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This paper concerns the problem of the delay-dependent robust stability and guaranteed cost
H,, control for an interval system with time-varying delay. The interval system with matrix
factorization is provided and leads to less conservative conclusions than solving a square root.
The time-varying delay is assumed to belong to an interval and the derivative of the interval time-
varying delay is not a restriction , which allows a fast time-varying delay; also its applicability is
broad. Based on the Lyapunov-Ktasovskii approach, a delay-dependent criterion for the existence
of a state feedback controller, which guarantees the closed-loop system stability, the upper bound
of cost function, and disturbance attenuation lever for all admissible uncertainties as well as out
perturbation, is proposed in terms of linear matrix inequalities (LMIs). The criterion is derived by
free weighting matrices that can reduce the conservatism. The effectiveness has been verified in a
number example and the compute results are presented to validate the proposed design method.
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1. Introduction

Recently, stability analysis, and control synthesis of the uncertainty interval systems and the
time-delay system have been discussed extensively [1-7]. Literature [4, 5] has proposed a
design method for a specific structure of single-input interval system, it has further been
developed in [6], it has proposed a solution technique of an interval system stability and
control synthesis by using a Riccati equation, but for the parameter matrix, it has constraint
conditions of full column rank when the control input matrix is the interval matrix and
matrix factorization requires the solving a square root. Time-delay is generally a source
of instability in practical engineering systems; considerable attention has been paid to the
problem of stability analysis and controller synthesis for time-delay systems. The guaranteed
cost-control approach aims at stabilizing the systems while maintaining an adequate level
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of performance represented by the quadratic cost [8-10]. Fragility is a common dynamic
problem and is caused by many factors; reduction in size and cost of digital control hardware
results in limitations in available computer memory and word length capabilities of the
digital processor [11-15]. Literature [7] studies the guaranteed cost control of the interval
system but does not consider the time delay and the fragility or the results presented by the
proposed M_ matrix conditions. The existing approaches are all limited and conservative,
and the proposed Riccati equation algorithm cannot be guaranteed to be convergent [8]. Very
little open literature covering the research guaranteed cost control of an interval system with
time delay has been published and the fragility problem has not been considered.

The H, control is an effective way for dealing with the disturbance uncertainty [16].
Since the delay-dependent results are less conservative than the delay-independent ones,
especially when the delay time is small, it is necessary to discuss the delay-dependent
guaranteed cost H,, control for interval time-varying delay systems. Recently, a special
type of time delay in practical engineering systems, that is, interval time-varying delay, was
identified and investigated [17-20]. A typical example of systems with interval time-varying
delay is networked control systems (NCSs). Employing the Lyapunov-Ktasovskii approach,
literature [19-21] requires both the upper bound of the time-varying delay and additional
information on the derivative of the time-varying delay, while literature [17, 18, 22, 23] has no
restriction on the derivative of the time varying delay, which allows a fast time-varying delay.
Moreover, the general model transformation and bounding technique may be the sources
of conservatism results; to further improve the performance of delay-dependent stability
criteria, much effort has been devoted recently to the development of the free weighting
matrices method [24], in which neither the bounding technique nor model transformation
is employed.

In this paper, we present a new method of dealing with the problem of the delay-
dependent stability and guaranteed cost H,, control of interval system with interval time-
varying delay based on the LMIs [25]. This method employs Lyapunov-Krasovskii functional
and free weighting matrices approaches, which are used to reduce the conservative result,
guaranteeing that the closed-loop system gives a better dynamic performance.

2. Problem Formulation

Consider uncertainty interval system with time-varying delay

x(t) = Ax(t) + Agx(t — h(t)) + Bu(t) + Biw(t),
Z(t) = Cx(t) + Du(t), (2.1)
x(t) =(t), te[-hm,0],

where x(t) € R", u € R, and w € RY denote the state vector, the control vector, and the
disturbance input, respectively, and z(t) € R* is the controlled output. The time-varying delay
h(t) is a time-varying continuous function satisfying

0 < hw < h(t) < hy, (2.2)
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where h,,, hy; are known constants. Moreover, hys > 0 and the initial condition ¢(t) denotes
a continuous vector-valued initial function of t € [-hp,0]. A is the state matrix. B is the
input matrix, By is the disturbance matrix, and C and D are appropriate dimension constant
matrices.

