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Abstract

Power systems have uncertain dynamics due to a variety of effects such as lightning, severe storms and
equipment failures. The variation of the effective reactance of a transmission line due to a fault is
an exaraple of uncertainty in power system dynamics. Hence, a robust controller to cope with these
uncertainties is needed. Recently fuzzy controllers have become quite popular for robust control due
to its capability of dealing with unstructured uncertainty. Thus in this paper we design an adaptive
fuzzy controller using an input-output linearization approach for the transient stabilization and voltage
regulation of a power system under a sudden fault. Simulation results show that satisfactory performance
is achieved by the proposed controller.
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1. Introduction
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systems. In the case where a large fault occurs, Fig. 1 Single machine-infinite bus mode
the parameters (and thus the operating point) of
a nonlinear power system change significantly, and

therefore linear controllers generally fail to main-

tain transient stability of the system. To deal with o(t) = w(t) (1)
this problem of uncertainty and nonlinearity, an W) = - b wl(t)
adaptive control approach is proposed in [1] on the H
basis of the direct feedback linearization (DFL) L W (P~ ViE, sin 8(1)) (2)
technique [2]. However in [1], voltage requlation HY ™ ay
and transient stabilization are achieved using two : _ 1
separate control laws in a rather ad hoc manner. Eft) = m[kcuf(t) ~ By (t)]
As an alternative approach, we present an adap- Ta— 24 )
tive fuzzy control scheme as in (3,4}, which is based + ";;T‘“Vs sin 6(t)w(t) (3)

on static state feedback linearization [5]. Unlike
conventional adaptive nonlinear methods such as
[6], the proposed algorithm does not require the
system to be linear in the uncertain parameters. +

Since the proposed algorithm is based on input-
output linearization, stability of the internal dy-
namics s a prerequisite. In [7], output modifica-
tion is performed in order to enhance the inter-
nal dynamics. We also employ this modification
here. Simulation results show the effectiveness of
the proposed scheme.

Viit) = :';d_{msquz(t)“'VsQich

2 x4V sEL(t) cos 5(1))2 (4)

where V,(t) is the generator terminal voltage, 4(t)
is the power angle of the generator, w(t) is the rel-
ative speed of the generator, F,(t) the EMF in the
quadrature axis, F,, the mechanical input power,
P(t) the active electrical power delivered by the
generator, wo the synchronous machine speed, D
the per unit damping constant and H the per unit
inertia constant, V; the infinite bus voltage, k. the

2. Power system model ; s . -
gain of the excitation amplifier, u;(¢) the input of

We consider a simplified dynamic model as de-
picted in Fig.1.

the SCR amplifier of the generator, z; the direct
axis reactance of the generator, x; the direct axis
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transient reactance of the generator, Ty, the di-
rect axis transient short-circuit time constant. The
fault we consider in this paper is a symmetrical
three-phase short circuit fault which occurs on one
of the transmission lines. x (= 0.4853) is the total
reactance of the transmission line and if A is the
fraction of the faulted line to the left of the fault,
then x,, 245, and 27, T, are regarded as follows:

r, — T+ o
s 227[1
1
Tgs = IT+ -2~LEL + Xg
Ty, = a7+ S%L+ T
'
Lds
)
y do TdO
Tds

The control objective is to maintain voltage
regulation and synchronism despite the paramet-
ric uncertainties due to A.

3. State equation with output modification

To improve the response of power angle § and
characteristics of internal dynamics, the output is
modified as in [7]:

Vi + awp
—-bwr + bw (5)

y -
lL‘F =

where the pseudo output y is equal to V; in steady
state and wr is obtained through low-pass filtering
(b > 0). Using the pseudo output, oscillation of &
can be removed and the stability of the closed-loop
system comes to depend on . According to (7], if
a is negative, the system is stable and oscillation
of the internal dynamics is reduced. From (1), (2),
(3), and (5) we can get the non-linear state equa-
tions as follows:

x(t) = f(x()+ g(x(t))u(t) (6)
y = hix) (7)
where x = {21 z2 3 :L‘4]T =[0w E, ’lU].‘]T,
[ w
P wyV, E,
1'UJ -+ —u—“"‘ —I'TI_L sin g
fx) = E + ’szm()
d()
i —wa + bw
M0
0
g(x) = P
T,
L 0
h(X) = Vi + awp,
U = uf

4. Adaptive fuzzy controller

In this Section, we propose an adaptive fuzzy
controller based on feedback linearization. Dif-
ferentiating (7) for the input-output feedback lin-
earization. we can get

