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Delay-dependent State Feedback Guaranteed Cost Control for
Uncertain Singular Time-delay Systems

Huanli Gao, Shugian Zhu, Zhaolin Cheng and Bugong Xu

Abstract— This paper considers the problem of state feed-
back guaranteed cost controller design for singular time-delay
systems with norm-bounded parameter uncertainty. First, in
terms of the Lyapunov technique and linear matrix inequalities
(LMlIs), a delay-dependent stability criterion for the normal
singular time-delay system is established, which guarantees
the system to be regular, impulse free and asymptotically
stable. Then, based on the concept of generalized quadratic
stability, we obtain a delay-dependent sufficient condition for
the existence of the state feedback guaranteed cost controller in
the forms of linear matrix inequalities. Finally, one numerical
example is given to illustrate the validity of the arithmetic
provided in this paper.

I. INTRODUCTION

The study of guaranteed cost control about uncertain
linear systems and uncertain linear time-delay systems has
becoming perfect day by day. References [2]-[7] discuss both
delay-independent and delay-dependent conditions for the
existences of the guaranteed cost controllers, which have
covered state feedback and output feedback controller de-
signs. As to the guaranteed cost control for uncertain singular
time-delay systems, many problems still need us to work
out. Reference [9] discusses delay-independent state feed-
back conditions. Obviously, the delay-independent results are
more conservative. To the best of our knowledge, it seems
that there are few results on delay-dependent guaranteed cost
control for uncertain singular time-delay systems. This has
motivated our research.

In this paper, the problem of the delay-dependent robust
stability criterion and the design of delay-dependent state
feedback guaranteed cost controller for singular time-
delay systems with norm-bounded parameter uncertainties is
discussed. we consider the case of single constant time-delay,
whose value is not required to be known. Delay-dependent
stability criterion for the normal singular time-delay systems
is established in terms of Lyapunov technique and LMIs.
Since the stability criterion is delay-dependent, it is less
conservative than those obtained in [8] and [9]. Based
on the criterion, we present a sufficient condition for the
existence of the state feedback guaranteed cost controller in
terms of matrix inequalities and then change it into LMIs.
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II. PROBLEM FORMULATION AND
PRELIMINARIES

We consider a class of uncertain singular time-delay
system represented by

Ei(t) = (A+ AA)(t) + (Ar + AA )t —7)
+ (B+ AB)u(t) (1)
l'(t) = d)(t)a te [773 0]

where z(t) € R™, u(t) € R™ are the state and control input,
respectively. E, A, A, and B are known real constant matri-
ces with appropriate dimensions and 0 < rank ¥ = p< n. T
is an unknown constant delay and satisfies 0 < 7 < 7,,,. Ty
is a known constant. ¢(¢t) € C, , is a compatible initial
function. ANA,ANA, and AB are time-invariant matrices
representing norm-bounded parametric uncertainties which
are of the following form:

[ AA AA, AB|=DF[E E; Ey| (2a)

FTF<1I;, FeR™ (20)
where D € R"*' E; € RIX" E. € RI*" Fy, € RIXm
are known real constant matrices and F' is an uncertain real
matrix. AA, AA, and AB are said to be admissible if (2)
is satisfied.

Given positive definite symmetric real matrices R and S,
we will consider the cost functional

J= / " @ (8)Sw () + uT (t) Ru(t))dt ()
0

The objective of this paper is to design guaranteed cost
controller of the system (1)

u(t) = Kz(t), K€ R™*" (4)

So we will first present the definition of the guaranteed
cost controller!*!

Definition 1 : Consider uncertain system (1). If there
exist a controller in the form of (4) and a positive scalar J*
such that for all admissible uncertainties (2), the closed-loop
system is regular, impulse free, zero solution asymptotically
stable and the closed-loop value of the cost functional (3)
satisfies J < J*, the controller (4) is said to be a guaranteed
cost controller and J* is said to be a guaranteed cost.