Interval matrix A, Ay € R*" and B € R™* vary with the parameters and can be shown
as [3, 10]

Aec [Am,AM] = {[aij],al?’]? <aj < af}’l,i,]’ = 1-~n},

(2.3)
B e [Bm,BM] - {[bij] ;bl,’;‘ < b <bl-1}4,i: 1---m,j= 1"'P},
where
A" = [ag’]nxn, AM = [af}’l]nxn satisfying a;; < uf}’l,
(2.4)
B" = [bl';’ ! BM = [by ey satisfying bg.’ < bg/f
Let
AM 4 Am — AM _Am
AO = T, Ai]' = T : [aij],
" N (2.5)
B + B™ — BM - B™ -
By := s i Ty [bij];

where A™, AM B™ and BM are known real matrices; Zi]- denotes that the i, jth component
is a;; with all other entries being zeros and can be factorized into a;je; x e]-T. A and B can be
described as an equivalent form:

n o n n on
A= A() +AA = AQ + ZZA’]AU = Ao + ZZAijEijei X 6]'T = Ao + D1F1E1,
i=1j=1 i=1 j=1

n n n n
Ag=Ap+DAs=Aw+ D> xijAgj = Awo+ Y, D Xijdaijei x ej' = Aao+ DaFaEa, (2.6)
i1 j=1 i1 j=1

n p _ n p _
B = Bo + AB = B() + ZZ'BUBU = BO + Zzﬁijbijei X ejT = Bo + DzeEz,
i=1j=1 i=1j=1

where [\;j| < 1,4,j =1---m, || < 1,4,j=1--m |pj| <1,i=1---n,j =1---p,and
uncertainty matrices satisfy

F{Fl < Inzr F;(t)Fd(t) < InZ, F;FZ < I(nxp)x(nxp)- (27)
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The actual control input implemented is assumed to be u = (Kpx, + AK)x = Kx, where Dy, Ex
are known constant dimension matrices and Fi(t) satisfies

FEFk < ﬂI(pxn)x(pxn)/ (2.8)

where p > 0 is controller gain perturbation uncertainty bound.
The cost function associated with this system is

J= joo [xT(t)Rlx(t) +uT () Rou(t)| dt, (2.9)
0

where Ry > 0, R, > 0 are given weighting matrices.
Substituting (2.1) into (2.10) the resulting closed-loop system is

x(t) = [(Ag + D1Fi(t)Eq) + (By + Dy F2(t)Ez) (K + Dy Fi(t) Ex) ] x(t) 210)
+ (Aao + DaFa()E2)x(t - h(t)) + Biw(b). '

Our controllers design objective is described as follows.

The closed loop system (2.10) is asymptotically stable with disturbance attenuation
y, nonfragility y, if the following is fulfilled for all time-varying delay and admissible
uncertainties satisfying (2.7) and (2.8).

(1) The closed close system (2.10) is asymptotically stable.

(2) The closed loop system (2.10) guarantees, under aeroinitial conditions,
z®ll2 < yllzo®)ll2 (2.11)

for all nonzero w(t) € L,[0, oo].

(3) The closed-loop cost function satisfies | < J*.

Therefore, the objective of this paper is to design a nonfragile guaranteed cost H,
controller in the presence of time-varying delay, time-varying parameter uncertainty of an
interval system, and uncertainty of the controller. Also the controller guarantees disturbance
attenuation of the closed loop system from w(t) to z(t).

