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Delay-independent stabilization for steam valve opening of

multi-machine power system with sector actuator
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Abstract: A time-independent decentralized controller and a robust decentralized controller have been developed for
the steam valve opening of multi-machine power system with sector saturating actuator. The nonlinear interconnected
function is first converted by trigonometric transformation into quadratically bounded inequalities in the subsystem states;
and then, linear matrix inequality (LMI) sufficient conditions for the closed-loop multi-machine power system and uncertain
system to be asymptomatically stable are derived based on Lyapunov stability theory. A two-machine infinite-bus system
is considered as an application example. Simulation results demonstrate the effectiveness of the proposed method.
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1 Introduction

Multi-machine power system is known as a com-
plex interconnected large-scale system that is composed
of many electric devices and mechanical components,
so it’s very common to have parameter uncertainty and
time-delay which are often the source of instability. In
the past years, scholars employed excitation control to
enhance its stability!'™. However, application scope
of this method is very limited for the constraints on
the maximum value and rising rate of excitation cur-
rent. Thus it’s necessary to make further improvement
on transient stability level by regulating the steam valve
or water valve opening of prime mover to control the
injected mechanical power. In addition, the control of
steam value opening is more effective since the exis-
tence of water hammer effect weakens the efficiency of
its improvement on stability of systeml!. At the same
time, the physical limitations of the actuator are un-
avoidable in the operation of driving the actuator by sig-
nals emitted from the designed controllers, thus causing
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actuator saturation, which not only deteriorates the con-
trol system performance, but also leads to undesirable
stability effects. In addition, in most cases, it is diffi-
cult to know the exact value of delays, and it is even not
easy to estimate the bounds of the delays. Hence, it’s
significant to investigate time-independent robust steam
valve opening control of large-sized steam turbine with
actuator saturation to enhance stability level of multi-
machine power system.

In the past decade, scholars paid close attention to
the control of steam valve opening and several contri-
butions had been published. They can be divided into
two types: one was linear feedback controller, for exam-
ple, by virtual of solving Ricatti equation!®!, making use
of LMI approach!”!, based on state observer’®!, etc.;
the other was nonlinear feedback controller, for exam-
ple, using backstepping method!!%'?!, availing itself of
Hamiltonian control technique with dissipation and re-
cursive method"3-131, etc. Among the above mentioned
reports, only [12, 15] took actuator saturation into con-
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sideration; meanwhile, they had only thought over that
the actuator reached its extreme limit. So far as we
known, report on the control of steam vale opening for
time-delay multi-machine power system have not been
covered yet. And, though there are many useful theo-
retical results about linear uncertain time-delay systems
with linear interconnection function considering actua-
tor saturation!'®'® and also, some good results about
special linear time-delay systems with constrained non-
linear interconnection function'°2% there are no con-
structive results related to linear uncertain time-delay
system with nonlinear interconnection function.

In this paper, the design of delay-independent de-
centralized controller and robust decentralized con-
troller for steam valve opening of uncertain time-delay
multi-machine power systems with actuator saturation
are handled. The system parameter uncertainties are
unknown but bounded and the delays are time-varying.
Sufficient LMI conditions of uncertain multi-machine
power system and its nominal system asymptomatic sta-
bility have been developed based on the Lyapunov sta-
bility theory combined with LMI technique, and the
design algorithm of controller gain matrices and three
corollaries are presented.

2 Model description

Considering delays, input constraints and the time-
varying structured uncertainties, an /V-machine power
system with steam valve control, which is composed of
turbine generator with reheater, is described by the in-
terconnection of IV subsystems as follows?6!:

(1) =
[Ai + AA;(D)]zi(t) + [B; + AB;(t)]usi (1) +
N

‘ ;#‘pij [Gii+AG;()]gij (@i(1), 25 (t—735)), (1)
J=Li7
usi(t) = sat(uq(t)),
where z;(t) = [Ad;(t) wi(t) APyi(t) AXgi(t)]*
and A(Sz(t) = (Sl(t) _5i07 APMl(t) = PMi (t) - PMi07
AXgi(t) = Xgi(t) — Xmio- u;i(t), which is generated
from the designed controller, is the control input vec-
tor to the actuator, u;(t) is the control input vector to
the plant. g;;(z;(t),z;(t — 7;;)) is the nonlinear func-
tion vector characterizing the interconnection between
the ¢th generator and jth generator and