Firstly, we will give some definitions and lemmas about
the nominal unforced singular time-delay system of (1):

{ Eix(t) = Ax(t)+ Arx(t—1)

2(t) = o), te|-m0 (5)
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For this purpose, the following notations are needed:

So == {o(t) | ¢(t) € Ch.r,¢(t) is the compatible initial
function of system (5) };

S = {é) | #(t) € Sop and there exists a unique
continuous solution of system (5) on [0, +00) for ¢(t)};

B(0,) = {6(t) | 6(t) € Cor, | & < 8,6 > O},

Definition 2 [11]:

1) The pair (E, A) is said to be regular if det(sE—A) # 0;

2) The pair (E, A) is said to be impulse free, if degree
{det(sE — A)}=rankFE.

Lemma 1 If the pair (E, A) is regular and impulse
free, there exists a unique continuous solution on [0, +00)
of system (5) for all compatible initial function ¢(¢). That
is, if the pair (E, A) is regular and impulse free, S = Sp.

Definition 3: The singular time-delay system (5) is said to
be regular and impulse free if the pair (E, A) is regular and
impulse free.

Definition 4:

1) If for any € > 0, there exists a d(¢) > 0 such
that || x(t) ||< €Vt € [0,00) when the initial function
¢ € B(0,6(e)) NS, the zero solution of system (5) is said
to be stable.

2) If the zero solution of system (5) is stable and further-
more, there is a scalar by > 0 such that the initial function
¢ € B(0,by)NS implies that tlim z(t) = 0, the zero solution
of system (5) is said to be asyrﬁ%totioally stable.

Remark 1: From 0 < rankE = p < n, there exist
nonsingular matrices M, N such that

= MEN = Ié’ 8 ] 6)
Denote -

e b } B=MB-= { o ]
A= | oy [o-ao= [ 31
K=KN=[K, K],

[ AA AA, AB|=DF[E E, B )|,
Ey=EN=[E; Ep ]|,

E.=E,N=| E1 E.]. (7)
Under coordinate transformation
y(t) = N"'a(t) = [y () i) ]" (8)

here y1(t) € RP,ys(t) €
(5) are respectively r.s.e.(restricted system equivalence)
equivalent to:

R"~P. Hence, the system (1) and
(10]

Ey(t) = (A+AA)y(t)+ (A + DA )y(t—7)
+(B + AB)uft)
y(t) = N76(1). te[-r0) "
{ Ey(t) = Ay(t)+ Ary(t —7) (5"
y(t) = N7'¢(t), tel-,0]

The controller (4) and the cost functional (3) become respec-
tively

u(t) = Ky(t), K€ R™" (4"
J= /OO[yT(t)NTSNy(t) + T (t) Ru(t)]dt (3"
Lemma 20M1': Assume that a(-) € R",b(:) €

R™, and N(-) € R"™*™ are defined on the inter-
val II. Then, for any matrices X € R" X" Y ¢

Rnaxme 7 ¢ RmXm if l:‘i( Y] > 0, the

7
following inequality holds: —2 [, a” ()N (a)b

ala T X Y- N(a a(a
fn{b((a))} {* Z()}[b((a))}da
III. MAIN RESULTS

To predigest computation, we will first present the delay-
dependent criterion, which will guarantee the equivalent system (5’)
to be regular, impulse free and asymptotically stable. Then we will
offer a guaranteed cost controller by dealing with the equivalent
system (1°).

Theorem 1: The system (5°) is regular, impulse free and zero
solution asymptotically stable for any constant 7, satlsfymg 0 <
7 < Tm, if there exist matrices Q € R"*", X € R>"X?" 7 ¢

R™™ Q >0, X>0 Z>0, andPeR"X",YeRQ”X"

()da <

satisfying:
PE=E"P" >0 (9a)
o X1 X2 Y
[f g}_ £ Xas Y | >0 (9b)
* * A
B ©11 ©12 O3
0= * O O3 | <0 (9¢)
* * —Q
where

O =A"PT+ PA+ViE+ E"YY + 70 X11 + Q
012 = (ATPT + BV + 1 X2) { I }
©13=PA. —ViE, O =] I, 0 |(PA, —Y2E)
On=[1I, 0][-(P+P")+ 7 (X2 + 2)] [ fg }