Lemma 2.1 (see [26]). Let Y1, M, N, and ¢ be matrices of appropriate dimensions and assume ¢ is
symmetric, satisfying ¢ ¢s < I, then

Y: + MgN + NTg"M" <0 (2.12)
if and only if there exists a scalar € > 0 satisfying

Y, +eMMT + e 'NTN <0. (2.13)
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3. Main Results

Defining h, = (hyp + hy) /2, 6 = (hp — hyn) /2, where b, and 6 can be taken as the mean value
and range of variation of the time-varying delay. First consider a delay-dependent stability
for the following nominal system of (2.1) (w(t) = 0):

%() = Aox(t) + Agox(t — k(b)) + Bou(t). (3.1)

Using the Leibniz-Newton formula, we can write

t-hg
x(t—h,) —x(t—h(t)) = f x(s)ds (3.2)
t—h(x)
and system (3.1) can be rewritten as
R t-hq
x(t) = (AO + B0K>x(t) + Agox(t — hg) — Adof x(s)ds. (3.3)
t-h(x)

The following theorem presents a sufficient condition for the existence of the nonfragile
guaranteed cost controller.

Theorem 3.1. A control law u = Kx is said to be a non-fragile guaranteed cost control associated
with cost matrix P,Q,R,S > 0 and N; (i = 1,2) of appropriate dimensions for the system (3.1) and
cost function (2.9) and given scalars h,, and hy;. Suppose that the disturbance input is zero for all
times (w(t) = 0), if the following matrix inequality

i N I
Ay PAg = NT+Ny ~hoNT 6PAw ha(Ao+BoK) R 6(Ao+BiK) S
* —-Q-NI-N, -h,NI 0 ha AL R 6A%LS
I * * -h,R 0 0 0 <0,
* * * -6S 6haA§OR 62A£05
* * * * —hsR 0
| 3 * * * * —65 _
(3.4)
where
—~ ~\T ~\T —~
A=Q+ P(A0 + B0K> + <A0 + BOK> P+ <A0 + BOK> (haR + 65) <Ao + BOK>
(3.5)

+ <R1 + IZTR212> + N + N,
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holds for all admissible uncertainty (2.7), (2.8), and any 7(t) satisfying (2.2). The closed-loop cost
function satisfies

0 0 0 ~hm 0
J<r =g [ gl [ apf grorpwas [ apf gospoa

(3.6)
Proof. Choose a Lyapunov function as
Vi(x(t)) = Vi(x(t)) + Va(x(t)),
t 0 t
Vi(x(t)) = xT () Px(t) + f xT(a)Qx(a)da + f dpf xT(0)Rx(0)d6,
t-h, ~h, t+p
( —hm t
f dp f x7(0)Sx(0)d6, hy, < h(t) < hg, (3.7)
—h, t+p

Va(x(t) =140 h(t) < ha,

—h, t
f dpf £T(0)Sx(0)d6, hy, < h(t) < hay,
\~J —hpy t+ﬁ

where P >0,Q >0,R>0,and S > 0.

Case 1 (hy, < h(t) < h,). Taking the time derivative of V (-) along any trajectory of the closed-
loop system (3.3) is given by

V(x(t) = xT (1) [P(A + BIZ) + <A + BIZ)TP] x(t) + xT ())Qux(t) + 2xT ()P Ao (£)x(t — ha)

—hg
- ZxT(t)PAdoft %(s)ds — xT (t — ha)Qx(t - ha) + X7 (£) (haR + 5S) % (t)

t=h(x)

t t—hy,
- f i (s)Rx(s)ds — f x7(0)Sx(0)d6.
t-h, t-h,

(3.8)

It is easy to see that

t—hyp t=h(t)
—f xT(G)Sx(e)des—J‘ <1 (6)Sx(6)de. (3.9)

t-h, t=h,

According to (3.2), for any matrices N;, i = 1,2, with appropriate dimensions, the following
equations hold:

Z[xT(t)NlT +xT(t—hu)N2T] x [x(t) —x(t-hy) —’[t x(s)ds] =0. (3.10)

t-hg
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Then we have

V(x(t) < xT (1) [P(A + BIZ) + (A + BK)TP + Q| x(t) + 2xT (1) P Auo () x (t - ha)

t—h,

- 2xT(t)PAd0I %(s)ds — xT (t — ha)Qux(t — ha) + X () (haR + 6S)x(t)
th(t)

t t=h(t)
- I %7 (s)Rx(s)ds — f %7(0)S%(0)d6 + z[xT(t)N{ +xT(t - h)NT ]
t—h, t-hg,

t

x [x(t) — x(t - hy) —f x(s)ds] < hiﬁh 1 (t,s)®17(t, s)ds

t-h

1 t=h(t)
+ h——h(t),[ 1" (t,5)@an(t, s)ds,

t—h,
(3.11)
where
n'(ts) = [xT (Ox" (t - ha)2" (5)],
AT
A PAg + <A0 + BOK> (haR+6S)Ago— NT + Ny + Zyy —h,NT
D = * —Q+A£O(haR+6S)Ado—Ng—N2+Zzz —huNZT ’

* * -h,R (3.12)

\T
—ZH —212 o) [PAdO + <A0 + BOK> (huR + 6S)Ad0
@, = * -7 6A£0(haR + 6S)Ado ’

* * 62A§0 (haR+06S)Ayq — 65

whereQ denotes Q + P(Ag + ByK) + (Ag + ByK) P+ (Ag + ByK)' (haR+6S)(Ag + BoK) + NT +
Ny + Zy1. With Zy1 > 0, Zp > 0, Zy» are some parameter matrices of appropriate dimensions.
The asymptotic stability is achieved if ®@; < 0 and @, < 0 which is equivalent. From Schur
complement, (3.4) holds if and only if ®; < 0 and @, < 0 simultaneously.

From (3.11), we have

V(x(t) + xT(t) <R1 + IZTRZK)x(t) <’ (t,s)In(t, s). (3.13)
According to inequality (3.4), I' < 0 implies @; < 0 and @, < 0, then

V(x(t)) < —xT(t)Ry + <(K + AK)TRy(K + AK))x(t) <0 (3.14)
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can be obtained so that

V(x(t) < —[x(t)TRlx(t) + u(t)TRzu(t)] <0. (3.15)

Therefore, the closed-loop system (3.1) is asymptotically stable. Furthermore, by integrating
both sides of the above inequality from 0 to T and using the initial condition,

J = F [xT(t)Rlx(t) + uT(t)Rzu(t)]dt
0
o 0
< _Io V(x(t))dt = V(x(0)) < ngxo + I_h (pT(t)Q(p(t)dt (3.16)
0 0 iy, 0
. T P .T .
. f_hudﬂfﬂtp Rp)r+ [ ap| RACECE

is obtained. Thus, Theorem 3.1 is true.

Case 2 (h(t) = h,). Similar to the above analysis, it is easy to see that @y, D,are the leading
minor of obtained (3.11) and (3.13), respectively. Therefore, system (3.1) is asymptotically
stable if and onlyif (3.4) holds. The closed-loop cost function satisfies (3.6).

Case 3 (h,, < h(t) < hpr). Similar to Case 1, one can prove that system (3.1) is asymptotically
stable. O

The objective of this paper is to develop a procedure for determining a state feedback
gain matrix Kwhich contains controller gain perturbation such that the control law u = Kx
is a non-fragile guaranteed cost Hcontrol of the system (2.1), cost function (2.9), and
disturbance attenuation y.

Theorem 3.2. A control law u = Kx is said to be a non-fragile guaranteed cost H, control associated
with cost matrix P,Q, R, S > 0, and N; (i = 1,2) of appropriate dimensions for the system (2.1) and
cost function (2.9), disturbance attenuation y > 0, and given scalars hy, and hy, if the following
matrix inequality

(A1 PAn-NT+Ny ~hoNT 6PAx hBR 685 (C+DR)  PB|
* -Q-NI-N, -h,N]J 0 h,ALR 6ALS 0 0
x * ~h,R 0 0 0 0 0
s_|* * * -6S  6h,AL R 62AL S 0 0| o
* * * * -h,R 0 0 0
* * * * * -6S 0 0
* * * * * * -1 0
| * * * * * * * —YZI_

(3.17)
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where B denotes (Ag + BoK )T, and
~ T —~ ~
A=Q+ P(A0 + BOK) + (AO + BOK> P+ <R1 + KTR2K> +NT+ N (3.18)

holds for all admissible uncertainty (2.7) and (2.8). The closed-loop cost function satisfies (3.6).