9ij(@i(t), x;(t — 735)) =

Sln((st(t) — 5J(t — Tij)) — Sin((sio — (5]‘0), (2)
T;; is the unknown time-varying signal transmission de-

lay term between the ith generator and jth generator,
and satisfied

0<ﬂ‘j<7'<00- (3)

The nominal system matrices are represented as fol-
lows:

Vol. 29
0 1 0 0o
Di Wo Wo
0o - 1-Fp) -2 Fp
2H, 2Hi( ir) o, '
_ 1 K
A=l 0 - o
TMz’ TMi
K 1
0 ——— 0 —
TEiRiUJO Tk |

B;=[000 1/Tw]",
Giy=1[0 —¢G; 0 O]T7 Gij = WOE;qiE’quij/2Hi>
where, p;;: constant of either 1 or 0 (p;; = 0 means
that the jth generator has no connection with sth gen-
erator); H;: inertia constant for ith generator, in sec-
onds; D;: damping coefficient for sth generator, in
pu; Fip;: fraction of the turbine power generated by
the intermediate pressure section; Tyg; and Ky, time
constant and gain of ith machine’s turbine; Tg; and
Kg;: time constant and gain of ¢th machine’s speed
governor; RR;: regulation constant of ¢th machine in
pu; B;;: ith row and jth column element of nodal
susceptance matrix at the internal nodes after elimi-
nated all physical buses, in pu; Py;: mechanical power
for ith machine, in pu; Xg;: steam valve opening for
1th machine, in pu; w;: relative speed for ¢th ma-
chine, in rad/s; J;: rotor angle for ¢th machine, in rad,;
wp: the synchronous machine speed; E;i and E,qj: in-
ternal transient voltage for ith and jth machine, in
pu, which are assumed to be constant; &;0, Py and
XEgio: the initial values of §;, Pyy; and Xg;, respectively.
AA;(t), AB;(t) and AG;;(t) are real time varying pa-
rameter uncertainties and assumed to be of the follow-

ing structure:

{[AAi(t) ABi(t)] = Lz-Fz(t)[Mz Ni]?

C))
AG;;(t) = Li; Fi;(t) B

with F;(t) and F;;(t) being unknown matrix functions
with Lebesgue measurable elements and satisfying
FIOF() < L, Fj0)F;(t) <L; O
where L;, M;, N;, L;; and E,; are known real constant
matrices with appropriate dimensions.
The sector nonlinear function wu;(t) is considered

to be inside the sector [a;, 1] and is shown in Fig.1,
where 0 < a; < 1.

U, (D

U, =Uy®
U, = 0'5(ai+ Du,(9)

U.(6) = au,()
u(t)

Fig. 1  Sector nonlinear function
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3 Main results
For convenience, the nonlinear interconnection
function g;;(x;(t),x;(t — 7;;)) is converted into the
following form via transformation of triangle functions:
9ij(@i(t), 2 (t — 755)) =
—2008(51(5))Sln(l’11(t) — I’jl(t — 7'@'))/2,
where /31(5> = [57 (t) — (5]' (t — Tij) =+ 57;0 — 530]/2
It is immediately got that
iy (i(8), 2 (t = 735)) iy (2i(t), 25 (t — 735)) =
4cos?(B:(0))sin®[wi () — zj1(t — 735)]/2 <
[0 () — 20 (t — 75))* <
()2 () + 2 (8 — 1)z (= 735).- (6)
Remark 1 z;,(t) = W;z;(t), zj1(t —
WjCCj(t — Tij)? where Wi = Wj = [1 00 O].