Proof : 1. To prove that the system (5°) is regular and impulse free.
Refer to Definition 3, it means to prove that the pair (E, A) is
regular and impulse free. ~

Corresponding to the blocks of E, we get

o | Xy Xjje | o o | Xien Xione
Xis = { XJTj12 Xjjo2 J=12 X2 = Xi221 Xi222
o _ | Yar Yo . o5 | Zu Za2

Z_|:Y7;21 Yz‘22:|’z_1’2’z_|:Z1TQ Zoa |’

5 | Pu P2 ~ | Qu Q2

P= [ P Pso ] @ = [ Qfy Q|- (10)

Substituting £ and P into (9a), it is clear that Py; = 0, P1; > 0.
In the other hand ,from a Schur Complement argument and (9¢) we
can get ATPT +PA+ YlE +ETYT + 71, X11 +Q+ (PAT —
ViE)Q ' (PAT — YlE) <0, that is P(A — ArQ*ETY{) +

(A—ATQ'ETY{ TPT+TmX11+PATQ IATTPT+(Y1E+
Q)Q *(ME + Q) < 0. So we have P(A — ATQ 'ETY{") +
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(A—ArQ *ETYT)T PT < 0, which implies that P is nonsingu-
lar. Hence Pi1 > 0. Substituting (6) and (7) into (9¢), we get

[ PayAgo + A52P2€ + Q22 PaAran

* —Q22

} <0 (11)

which implies that A2 and P»2 are nonsingular. While the nonsin-
gularity of Ao implies that the pair (F, A) is regular and impulse
free.

That the pair (E,A) is regular and impulse free means that
there exist nonsingular matrices M, N such that (E, A) is r. s.
e. equivalent to the Weierstrass standard form (E, A):

A0
0 In,

I, 0

E:MEN:{ ¢ o}’ A:MAN:{

For simplicity, we still use the marks in (6) and (7), here we only
need to stress the form of A as:

A o
=[]

Now, system (5’) can be equivalently transformed into:

(12)

() = Awyi(t) + Ayt —71)+ Ay (t — 1)
0 = w(t)+ Ayt —7)+ Arooya(t — 1)
w) = N = [ A4 } . tel-n0
(13)
where ¢1(t) € RP, ¢2(t) € R"P. Note that y1(t) —y1(t —7) =
f:ﬁT 1(a)day t > 7. So system (13) can be rewritten as:
Ei(t) = { Al;{;iﬂl }y1(t) _ [ ﬁ:; ] f;T 7 (a)da
w0, w42 |m e
=y =| 08 | tel-nrl
(14)
where 11 (t) € RP,12(t) € R"™P, which satisfies
Y(t) = N""¢(t) = { ﬁ;gg ] . te[-7.0]
Pi(t) = A (t) + A (t— 7) + Ariaga(t —7), (1)
te0,7]

Po(t) = —Arnd1(t — 1) — Aro2ga(t — 7),

Obviously, 1(t) is the compatible initial function of system (14).
From (15) we can easily see that if ¢(¢) € B(0,5) NS,

Fa() <l e 61(0) [| + I fy e [Arniga(s — 7)
FA1a60(s — T)]ds < Mib,t € [0,7]  (16a)

Il w2(t) |<Il Avar [[]| p2(t = 7) || + || Arzz ||| d2(t —7) ||
< Msé,t € [0, 7] (16b)

where M1 = (L +7(|| Arx || + || A2 1) -
t€[0,7]

,MQ :H Aro1 || +4 || Aroo H . That is 'lﬁ(t) S B(O, M()(S) N
S, Mo =My + Mz +1, t € [—7,7]. It means that if ¢(t) is the
compatible initial function of system (13) and ¢(¢t) € B(0, ), (t)
defined by (15) must be the compatible initial function of system
(14) and 9 (t) € B(0, Mo0). Although system (13) and (14) are not
equivalent to each other, the solution of system (13) must be the
solution of system (14). In addition, system (5’) is r.s.e. equivalent
to system (13). Therefore, we can consider the asymptotical stability
of the zero solution of system (14) instead of system (5°).