3
= + + T 8
(-Tdsfl f4) (xdsflE )u ( )

where L¢h and Lgh are Lie derivative of f and

g respectively, and fi, fo, f3, and f4 represents
following functions:

hH = xSQE 24 Vil + 2x,24V E cosd
fr = mszqu, ke + xsxqVi cosé
do dO
1
i = «xsz,, —rmszE Vuzsmo
T4 mds
1
—xsx4V, cosd —E,
Téo
+xszqaVs cos<5 sz sind
mds
—wsde Eqwsiné
E
fa = ab{——w + ——(P r £ sin §)
bds

+bwp — bw}

The feedback linearizing control[5] for (8) is

1
= Ty 00 + v~ aae) )
where ¢y > 0, y, the reference voltage, regulation
error € = y — %,. Applying (9) into (8) results in
an error dynamic equation as

é+coe =0, (cg>0) (10)

But the faults on the transmission lines cause
the variation of the parameters x;, x4, and ), as
discussed previously. With the variation of x,, z4s,
and 2/, Lyh(z) and Lyh(r) come to contain para-
metric uncertainties. If the uncertainties in L¢h(z)
and L h(x) satisfy the linear parameterization con-
dition, we can use the conventional adaptive input-
output linearization technique[6]. But L;h(x) and
Lgh(z) in (8) are not the case and to cope with
the problem, we will use a fuzzy system which ap-
proximates L;h(z) and Lyh(x). We now show the
details of fuzzy system construction on the basis of
Wang’s approach(2,3]. To begin with, let Lsh be
devided into two part, Lyh, and fs; Lyh; contains
uncertainty and f; does not,

th = th/l + f5 (11)
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where

: E,
Lihy = g — abV,~Z sin g,
zasfi? Tds
D P
fi = ab-gw+ “’“'Hm + bwp — bw)

4.1 Certainty equivalent control

To construct fuzzy logic system for estimating
L¢hi(z) and Lgh(x), let us make an assumption.

Assumption 1.

There are some fuzzy rules about Lyh,(x) and
Lgh(z) based on the expert’s knowledge on the sys-
tem.

(R1) Ryn, (ilads)
If 2, is Fi" and x» is F3" and 23 is F3",
then thl(X) is 6‘,51‘,12,13)

(R2) Ryt
If z, is F\" and z3 is F3",

then Lgh(x) is é;l“l:‘)
where FY, 61() i=1,2310L4=1,---,m, Iy =
1,---,mg, I3 = 1,-- ,m3) are fuzzy sets. [; iden-
tifies the fuzzy sets Fb in xz; and the number of
rules in rule base (R1) is mys(m; x my x m3) and
number of rules in (R2) is my(my x m3). g, k)
in (R1) represents Lh;(z) when x; (1 = 1,2, 3) be-
long to the corresponding fuzzy sets in the premise
of (Rl) with the membership function equal to 1.

(I
01 Hlads) is defined by a fuzzy set whose member-

ship function is maximum on a point 6, %) in
the support. According to [3,4], using singleton
fuzzifier, sup-star composition, and center average
defuzzifier, we can write

my my m3

5 38 35 gyt wﬁpF,,,(zm

I
Limx) = A
E 33 H,UF (z:))
L=1h=11=1 i=
oy (12)
myp My I
E Z 02( nils) | (HFll‘ (1) Mgy (-733))
Lhz) = =L
> Y (g (@) - gy (23))
L=11=1
+v 13

where v; and v, are finite approximation errors and
6,'5) and 6,1%) are to be determined based on
the expert’s knowledge on (8); however they are

to be estimated due to the parametric uncertain-
ties in (8). Replacing 6= (6,14} in (12) and

(Wdady) A~ (W L .