Remark 2 The deduced result of the nonlinear inter-

Tij) =

connected function is smaller than the assumption in [6].
In the sequel, some useful lemmas, which are
needed to solve our problem, are introduced.

Lemmal Let D, E and I be real matrices of ap-
propriate dimensions with F'*(¢)F(t) < I, then for
any given € > (, we have that

DFE+ETFTDY < e 'DDY +¢ETE. (7)
Lemma 2 Consider the partitioned matrix F' =

LgT g] where C = CT, E = E"T with appropri-
ate dimensions, then F' is positive definite if and only if
either the following conditions hold

E>0andC — DE'D" >0or

C>0and E—D"C™'D>0. (8)
Next, the state feedback control law is designed as

where K; is control gain matrix.
Thus, the resulting closed-loop system is written as
(Aic + AAic(t))zi(t) + [Bi + ABi(t)]mi(t) +
N
. 12#.1%:’ [Gij + AGi;(t)]gi (i(t), 2 (E — 745)),
J=LJ7F
(10)
where Aic = Az + 05(1 + ai)BiKi, AAw(t) =
From Fig.1, it’s obvious that vector function 7;(t)
satisfies the following inequality:

n; (E)n:(t) < i(l — )’z () K K (t). (11)

The main results are given in the following theo-
rems.

Theorem 1 The nominal system of (10) is time-
delay independent robustly stable with feedback gain
matrix K; = YiX[1 if there exists symmetric and
positive-definite X; and any matrix Y;, such that the fol-
lowing LMI holds:

=5 T, YT X,WF
" —R; 0 0
Yy, o —¢ o |<0 (2

where =; = A; X; + X;AT + 0.5(1 + a;)(B;Y; +
45;

Y'B+6,B;B}, (; = uﬁ)?,other variables are
—a,

defined below.

Proof Choose the Lyapunov-Krasovskii func-
tional candidate in the following form:

V(zi(t), z:(t — 75)) =

ST OPa (1) +

N t
> Lfﬂ Pk (€T (6)dE},  (13)

j=1,j#i
where P, is a positive definite symmetric matrix and z;;
is any given positive constant.

Taking the time derivative of V' (z;(t), z;(t — 7i;))
along the trajectory of closed-loop nominal system of
(9) is given by

Vi(zi(t), zi(t — 7)) =

N

{22 (t) P[Aicxs(t) + Bims(t) +
=1
N
2 piGigi(ai(t), @ (t — 7)) +
Jj=1,j#i
N
> pightiglrf )z (t) —
j=T,j#i
zjy (t = 7i5) 0 (t — 7)1} (14)

According to Lemma 1 and (10), it follows that
()P, Bin(t) + n; () B Pii(t) <
Bix; () PiBiB; Pixi(t) + 67 0} (t)n(t) <
Bixl (t)P,B; B Pix;(t) +
(1—a;)?

45
where (3; is any given positive constant.
Substituting (6) and (15) into (14), we obtain that

Vi(wi(t), it — 7)) <

N ~ N

YAzl ) Zii(t)+ > pi[22] (t) PGy Gy —
=1 Jj=1,j#1

pij sy (6 — 7)) (t— 735)]} =

!l (K] Kxi(t), (15)
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N - N
;{xiT(t)Eizi(t)Jr > pi2x] () PiGigij —

J=1,j#i
Mijij1 (t_Tij)le(t_Tij)+%‘jg;‘1;gij_%'jg;‘l;gij]}<
N N
YAz (t)Oizi(t) — 3 pijlpi — vislzj (=
i=1 j=Li#i
7ij)Tj1(t — 7i) } (16)
where
9i = 9 (ws(t), 2;(t = 735)),
Ei = PiAi. + AP, + 3;P,B; B P, +
1—a,)’ N
ﬂKiTKi + Z pijﬂjiWiTWm
43; G=1,j%i
z(t) =[x () Ga - Gii—1) Giirr) “* Gin] s
Z  PT,
@71 - |:TZ‘TPZ' —R,L:| )
Zi = PiAic + ALLP, + 3;P,B; B P; +