2.To prove that system (5°) is asymptotically stable. As men-
tioned above, we only need to prove that system (14) is asymptot-
ically stable. The proof will be given as follows: First, prove that

teo,7]

max || et |

the first p-dimensional component of the zero solution of system
(14) is asymptotically stable. Then prove that the system (14)
is asymptotically stable. For this purpose, the following auxiliary
lemma is introduced.

Lemma 311: If there exist a continuous functional V(ye) -
Cn,» — R and continuous nondecreasing functions w,v,w :
Rt — RT, with w(0) = v(0) = 0, u(s) > 0,v(s) > 0,Vs >
0,V (y:) satisfies:

Du(l| yi(t) [17) < V(ye) <ol]| ye 112);

DT (V(ye) < —w(l| 51(2) [1°),
where y; = y(t +0), 0 € [—27,0], the first p-dimensional
component of the zero solution of system (14) is stable, i. e., for
any € > 0, there exists a §(¢) > 0 such that || y1(¢) |< et > 7
when the initial function (t) € B(0,46(e)) N S.

Furthermore, if w(s) > 0 for s > 0, and there exist constant
scalars lp,mo such that || 1(¢) ||< mo,t > 7 when || y1(t) [|<
lo,t > T, the first p-dimensional component of the zero solution
of system (14) is asymptotically stable, i. e.: i) the the first p-
dimensional component of the zero solution is stable; ii) there
exists a positive scalar do which is sufficiently small, such that
lim y;(¢t) = 0 when the initial function ¢ (t) € B(0,d0) N S.

H]O)oeﬁne [13]
2 =Eyt)=[of@®) o] =[T® o]
=y L@ ]=[y0® Hw o] a7
and quote Lyapunov-Krasovskii functional
Vig) =" (OPEy(®) + / /" (5)Qy(s)ds
/ / (t)dadB, t (18)
t+8

where P11 and Zi; can be known in (10). Noting that

[ wwr- [ [

ST ATZA | +2 || ATZAL | + | ATZA- ) [y llZ (19)

where ¢ > 7, || Yt ||c= sup H y(t+0) ||. Then we can deduce
0

€[—-2r,
Amin(Pi1) | y1(t) IIP< V(ye) < [rn (| ATZA || +2 || ATZA |
+ | AT Z A )+ Amaa(Pr) + 7 [ Q (] e |12, ¢ > 7. (20)

The time-derivative of V'(y;) along with the solution of (14) is

Viye) lay= yT(pP y(t) + 9" (1) EPy(t)

—yT(t iT)Qy(t:T)-i-TZ 7( VZ 2(t) (21)
+y"(OQy(t) — [, 2" (a)Zz(e)da
Let _
G* = [ 1; i } ) (22)

From (9a) (9B) (14)and (17),using Lemma 2, we have

" () PEy(t) +y" () PEy(t) = 2y (t)P=(1)

0 0
<" OG| 4 Lan |mo+| o | e
A7—21 In P
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0

ya(t — )} + " () Xn(t)

A712
A7'22
0
_ [ __
+2nT(t){Y{ i } ~" | o7 o+ we”
A7'21
0 t
. —?[ ¥4 ]}yl(t—7)+/tTzT(a)Zz(a)da. (23)
A7'21

Substituting (23) into (21), we have

: 0 In 0o AT
V(ye) lan< 0" ({G" { A -1, ] + [ I, —I, } ¢

t X4 V[E 0] +[ B o]ﬁ?%[% 0}}
xn(t>+2nT(t){GT[ ff}—YE}y<t—r)
(

—y (t—7)Qut —7) = T () ®L(t) = £ (1)OE(t)