(13) with 6, (ot (¢9g(l ‘)) which is obtained by
an adaptation law described lately. we can write
estimation of Lh; and Lyh as

m; my Mg

>y ettt

L=11=11=1
3
Tl g ()
my my my ]

ZZHNF (i)

L=1l=11=11=

Lhy(x)

i

|

mupy (ﬁl)lﬁﬂ' (x3)

S0 S2 i (@)t (23)

5=113=1

J (15)

Now let us define fuzzy basis functions

3

_H HE (z:)
] (16)

[mx me My

> 2 Z(HMF ;))

L=11l=113=1 i=
ppn (21) - g (T3)

[m, my ]

> > (HFI’I (z1) - Hpyis (z3))

h=1l=1

(>

6(11 d2,l3)

i3

6(11 As)

(17)

Then we obtain my dimensional vector &s(x)
whose elements are £/ and m, dimensional vec-
tor &,(z) whose elements are £''%*. Using £; and
&y, we can write

Li(x) = 0;7¢(x)+w,
- ~T
Li(x) = 6f &(x) (18)
Loh(x) = 0,7&,(x) + vy,
~ ~ T
Loh(x) = 8, §(x) (19)
Where 0/ = [01(1’1’1)’ - ’Hl(ml,m:e,mg)}T7
0, = [0V, -,02(m"m")]T
N A ~ (M Mo, m3 T
and 6 = [§{"MY, SR )] ’
s {(my,m3) T

6, = 16"V, 6, 1.

Writing th(x) = L;hi(x) + f5 and substituting
L;h(z) and Lyh(z) into (10), we obtain

U = Ug+ us
1 -

= - —Lh(z) + 4,
Lgh(m){ () +y

— coe} + u; (20)
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where uy is the certainty equivalent control and u,
is the supervisory control for the stabilization of
system.

4.2 Design of the supervisory control and adapta-
tion law

Substituting (20) into (8), we obtain an error
dynamic equation
é = —coe+ (Lph— Lih) + (Lsh — Lyh)u

= —coe+ (Ljh — L}h) + (Lyh — L;h)uo

+Lghu, (21)

and the following is true for Lh and L,h.
Lemma 1.

For F; > 0and 0 <9 <, |Lsh| and Lyh have
bounds

ILih(x)] < LphY(x)
Loht(x) < Lgh(x) < LyhY(x) (22)
where
r \/QZT + Ty
LihY = NERAAS
m xd +ar+xL Td q| |
T + I ,
—-—-—————Vs . .
xij + zr + '(.’Ed ‘Td)l"dl
_rrErn B,
:Ed+.rT+ILTd0 q
D
+|abi[( + b)jwl
]. (.U()Vs
E
+$d +xr + 05z, H | q|
W
+E°Pm + blwpl]
LghL _ l{?i T (.’ET+O.5:L‘L)Eq

Ty zd + 27 \/(mT +0.52,) E2 + (2aV)?

T+ T k.

LpV = ————=
g g+ T + X4 T(;()

Using the bounds in Lemmal, we obtain a sta-
bilizing control law as follows.

Theorem 1.

With the control input u in the form of (20), if

we design u; as

Usg = *Il*sgn(e)f;}%m (23)
x{|Lph(x)] + LshY (x) + | Lgh(x)uol
+|LghY (x)uo|}

. (1, if VeV

h *{ 0, if V,<V

then state vector x is bounded.

proof : Asin [3.4],letV, = %ez, then the deriva-

tion of V, is

V. = —coe®+e{(Lsh— Lih) + (Lgh — Lyh)uy

+Lohug}
< —coe’ +e{|Lsh| + [L}hi + IL;hu0|
+|Lghug|} + eLghu,

Hence, substituting (23) into the rlght hand side
of the inequality above, V. < —cge? under V, >
V .which gurantees bounded z. Now we will design
an adaptation law for the parameter vector 65 and
fy in (18) and (19), respectively. We can rewrite
(21) as

é = —coe+ (Lsh— Lth)+ (Lgh — Lyh)ug
+Lghug
= —coe+ Lghugy + {Lsh — L;h(z|6;)

+Lyh(zl0;) — Lrh(z|67)}
+{L,h — Lyh(x|8,) + Lgh(x|0,)
~ Lyh(z16) }uo
= —coe+ Lohu, +w + ¢;7 €5 (z) + ¢ Eg(T)uo
where ¢y = 07 — 9f, g = 0y — ég w = (Lsh(z) —
Lih(x|0))) + (Loh(x) — Lyh(x164))us = vi + vaug

Consider the Lyapunov function candidate

1 1
V:—62+_ T +
2%¢f ér

1 T
2 5%‘759 ¢g

where 7; , 72 are positive constants.
Using the error equation, we have

1%

i

A R 1 7
eé + — + —¢g @
" b5 @1 Y2 by g
= e(—coe + Lohu, +w + ¢ &p(x)
1 - 1 .
5 o(@)u0) + =017 by + — 5" &g
" - 72
= —coe’ +eLghu, + ew