1
(1 — @)’ K K + & "W W,
45; )
) N
&= 2 vl + il
J=1,5#i
T; = [paGir -+ pii-1)Giii-1)

pi(i+1)Gi(i+1) T piNGiN]a

R; = diag{~;1,- - JYiN }-

For p;; and ~y;; are any given positive constants,
it’s reasonable to let y;; > ;;. Hence, if ©;, < 0
is satisfied, V' (z;(t),z;(t — 7,;)) < 0 holds and the
nominal system of (10) is asymptotically stable. Be-
cause ©; < 0 is a bilinear matrix inequality (BMI),
it’s necessary to find a way to transform the inequal-
ity to a form which is affine in the unknown variables.
To achieve this, letting the variables X; = le and
Y, = K,X,, pre-multiplying and post-multiplying ©;
by diag{ X;, I}, we obtain that

y Yi(i—=1)s Vi(i+1)y " °

0, <0< [TiT B Rz} <0, 17

where
Z,=AX+ X, AT 4+0.5(1+a;)(B;Y;+Y," B+

2
ﬁiBiBiT+(14;i)KTEJrfilXiWiTWiXi.
According to Lemma 2, it is obvious that LMI (12)
is equivalent to (17) and (12) guarantees that the neg-
ativeness of V (x(t), z;(t — 7;;)) whenever z;(t) is
not zero, which immediately implies that the asymp-
totic stability of the nominal system of (10). The proof
of Theorem 1 is completed.
In the sequel, the robust time-delay independent
LMI condition is investigated.
Theorem 2 The system (10) is time-delay inde-
pendent robustly stable with feedback gain matrix K; =

Y; X, " if there exists symmetric and positive-definite
X, and any matrix Y;, such that the following LMI
holds
T; T, YvrP x,wbt o of
" —-R, 0 0 0
Y; 0O —-¢ 0 0
wW:X; 0 0 —&; 0
2 0 0 0 —0;

where 1; = A, X; + X;AT + 0.5(1 + a;)(B;Y: +
Y;TBZT) + &;, 2; = [Mle + 05(1 + al)NlYl], other
variables are the same as the ones in Theorem 1 or de-
fined below.

Proof Choose the same Lyapunov-Krasovskii
functional candidate as Theorem 1 and take the time
derivative of V'(z;(t), z;(t — 7;;)) along the trajectory
of closed-loop system (10) to obtain that

V(z;(t), zi(t — 13;)) <

ivt (207 (1) P( A + A (1)s(t) +

<0, (18)

B+ AB()n(t) + 5 pu(Gay+

=T
N
AG;(t)gi] + ;ipz‘jﬂij [z (D) (t) —
J=La7
wjy (t = 7i5) 0 (t = 735)]}- (19)

According to Lemma 1, it follows that

22T (t)P,AA;(t)x;(t) =

22 () PLiFy(8) [M; + 0.5(1 + a;) N; K;|z:(t) <

v ()(0: P.L LT P, + 6, 027 2,)i(1) (20)
and

2¢} () P,AB; (t)n;(t) =

2a; (t)P,L; Fy(t)Nim;(t) <

Vi () P Li Ly Py (8)+07 i () N Ny () <

Vix; (£)P;L; L} Pxs(t) +

i(1—a;)?
M:p?(t)KiT Kzi(t) 1)
49, ' '
and N
20 ()P, Y. pyAGy(t)gi; =
=Ty
T N
2z, ()P Y. piLiiFij(t) Eigi; <
=Ty

N
6 xl ()P Y. piLi L5 P(t) +

J=Lj#i

N
o > Py ESE; G <
=L

N
pii{o; el ()P Y Li L Pai(t) +

j=1,j#i
N
6 > Nigleh(tza(t) +
J=1j#i
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zjy (t — 1)z (t — 735)]}, (22)

where 6;, ¥; and J; are any given positive constants,
2, = M; + 0.5(1 + a;) N; K, x; and \;; are the max-
imum eigenvalues of N;" N; and E;; E;; respectively.