(24)
whereT:
To=1y"1® ") yt-7) ],
FO=1y"1 2t yt-7 ],
W = Qi1 + Q12055 O,
Q1 = PA+ ATPT 4 YiE + ETY1T + T X1 + Q
+ (PA, —Y1E)Q " (PA, —V1E)"
Qiz = (PA+ 2B + 1, X15
4 (PA, - VoBE)Q N (PA, — ViE)")T [ b }
Qop = [ Ip 0 ][(P+pT)—Tm(X22+Z)
— (PA, —V2E)0 Y(PA, - 2B)7] [ b }
PA+ATPT + ViE+ ETY{ + 7 X11 +Q
o = *
*
ATPT 4+ BTV + 7, %12 PA, —ViE
~(P+P") + tmXoz +™mZ PA; —Y2E (25)
* -Q
) Qll Ql2
From (9¢) we know © < 0. So < 0, further
* — Qoo

W < 0. Thus, we can have
V() a9 Amin(W)y" (6)y(t) < Amin (W)Y Oy (£),t > 7.

26)

By Lemma 3, the first p-dimensional component of the zero solution
of system (14) is asymptotically stable.

Next we will prove the zero solution of system (14) is asymptot-

ically stable. Pre-multiplying [ —AT,, T ] and post-multiplying

[ —AL, T ]T on both sides of (11) and noticing (12), we have

AT Q22A,29 — Qa2 < 0 which implies that p(A,22) < 1 since
Q22 > 0. So we can obtain

| A%y ||< MaF, k=0,1,... (27)
where M, « are constant. M > 1,a € (0,1). Noting that for
any t > 0, there exists a positive integer k£ such that k7 < ¢t <
(k+ 1)1,k =0,1,--, calculating y2(t) from (13), we get

k

Ya(t) = (—Ara2) y(t — k7)) = > (=Ara2)' ™ Ao (t — i7).
i=1

(28)
Recalling that the first p-dimensional component of the zero solu-
tion of system (14) is asymptotically stable, we know that for any
e > 0, there exists 0 < d(e) < € such that || y1(¢) [|[< €, t > —7
when the initial function v (t) € B(0,6(e)) N S. Hence, when
P(t) € B(0,6(¢)), from (27) and (28) we can evaluate y2(t):

1
20 1< M - (L 72— || Avan e, £2 =7

(29)

Next we will show that y2(t) — 0,£{ — oco. Since the first
p-dimensional component of the zero solution of system (14) is
asymptotically stable, there exists a sufficiently small scalar 6o >
0,00 < d(en) < €o such that || yi(t) ||< €,t > —7 and
y1(t) — 0,t — oo, when the initial function v (t) € B(0,80) N S.
In addition, we know 0 < a < 1 from (27). Thus for given
positive scalar p, it is obvious that there exists a positive integer
To(u) such that o™ < g and || yi(t) ||< p,t > To(u)T. Let
T(u) = 2To(p)7. Then when ¢t > T'(u), we have

- To(p) .
[y2(t) | < Mo Weg+ M || Aroy || (Y, o' i
=1
2T (n) . 30
+ Z az—leo) ( )
i=To(pn)+1
< Meo+ T2 || Avar D, ¢ > T(p)

That is y2(t) — 0,¢ — oo, which combined with y1 (t) — 0,t —
oo implies that y(¢) — 0,¢ — oco. Therefore the zero solution of
system (14) is asymptotically stable.

As mentioned above, the asymptotical stability of the zero
solution of system (5°) can be obtained from that of system (14).
It completes the proof.

In view of this, we will present the delay-dependent sufficient
condition for the existence of the state feedback guaranteed cost
controller via Theorem 1. The following assumption is needed.

Theorem 2: Consider the uncertain singular time-delay system
(1’) and the cost functional (3’). Given a positive scalar €;, if
there exist a controller of form (4’) and matrices with appropriate
dimensions Q > 0,X > 0,7 > 0, P,Y that satisfy (9a),(9b) and
the following matrix inequality:

A=L{V+eaDD" + ¢ 'ETEYLT <0 (31)
where L = blockdiag{I,,[ I, 0 ],I.}
U =
U1 (A+BK)"PT+ E"Yy + 7, X12 PA. —WIE
* —(P+PT)+Tm(X22+Z) PA; - Y2E
* * -Q
Uy, = P(A+ BK)+ (A+BK)"P" + ViE+ E™Y{"
+ T’"LX].l + Q + NTSN + RTRK
_[eD1 _ _
D=| PD |,E=[ E1+EK 0 E, | (32)
0
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the closed-loop system is regular, impulse free, zero solution
asymptotically stable and the cost functional (3’) satisfies the
following inequality