1 .
+jy_l¢’fT(¢f + meks(z))
1 .
+—dg" (69 + ey (z)uo)
Y2
Therefor

, if we choose the adaptation law

by = me€s(x) (24)
0, = ek (x)uo

— ¢ ;=
_ d;g —
then we have

v

I

~cpe? + eLghu, + ew (25)

—coez + ew

IA
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According to {3,4], since w is the minimum approx-
imation error, (25) is the best we can get. Using
the basic adaptation law (24), we cannot guarantee
that the parameters §; and 6, are bounded. [3,4]
proposed a modified adaptatlon law with projec-
tion for the boundedness of parameters and (24) is
modified as

the system is in a post fault state. Fig.6 shows
the simulation result with the temporary fault; a
fault occurs on A = 0.5 point at ¢ = 1sec, the fault
is removed by opening the breaker at ¢ = 1.15sec,
the transmission lines are restored with the fault
cleared at + = 1.9sec, and the system is in a post-
fault state. From the simulation results, we can
see that the proposed adaptive fuzzy controller can

/ maintain the system stable even in the presence of

permanent and temporary fault.
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X
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z e

08278
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08278

06253

0322

08243

( ey () if (16, < My) or (165] =
, and eengf(m) < 0)
O = nets(z) if (107 =
856 k4
Y “ng—f(g(—) and ef;” ff(x) 0)
[ 1eby(z)uo if(16g] < Mg)or (19
. and eﬂgTﬁg( Yug )
0, = 72659(332'“0 if (165] =
—’ygegygg;:'(?)uo and eOgTﬁg(x)uo > 0)
Zf Ogi = €,
0. ey (T)up  if efy(x)up >0
gt 0 ’Lf eﬁgi(x)uo S 0
where My , M, are positive constants specified by

the designer, 8, £, represents ith elements of the
vector 84,§, respectively and ¢ is positive constant
to gurantee positive L;h. The overall scheme of
adaptive fuzzy control systems is shown in Fig.2.

Yr

Plam
X = )+ o
¥ = o)

+ Fuzxy Controller

h y = LW L0+ v ez o

Adaptive Law
for ©, and ©
(]

Supervisory Control

- Fuzzy Logic System
0 u- I‘W\te)ﬁ( TR+ LyH00 » 1700 + 1L,y ) Ly¥x), LyV(e)
|

Fig. 2 The overall scheme of adaptive fuzzy
control systems

Irutial ©, ang @,
from linguistic”
information

5. Simulation results

Adaptive fuzzy controller discussed so far is
used to stabilize the single-machine infinite bus
system (6),(7) with the sudden fault. Lingustic
fuzzy rules to determine the initial values of L h(z)

and L fh( ) in certainty equivalent control (20) is
shown in Fig.3 and Fig.4 respectively. We choose
vV = 2(001) > yT(t) - V;R( ) =1 ¢ = 0057
My =274x1.5 M, =3.5x1.5, 6—001 71~300
2 = 1 for the controller design.

We consider the two fault sequences|1], i.e. per-
manent fault and temporary fault.Fig.5 shows the
simulation result with the permanent fault: a fault
occurs on A = 0.5 point at t=2 the fault is re-
moved by opening the breaker at ¢ = 1.15sec, and

#a1 5
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432549
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439908
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285745
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I :
[N :
/ Y :
gl 1] S SN e p
65 i i
2 8 10
time [sec]
P S L
= [ :
s /
‘/
09 W i ‘
0 2 6 [} 10
time [sec]
Fig. 5 Relative angle and terminal voltage of the
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time [sec]

PR 6 s 10
time [sec!
Fig. 6 Relative angle and terminal voltage of the

generator with temporary fault
6.Conclusion

For power system stabilization, we have pre-
sented an adaptive fuzzy control scheme based on
feedback linearization. Power systems are subject
to uncertainties, and this makes exact linearization
difficult to achieve. In addition, linear parametriza-
tion for these uncertainties is rarely possible in
practice; as a consequence, conventional adaptive
nonlinear control algorithms such as [6] are not
readily applicable. On the other hand, fuzzy sys-
tems employed in this paper are capable of approx-
imating uncertain functions. The resulting adap-
tive fuzzy control scheme can cope with uncer-
tainties which are not necessarily parametrized lin-
early. Simulations show that both transient stabil-
ity and voltage regulation can be achieved effec-
tively by using the proposed control system. It is
also noted that improvement of the internal dy-
namics is ohbserved by output modification as in
[7].
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