Substituting (6)(15) and (20)—(22) into (19), we
obtain that

V(xi(t), z:(t — 7)) <

N ~ N

Z:l{f’?;r(t)nl‘z(t)+ Z?é pij[2x] (t) PGy G —
i= j=1,j#i

(pij — 6Xhig)ay (t — 7o) wju (b — 735)]} =

N _ N
YA O i)+ Y0 pi[22f (1) PiGigi—

i=1 G=1,j#i

(pij — Mgy (t — 7ij)wju (b — 735) +

YiiGi5Gi5 — Vi3 Gs;9:3]} <

N T N

> Az (Oizi(t)— 22 piglpi—0idig —i] -

=1 J=1,7#1

wjy (t—7ij)w(t — 7)), (23)
where

1—a;)” xi
d-a)y 4a)(x+1)KiTKZ-+

v,
N
Z pijﬂjiWiTWi»
J=1,j#i
N
6t Z pijLijL;‘l;‘)

?

j=1,j#i
T, PT] o o &
Hz_|:z-;TPZ _Rz:| ) T—T+j:1zj#ipij7]zm Wz

For 14,5, 6; and ;; are any given positive constants,
it’s reasonable to let j;; > d;\;; + 7;;. Hence, if
1I; < 0 holds, the system (10) is robust asymptotically
stable. Using the same manipulation as Theorem 1, we
find that LMI (18) is equivalent to [I; < 0 and (18)
guarantees the negativeness of V (z;(t), z;(t — 7,;))
whenever z;(t) is not zero, which implies that the ro-
bust asymptotic stability of the system (10). The proof
of Theorem 2 is achieved.

Meanwhile, when some parameters take some spe-
cial values, the following results are easily derived.

Corollary 1 When a; = 1, if LMI (12) or (18)
holds, the nominal system of (10) or system (10) is
time-independent asymptotic stability without actuator
saturation.

Corollary 2 When 7,; = 0 and a, = 1, denoting
K, = LiB;-T P;, the following result is obtained that

T, <0< PA; + AT P, + 2,,P,B;B]' P, +
PO, P+ 02,40, "WrW,;+Q,; =0, (24)

where 2, = n; ' (M;+1;N; BY P,))* (M;+1;N; BI P,),
N
vl= Y 2p;;(0:;\i; + ¥;) and Q; is positive defi-

. j=Lj#i
nite matrix.

It is obvious that Corollary 2 is the main result of
[6], therefore Theorem 1 has wider range of application.
Corollary 3 When 7,; = O and a; = 1, the LMI
(12) can be simplified as follows:
X Wwr
.| <o

— 5l

S
[WG X, (25)

where

N
> piijijGijG;l;a

i=Li#i
~ 1 N
Ui =203 YiDie
J=Lj#i
If letting Ap, Bp, Kp and Gp are the same as
N
[7] and Gz = Z szGngU (LUZ(t), Jjj (t)), LMI (25)

jzls.j;éi
implies the main result in [7]. In addition, LMI (25) is

simpler and more general than LMI (20) in [7] in de-
scription form.
4 Simulation results

In this section, a two-machine infinite bus example
system which is shown in Fig.2 is chosen to demon-
strate the design procedure and the effectiveness of the
proposed decentralized controller. Since generator #3 is
with an infinite bus, we have qu =1£0°.

Fig. 2 A two-machine infinite bus example power system

From Fig.2, it’s easily seen that p;5 = po; = 1 and
P13 =p2s = L.

The system parameters used in the simulation are as
follows!®:

a1 = 1.863, £41 = 0.257, 11 = 0.129,

Tuor = 16.9s, Hy =4s, D, =5, ko = 1,
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ZTao = 2.36, 40 = 0.319, zpo = 0.11,

Thor = 7.96s, Hy = 5.1s, Dy = 3,

ke = 1, wy = 314.159, Fip) = Fipy = 0.3,
Ky = Kg1 =1, Ky = Ky = 1rad/s,
Ry = Ry, =0.05, Tapg = Tz = 0.3558,

Tw1 = Tro = 0.1, 212 = 0.55, x13 = 0.53,
To3 = 0.6, Tpq1 = Tage = 1.712.