Proof. It has been noticed that (3.17) implies (3.4). Therefore (3.17) ensures the asymptotic
stability of the closed loop system (2.1). Under zero initial condition x(t) = 0,t € [-hp, 0],

J= f [z(t)Tz(t) - yzw(t)Tw(t)]dt (3.19)
0
can be introduced. Then for any nonzero w(t) € L, [0, oo],

J < K [2()7=(t) - Yoo t) w(t) + Vx(t)| dt = J:o¢(t)T¢¢(t)dt, (3.20)

where ¢(t) = [ n®)" wt)’ ] and ¢ = X. The condition of ¢ < 0 implies w(t) € L,[0, o0].
Therefore when ¢ < 0, the closed loop system (2.1) is asymptotically stable with disturbance
attenuation y > 0 and nonfragility p > 0. O

Theorem 3.3. There exist non-fragile guaranteed cost H,, controllers for the system (2.1) and the
cost function (2.9), disturbance attenuation y > 0, hy,, hat, and p > 0, a > 0, if there exists scalars
€1>0, €2>0, p1 >0, p2 > 0, symmetric positive matrices U, §,Q and, Rﬁ (i = 1,2) of appropriate
dimensions and a matrix Wsuch that

(A1 A ~hoN] 6A0S  hee s¢ W' ® BDy Dy UEl 0 D, D, UET W'El U B
« Ap -hNy 0 hUAl sUAL 0 0 0 0 0 UET 0 0 0 0 0 0
o« —ahU 0 0 0 0 0 0 0 0 0 0 0 0 0 0o 0
x * -65  6h,SAT §25AT, 0 0 0 0 0 6'SET o 0 0 0 0o 0
s * x  —a'hU 0 0 0 hiBoDi hsDg 0 0 haDi hDy 0 0 0 0
% * * * -6S 0 0 6ByDe 6Dy 0 0 6Dy 6D, 0 0 0 0
s * * * xR\ 0 D 0 0 0 0 0 0 0 0o o0
S * * * * « -1 DDi 0 0 0 0 0 0 0 0 0
ox * * * * x o« —pi'I 0 0 0 0 0 0 DJE] 0 0
x x * * * * x x  -p'l 0 0 0 0 0 0 0 0
ox * * * * x  x * «  —u'pl 0 0 0 0 0 0o 0
s * * * * % * * * ;I 0 0 0 0 0 0
s * * * * x * * * e 0 0 0o o0
ox * * * * % * * * * x  —5'I 0 0 0 0
s * * * * o x * * * * * «  —al 0 0 0
* * * * * * * * * * * * * * * —eI 0 0
* * * * * * * * * * * * * * * * -R;' 0

L+« * * * * ok * * * * * * * * -y
<0,
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where € denotes (AgU + BOW)T, D denotes (CU + DW)T, and
A = Q+ (AU + BoW) + (AU + BoW)" + N + N,
Ay = AU — NT + N, (3.22)
Ay =-Q~ NI - N

Furthermore, if (¢, pi, U, §,JF\71-, W), i = 1,2 is a feasible solution to the inequality (3.21), then u =
Ig x is a non-fragile guaranteed cost Ho, controller of the system (2.1), where the feedback gain matrix
K is given by K = WU and the corresponding closed-loop cost function satisfies (3.6).