J < 6T O)(NHYTPEN " 6(0)+ / T (s)(V )T ON " o(s)ds

of [

Proof :Noting y1(t) —y1(t —7) = ftiT
and (4°) we get the closed-loop system:

TETZEN"'¢(a)dodb (33)

71 (a)da t > 0,from (17)

E(t) _ { A11+B1K1—|—D1F(E11+E2K1)
Y A21+BQK1+D2F(EH+E2K1)
Ar11+D1FE-
+ Aro1 + Do FE }yl (t)
n A2 + B1K2 + D1 F(E12 + E2K>) 0
Az + BaKo + DaF(Er2 + E2K>) Y2
A‘rll + DlFETl t .
| A+ DoFEy | Jior r(@)da
| A7'12 + DlFE.,.Q i
T Args 4 DoFE, |2E—T), 20
X N 1T
y(t) = ) =[9I@) i@ ], tel-0 ”
34
where ¥(t) = N7'(t), 91(t) € RP. Now we let z(t),n(t),

and G have the same form as (17) and (22), and define Lyapunov-
Krasovskii functional V' (y:),t > 0 as (18). Dealing with the time-
derivative of V' (y;) along with the solution of (34) via the same
way as Theorem 1, we can get

V(ye) l(za)
T (El + EQK)T
t 1 _ _
S R R R
o ]?@ AT BT T BT n(t)
E: J+a POD [ DTPT DTP 0]+\Ij}{y(t7—)}

—y" () (N"SN + K" RK)y(1) (35)

where £ is an uncertain positive scalar. U can be known in (32).
For simplicity, let ¢7 () = [ yT(t) @) yT(t—1) ] and
quote a matrix A as shown in (31). Then (35) can be written as

V(ye) lan< €T (DAE(E) —y" ()(NTSN + KT RK)y(t) (36)

By Theorem 1,(9a)(9b) and (31) suggest that the closed-loop system
(34) is regular, impulse free and zero solution as¥mptoncally stable.

In the other hand, using (3"), Jr < [/ yT () (NTSN +
KTRK)y(t) + V(y(1)))dt — (())+V(())<V(()),
let T — oco. We can get (33). It completes the proof.

The result in terms of LMIs is stated as the following:

Theorem 3. Given positive scalars €1, €2, if there exist 2n x 2n
matrix X > 0, n X n matricesZ > 0,Q > 0, 2n x n matrix Y,
m X n matrix W, p X (n — p) matrix U and n X n nonsingular
matrix P satisfying :

M Y11 * * * * * * * %
Y1 Moo * * * * * * %
Y31 239 —Q * * * * * %
g 0 E.P —el * * * * %
Y51 0 /_1715 0 —eol * * * %
Ye1 X2 0 0 0 —e I * x %
X Y2 O 0 0 0 N
NP 0 0 0 0 0 0 S
W0 0 0 0 0 0 0 R |

<0 (37a)
5 X1 X2 Y
[X X}— s X Vo | 20 (370)
x  J 5
* * Z
EP=PTET>0,[ 0 L, |P[L, 0] =0  (37¢)

where S = —S~ ', R=—R™"
i1 = AP+ PT AT+ BW AW B4+ Vi E+E" Y +7,, X114+Q

Sou=[ 1, 0][(AP+BW)+Y2E + 7 X1
Yoo = *(p11+pﬂ)+7—m()22211 +Zn), Yy = PTAT BTV
_ pT ;T Ip Y211 D T
Sy = PTAT | 7 | - BT , Suy = B1 P+ EaW,
Vil
U I N
S5 = AP+ BW, Se1=D . ,
U I,

= 1, 0 0 0
Eez—DT{ UpT }7271— { U o ],272— [ uT } (38)
there exists a state feedback controller u(t) = Ky(t),K =
WP, such that the closed-loop system (34) is regular, impulse
free, zero solution asymptotically stable and the cost functional
satisfy