The matrices A;, B; and G;; that describe the nom-
inal system model are as follows:

0 1 0 0

A — |0 —0625 2748 11781
! 0 0 —2.85 2857 |’

0 —0.637 0 —10 |

[0 1 0 0

A, — 0 —0.392 2056 9.24
0 0 —2.857 2.857 |’

|0 —0.637 0 — 10|

G12 - G13 - [O - 2749 0 O]T,

G21 — G23 — [O - 231 O O]T,

B, =000 10]", B, =1[0 0 0 10]".

According to Theorem 1, we choose constants as

51 = 52 = 10, 12 = po1 = 2 and y19 = 21 = 1,
the sector saturation coefficients are a; = as = 0.4.
It’s obvious that (115 > 712 and oy > 21 are satisfied.
The feasible solutions of LMI (12) with X; > 0 and
X5 > 0 are as follows;

X =
5.59 —72.84 —54.71 171.19
—72.84 1371.23 1903.35 — 5577.53
—54.71  1903.35 25112.00 —61362.35 |
171.19 —53577.53 —61362.35 150819.20
Y, =[2.72 —65.52 —370.50 152.07],
Xy =
5.29 —175.06 —199.63 519.99
—75.06 1539.10 6161.61  —15720.40
—199.63 6161.61  62556.95 —150569.67 |’

519.99 —15720.40 —150569.67 363436.33
Y, =[3.26 —80.55 — 541.35 550.17].

Hence, the feedback gain matrices are

K =Y X;'=
[—138.59 —19.58 —36.98 — 15.61],
K2 - }/QX;l =

[—169.19 —26.47 —39.25 — 17.16].

With time-delay 715 = 721 = 0.1 s, the state trajec-
tories of generator #1 are shown in Fig.3, and those of
generator #2 are shown in Fig.4.

Vol. 29
[ 2 T T T
=~ of
«
g 1 L I
0.0 0.5 1.0 1.5 2.0
_ t/s
ﬁm 10 T T T
T o0
& N_—
\~ -10 1 1 1
] 0.0 0.5 1.0 1.5 2.0
t/s
a 1 T T T
% -1 L L L
0.0 0.5 1.0 1.5 2.0
t/s
2 10 . . .
-
=} 0F
E -10 1 I 1
0.0 0.5 1.0 1.5 2.0
t/s

Fig. 3 The state trajectories for the #1 generator with the presented
controller in Theorem 1

o 2 T T T
< or
2 —2 1 1 1
0.0 0.5 1.0 1.5 2.0
t/s
TK{) 5 T T T
T 0
e
£ N_—. . .
g“ 0.0 0.5 1.0 1.5 2.0
t/s
a ] T T T
0
E
% 71 1 1 1
0.0 0.5 1.0 1.5 2.0
t/s
2 20 T . .
E -20 . ! !
0.0 0.5 1.0 1.5 2.0
t/s

Fig. 4 The state trajectories for the #2 generator with the presented
controller in Theorem 1

When the constant delay is varied and other param-
eters are the same, the increment of rotor angle trajec-
tories of Generator #1 is shown in Fig.5.

T T

~ 2
X " 7=0.05s
~. O -
«
< _2 1 1 1
0.0 0.5 1.0 1.5 2.0
t/s
> ' ' " 71=0.1s
< of
< — 1 1 1
0.0 0.5 1.0 1.5 2.0
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o2 ' ' "7=02s Y, =
= Or [906.37 —59921.38 — 28035.67 64633.41].
< -2 1 1 1
0.0 0.5 Lo L5 2.0 Hence, the feedback gain matrices are
t/
2 S K =YX{'=
< of =045 [—283.09 —26.43 —23.65 —4.04],
2 -2 I 1 1 K2 = YéX;l =
0.0 0.5 1.0 1.5 2.0
‘/s [—266.42 —26.69 —20.53 —3.70].