Proof. Let Ago = Ago + DaF4E4, K = K + Dy FxEx.
By manipulating the left-hand side in inequality (3.17), it follows that the inequality
(3.17) is equivalent to

Yi+3 + 5+ 35+ 5] <0, (3.23)
where
(A1 PAw-NT+N, ~hyNT 6PAy h, R 6€S KT (C+DK)" PB ]
+ -Q-NI-N, -h,NI 0 h,ALR 6ATS 0 0 0
x * ~haR 0 0 0 0 0 0
x x ¥ -6S  6h,AL R 82ALS 0 0 0
Y= | % * * * —haR 0 0 0 0 1,
* * * * * -6S 0 0 0
* * * * * *  -R! 0 0
* * * * * * * -1 0
| * * * * * * * * —YZI_

A1 =Q+ Ry + P(Ap+ BoK) + €P + N{ + Ny,

" PBoDy ) "~ PDy
0 0
0 0
0 0
3 = [hoRTBoDx | Fk[Ex 00000000], Sp=|haR"Dy|Fa[0 E4 0 6E;4 000 0 0],
5ST ByDy 6S"Dy
Dx 0
DDy 0
| 0 ) | 0 ]

(3.24)

where € denotes (Ag + ByK)'.
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By applying Lemma 2.1, the above inequality (3.23) holds for all Fy, F;, satisfying
Fe(HFL(t) < pl, F4F;" < Iz if and only if there exists a constant p; >0, p, > 0 such that

Y1+p1

+p2

T PByDx 1T PByDi T
0 0
0 0
0 0
hoRTByDy | | haRY ByDy
6STByDy | | 65T ByDx
Dy Dy
DDy DDy
| 0 1L 0 ]
r PD; 17 PD; 17
0 0
0 0
0 0
hoR'D4 | | hoRTDy
6S™D, || 65TDy
0 0
0 0
[ 0 fL 0 ]

+pup;'[Ex00000000][Ex 0000000 0]

+p3'[0 E4 0 6E;4 000 0 0]'[0 E; 0 6E4 00 0 0 0]<0

(3.25)

It follows from the Schur complement that the above inequality is further equivalent to the
following inequality:

(A, PAgp-NT+N; -h,NT 6PAgpn h,6R  6€S
* -Q-NI-N> -h,NI 0  h,ALR 6ALS
* -h.R 0 0 0
* * -6S  6h, AL R 62ALS
* * * ~haR 0
* * * x -6S
* * * * *
* * * * *
* * * * *
* * * * *
* * * * *
* * * * *
* * * * *

KT

0
0
0
0
0
-R;

1

PByDy PD,
0 0
0 0
0 0
haR"ByDy haR'D,
6STByD  6STDy
Dy 0
DDy 0
-l 0
* -

ET
0

o O o o o o o

-1l

0 PB; ]
EL 0
0 0
67'ET 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
—sz 0
* —YZL

(3.26)
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where § denotes (C + DK)T, and

Ay =Q+ Ry + P(Ag + ByK) + (Ag + BoK)'P + NT + Ny (3.27)

Let Ag = Ao + D1F1Eq, By = By + D,F>E,. By manipulating the left-hand side in inequality
(3.17) again, it follows that the above inequality is equivalent to

Y,+Z +2M+5,+ 2] <o, (3.28)

where
(A, PAg-NT+N» -h,NT 6PApy h,¢R  6¢S K' § PBDx  PDy ET 0 PB]
* -Q-NI-N, -h,NI 0  hAlR 6ALS 0 0 0 0 0 Ef 0
* * ~h,R 0 0 0 0 0 0 0 0 0 0
x * * -68  6haALR 8ALS 0 0 0 0 0 &'ET 0
* * * * ~haR 0 0 0 hR'BDx hR'Dy 0 0 0
* * * * * 65 0 0 6S8"BDy 65Dy 0 0o 0
Y, = |« * * * x x  -R' 0 Dy 0 0 o o0 |,
* * * * * * x+ -1 DDy 0 0 0 0
* * * * x * * x —plI 0 0 0 0
* * * * * * *x * —-p;'1 0 0 0
* * * * * * * * * * - lpiI 0 0
* * * * * * * * * * * —-p21 0
| * * * * * * * * * * * * —yZI_
(3.29)
and
Ay = Q+ Ry + P(Ag + ByK) + (Ag + BoK)"P+ NT + Ny,
r PD; 7 r PD; 1
0 0
0 0
0 0
hoRTD; h,RTD,
6STDy 6STD,
S = 0 F[E; 0000000000 O0O0], = 0 F,[E;2K 0000000 E;Dk 00].
0 0
0 0
0 0
0 0
0 0
| 0 L 0