+/ T (@(N"HTET(P YT ZP T EN" () dadb

/ o7 (s) (N (P

Proof:From Theorem 2, given a positive scalar €1, if there exist a
controller of form (4’) and matrices with appropriate dimensions
Q > 0,X > 0,Z > 0,P,Y that satisfy (9a),(9b) and (31),
the closed-loop system is regular, impulse free, zero solution
asymptotically stable and the cost value has the evaluation of (33).
By the same way of Theorem 1, we can prove that P;; > 0 and
P»o is nonsingular. _

PmHTQPTINT ¢(s)ds (39)

1\IOW we set P = (Pl_ll)T,ﬁgz = (P2—21)T’P =
P 0 % = BPTXLP, Ko = PTXuP, Xas —
0  Pa

PTXyP, Y1 = PTY,P, Yz_PYQP Z =PTZP, Q =

PTQP, W = KP, U = P11P12 Pre- multlplymg and
post-multiplying (9a) by PT and P, respectively, and not-
ing L U E = FE, we can get £ = ET =
0 Inp
E. Because P;; > 0 and P = P 0 must be
0 Pa

satisfied, we need (37c); Pre-multiplying and post-multiplying
(9b) by diag{PT,P",PT} and diag{P, P, P}, respectively,
we can get (37b) Pre- multlplymg and post- multlplymg (31) by
dzag{P Pn, PT} and diag{P, P11, P}, respectively, and noting
PE = EP we can get

Fin o* * DIESD IFTRNED 335 281 *
Yo1 X2 * |+ ~E%Z51 ~ 0
E31 232 _Q PTAZE71 PTAIE72

* 23;1
* | +e | B [ Y61 e2 O ]+6f1
0 0

Sh
0
PTET
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Moreover, the above inequality can be strengthened into

F11 * * Egl
Yor ¥ x| 4al| 2k [ Y61 Ye2 O ]
Y31 Y2 —Q 0
) h o S
+e€; ~ 0_ [ n 0 E;P } +e | XL, [ X1
PTET 0
=% X
S 0 ] +et 0 [ 250 0 AP ] <0 (40)

PTAT
here, 'ty = %11 + PPNTSNP + WP RW .Obviously (40) is
equivalent to (37a) from a Schur Complement argument.

(PR (PL)U | 5

o (Pp)" |
(P~HTQP™',Z = (P~HTZP~! and Substitute them into (33).
Then J* in (39) can be obtained. It completes the proof.

To this end, we can get the guaranteed cost controller of
system (1): u(t) = Kz(t),K = WP 'N~' and the guar-
anteed cost: J* = ¢T(0)PE®(0) + fET #T(5)Qp(s)ds +
[° [, é"(@)ET ZE¢(a)dadd. Here P = (N")TPM, Q =
(N"HTQN™Y, Z = MTZM are all solvable.

IV. EXAMPLES

Example 1. Consider the uncertain singular time-delay system
(1) and the cost functional (3). The uncertainty satisfies (2) and the
constant matrices are given below

1 0 1 1 0.5 0
E:{o 0}’/‘:{—1 —2]”47:[—0.05 —0.

Now, we can obtain P =

0
1 1 0 0
D_[O(')l (1) 0(')1},&_ 0 0|,E.=|0 0],
0 0 1 1
9 0
B = 1],E2— 1 |,R=1, S=1,F =diag{r,q,s},
0

—-10
IPI< L SIS [ql< 1g() = [ s } te[-15,0]

Using the LMI Toolbox of MATLAB, the delay-independent
results given in [10] is not feasible. While if we let M =
-1 -0.5 -1 0
o o5 ['N=]os -1
alent system, (38a), (38b), (38c) are feasible. When €1 = 0.5,e2 =
0.7, the solutions of (38a), (38b), (38c) are

and transform it into equiv-

. 0.018 0.004 | & 0.009 0
X =1 0004 0009 | X12= [ 0.002 0 } ,U=0219
. 0.031 0O - —0.0002 0
Xz = 0 6983 "Y'= 00029 o0 } )
- 0.017 0 | 5 _ | 0.027 0
2= 0 0|7~ 0 69.825 |°
p_ | 0141 0 O 0.070 —0.010
- 0 —0.132 |'® 7| —0.010 0.048 |’
W=10115 -0.035

Then we get the guaranteed cost controller of system (1):
uw(t) = Kz(t), K=WP 'N™! =[-0.9429 — 0.2622] and the
guaranteed cost: J* = 26.4436. It illustrates the validity of the
arithmetic provided in this paper.