Fig. 5 The increment of rotor angle trajectories of generator #1

with various constant delays

It’s easily seen from Figs.3 and 4 that the state tra-
jectories of generator #1 and #2 have been quickly sta-
bilized before ¢ = 0.8 s with the controller in Theorem
1. What’s more, the increment of rotor angle trajec-
tories of generator #1 can be quickly stabilized before
t = 0.8 s when taking various constant delays.

Next, Theorem 2 will be validated. For simplicity,
only the parametric perturbation in 7T}, is considered,
which is used to emulate the time constant uncertain-
ties in the high-pressure and low-pressure sections. Let
|6:(t)| < 1, it follows that

00 0 0
00 0 0
A4 =100 —p(t) plt)
00 0 0

The structure of parametric uncertainty is expressed
as follows:
L;=[0 0 1.41|p;(t)|max 0", M;=diag{1,1,1,1},
Fi(t) =10 0 =0.707p;(£)/|pi (t) | max
0.707p;(t) /13 (t) lmax]-

According to Theorem 2, we choose constants as
Br =0 =10,0, = 0y = 1, 1o = poy = 2 and
Y12 = Y21 = 1, the sector saturation coefficients are
a; = as = 0.4. It’s obvious that p15715 > 12 and
a1 > 721 are satisfied. The feasible solutions of LMI
(18) with X; > 0 and X, > 0 are as follows:

X, =
19.38  —180.18 —56.66 —57.31
—180.18  4525.51 653.23  — 3458.78
—56.66  653.23 1605.53  —2746.54 |’
—57.31 —3458.78 —2746.54 27006.93

Yl =

[847.16 — 70068.74 — 28089.99 63380.76] ,

X, =
19.85 —181.88 —55.60  —53.82
—181.88  4115.46 593.07  — 3689.29
—55.60  593.07 1785.93  —2610.26 |’
—53.82 —3689.29 —2610.26 27523.69

With time-delay 75 = 79; = 0.1s and parameter
uncertainty v () = 72(t) = 0.625, the state trajec-
tories of generator #1 are shown in Fig.6, and that of
generator #2 are shown in Fig.7.

It’s easily seen from Figs.6 and 7 that the state tra-
jectories of generator #1 and #2 have been quickly sta-
bilized before ¢ = 1 s with the controller in Theorem 2
when the operation parameters change in the given
range.
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Fig. 6 The state trajectories for the generator #1 with the presented

controller in Theorem 2

= 2 T T T
S
)
< -2 1 1 1
0.0 0.5 1.0 1.5 2.0
t/s
o
n 20 T T T
el
SN Vam
20 : ' '
S 0.0 0.5 1.0 1.5 2.0
t/s
a 5 T T T
-5 | 1 1
0.0 0.5 1.0 1.5 2.0
t/s



1668 Control Theory & Applications

Vol. 29

a 50 T T T
S s . . .
0.0 0.5 1.0 1.5 2.0

t/s

Fig. 7 The state trajectories for the generator #2 with the presented

controller in Theorem 2

Numerous simulation results show that, though
there are sector actuator saturation and time-delays
in the nominal system of (10) or the uncertain sys-
tem (10), the corresponding control schemes are time-
independent and can still rapidly damp the oscillations
and greatly enhance the stability of the multi-machine
power system.

5 Conclusion

In this paper, a decentralized feedback control
scheme has been proposed to enhance the transient sta-
bility of uncertain and time delay multi-machine power
system with sector nonlinear saturating actuator. Suffi-
cient conditions of asymptomatic stability for nominal
and uncertain closed-loop power system have been pre-
sented. The LMI method has been used to compute the
control gain matrices. It has been shown from the simu-
lation results that the presented control schemes are ef-
ficient and permits the rapid stability of the closed-loop
system. What’s more, it’s obvious that the results in [6]
and [7] are special cases of Theorem 1 or 2 in our paper.
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