system.

The type-2 fuzzy logic systems have been emploped
modelling and controlling nonlinear systems duetheir
inherent capabilities of nonlinear function approation.
Based on the universal approximation theorem, uwkno
functions f(x,t) and g(x,t) can be approximated by:

f(x.6,)=¢(xe, (13)
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Theorem 2: For the nonlinear system (1), if we deothe
following control law:

=" T o e (e D+ x0)+> | 22
and the adaptation laws:
9f = J/l&t(x) -6,

gg = yz&t(x) - y29g

then the stability of the closed loop system is guaranteed.

(23)

(24)

Proof:

Choosing the Lyapunov function candidate to be

, Vv :lsTs+i§fT§f +iéj§g (25)
: 2 2y, 2y,
Therefore
. re 1= 1=,
V=SS+-6'6 +—66, (26)
I 2



- ( “olx 8- Fx 6, )—§j+i~:a ;

[(e]]

= ST(—(f(x, 6,)- f(X))‘(

0

2

2

(e 6.)- -

(27)

+=076,
Iz

+yi§;6'rg (28)

=S (_ éfTE(X) - égT{(x)u +& _i] + ié-ngf + ié-ngg

Yo,

1

Using (23) and (24), we can obtain
2 ~_ . ~_ .
V= —? -6/6,-0]0,+ S
Since the following inequalities are valid
~ 1o Ly,
-676,<-26/6, +§||ef I

716,<-143,+o)

L1112

we can rewriteV as follows

(29)

(30)

(31)

(32)

V{43018 388, |+l Hal + Hol @

(2 1, 1y,
Let a=mm(;,yp V2] and #=E||9f||2+§||6’g”2+"‘s"

then:

V<-aV+u

(34)

Multiplying both sides bg™, we can have the following

inequality

%(Ve"‘)s e

Integrating this last equation from 0 to t, we have

os<V(t)s (v(o)—ﬂje-m +H

a a
Osv(t)sv(o)+§
o<V(t)<n
where:

- H
n=v()+~
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(35)

(36)

37)

(38)

(39)

Using the Barbalat lemma, we can conclude tBaand
S are bounded$0L, and SOL,). Sincee, g, and g,

are bounded, we can conclude directly thgt) is also
bounded which guarantees closed loop stability.

V. SIMULATION

Performance and robustness of the proposed appi®ach
evaluated through a comparative study with a da€§iSS.
Five type-2 fuzzy sets for each input are suffitifar our
PSS design. The fuzzy sets for inpudg. and AP are
defined according to the membership functions shdmvn
Figure.2.1 and Figure.2.2.
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Figure.2.2 Type-2 fuzzy sets for inpltc .

First the simulation results for normal load coiudis are
shown in Figure.4.1 and Figure.4.2 with PSS based o
proposed control. Performances of the proposed &8S
clearly superior while a greater control effors@icited. To
further test our proposed PSS let operating camtfitibe
changed abruptly from light to heavy load conditioa. Q
is changed from 0.3 p.u. to 0.8 p.u amg= 045p.u. The
simulation results given in Figure.5.1 and Figu/2.$how a
better transient performance. We now consider tse of
the sudden occurrence of reactive power importingua
change in Q to -0.3 p.u and strong connectign=0.1 p.u).
Again the simulation results shown in Figure.6.1d an

Figure.6.2 seem to indicate a good transient bebavi
showing superior performance of the proposed PSS.
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Figure.4.1 Speed deviation.
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To demonstrate the performance of the proposedapnte
performed nonlinear simulation for multi-machinesteyn as
in Figure.7. We compared the proposed T2AFS PSsthit
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Figure.7 Multi machine power system.
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Figure.9.2. Response of multi-machine power systetor angle under

conventional power system stabilizer CPSS. As shown

Figure.8.1 and Figure.8.2, the proposed approadwsh
better control performance than conventional PS8rims of
settling time and damping effect. To further eviduthe
robustness of proposed control, Figure.9.1 and rEi§.2
show good performance while the power system igestdd

to heavy loading.
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heavy load.

VI. CONCLUSION

This paper presents a novel approach for the desfign

type-2 adaptive fuzzy sliding mode power systerbikzzr

for a multi-machine power system. Simulation resuodveal
that the performance of a sliding mode control wuiih
reaching phase based adaptive type-2 fuzzy powstersy

7



stabilizer in a multi-machine power system is quibdust
under wide variations of loading conditions both fmall
and large disturbance. The coordination betweedingi
power system stabilizer (SPSS) and type-2 adaptizey
system (AT2F) has been presented for a single maddse
as well as two machines power system. Simulatisalt® for
small perturbation and large fault at different divey
conditions demonstrated the effectiveness of trepgsed
approach.
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