Fig 1 illustrates that the states asymptotically converge to zero.

— x1
- x2

Magnitude
o]

times[s]

Fig. 1. The simulation results of the equivalent closed-loop system

V. CONCLUSIONS

This paper discusses the problem of state feedback guaranteed
cost controller design for singular time-delay systems with norm-
bounded parameter uncertainty. A delay-dependent stability crite-
rion for the normal singular time-delay system is firstly established,
which guarantees the system to be regular, impulse free and asymp-
totically stable. The novelty of this paper is the delay-dependent
stability criterion for singular time-delay systems, which improves
the results in [8] and [9] to a certain extent. Applying the delay-
dependent stability criterion proposed here, we obtain a delay-
dependent sufficient condition for the existence of the state feedback
guaranteed cost controller in terms of linear matrix inequalities.

REFERENCES

5 ] , [1] Chang,S.S.L.and Peng, T.K.C.(1972).Adaptive guaranteed cost control

of systems with uncertain parameters.IEEE Transactions on Automatic
Control,17,474-483.

[2] Moheimani,S.O.R.and Petersen,I.R.(1997).Optimal quadratic guaran-
teed cost controlof a class of uncertain time-delay systems. IEE
Proceedings-Control, Theory and Applications,144,183-188.

[3] Esfahani,S.H.and Moheimani,S.0.R.(1998).LMI approach to subop-
timal guaranteed cost control for uncertain time-delay systems.IEE
Proceedings-Control,Theory and Applications,145,491-498.

[4] Yu,L.and Chu,J.(1999).An LMI approach to guaranteed cost control
of a linear uncertain time-delay systems.Automatica,35,1155-1159.

[5] Lee,Y.S.,Moon,Y.S.,Kowon,W.H.(2001).Delay-dependent guaranteed
cost control for uncertain systems state-delayed systems.Proceedings
of the American control conference,Arlington,USA(pp.3376-3381).

[6] Chen,W.H.,Xu,J.X.,(2003b).Guaranteed cost control for uncertain
Markovina jump systems mode-dependent delays.IEEE Trans. Au-
tomat. Contr.48,2270-2277.

[71 Chen,W.H.,Guan,Z.H.and Lu,X.(2003a).Delay-dependent guaranteed
cost control for uncertain discrete-time systems with delay.IEE
Proceedings-Control, Theory and Applications,150,412-416.

[8] S. Xu, P. V. Dooren, R. Stefan and J. Lam, “Robust stability and
stabilization for singular systems with state delay and paramete
uncertainty,” IEEE Trans. Automat. Contr., vol. 47, pp. 1122-1128,
2002.

[9] J. Feng, S. Zhu and Z. Cheng, “Guaranteed cost control of linear
uncertain singular time-delay systems,” in Proc. 41st IEEE Conf.
Decision Control, pp. 1802-1807, Las Vegas, Nenasa USA, 2002.

[10] L. Dai, Singular Control Systems, Berlin: Springer-Verlag, 1989.

[11] Moon,Y.S.,Park,P.G..Kwon,W.H.and Lee,Y.S.Delay-dependent robust
stabilization of uncertain state-delayed systems.International Journal
of Control,74(2001), 1447-1455.

[12] Ghaoui,L.E.,Oustry,F.and AitRami,M.(1997).A cone complementarity
linearization algorithm for static output-feedback and related prob-
lems.IEEE Transactions on Automatic Control,42,1171-1176.

[13] Wu-Hua Chen,Zhi-Hong Guan,Xiaomei Lu.Delay-dependent output
feedback guaranteed cost control for uncertain time-delay sys-
tems.Automatic 40(2004),1263-1268.

4359



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