(3.30)
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Applying Lemma 2.1 again, the inequality (3.28) holds for all F;, F; satisfying FlT (H)F1(t) <
Lo, FZT (t)F2(t) < ILxp, if and only if there exists a constant €1 > 0, &, > 0, such that

- 1r 9T

PDy PD,
0 0
0 0
0 0

h.R'D; | | hoRTD,
65D, 65D,

Y2+€1

o O O O o o o
o O ©O o o O

+&'[EL000000000000]"[E;00000000000 0]

- 9r 4T

PD, PD,
0 0
0 0
0 0

h.R'D, | | h,RTD,
6S™D, 6S'D,

+ &

o O O o O o O
o O O o O o O

L 4 L 4

+&'[E2K 0000000 EDg 00]"[E2K 0000000 EDg 00]

<0.
(3.31)
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It follows from the Schur complement again that the above inequality is further equivalent
to the following inequality:

A1 PAw-NT+N, -h,NT 6PAsn  h,€R  6¢S K § PBDy PDy ET 0 PD,  PD, ET KTE] PB T
* -Q-NI-N» -h,Nl 0  hmALR 6ALS 0 0 0 0 0 E} 0 0 0o 0 0
* * —-haR 0 0 0 0 0 0 0 0 0 0 0 0 0 0
* * * -6 6h,ALR &ALS 0 0 0 0 0 &'EL 0 0 0o 0 0
* * * * —ha,R 0 0 0 haRByDx h,RDy 0 0 haRDy hoRD, 0 0 0
* * * * * -8S 0 0 6SByDy  6SDy4 0 0 65Dy 6SD, 0 0 0
* * * * * * -R' 0 Dx 0 0 0 0 0 0 0 0
* * * * * * * -1 DDy 0 0 0 0 0 0 0 0
* * * * * * o« 'l 0 0 0 0 0 0 DIEl 0
* * * * * * ok * -p;'1 0 0 0 0 0 0 0
* * x * X * ok X « ol 0 0 0 0o 0 0
* x x * X * s * * * -l 0 0 0o 0 0
* * * * * * * * * * * * -7 0 0 0 0
¥ * ¥ * M " PR P P P P * &' 0 0 0
* * * * N * PR * * * * * x  —el 0 0
* * * * * * x % * * * * * * ¥ —el 0
| « ¥ ¥ * * * x * * * * * * * * -2
<0,
(3.32)
and
A1 =Q+ Ry + P(Ap + BoK) +(A0+BOK)TP+N1T+N1. (3.33)

By pre- and postmultiplying the left-hand side matrix in the above inequality by the matrix
diag{p' p' p' st R' 1 . p' 1}, respectively, and defining the matrix U = P!,
W = KU, N, = UNU, N, = UN,U, Q = UQU and, S = S7!. If we set R = all™}, then
URU = alU, and R = a”'U, and it can be concluded that the above matrix inequality is
equivalent to (3.21). The proof is complete. O

4. A Numerical Example

Consider system (2.1) with [17]

4 01 -03 04 01 0 ~4 020
A=|-02 3 -02|, A=|0 -05 o, B=|0 3 1},
02 -03 2 0 0 -05 01 0 3
02 0 10 0
010 0 100
B,=l02 0|, cC= , D= , D=]001 0|, (4.1)
0 00.1 010
0 02 00 05
02 0 0 05 0 0 01 0 0

E=]10 01 0|, E;=10201 0|, E,=]10 01 0},
0 0 02 0 0 02 0 0 05
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and 1.2 < h(t) < 1.8. By applying Theorem 3.3 with & = 0.16 and y = 1, the controller gain is
obtained:

2.5536 -0.1039 -0.2143
K =10.189% -2.5017 1.1060 |, (4.2)
—-0.1513 0.4258 -2.4936

whereitisalsoaresulte; =3,6, =4,p1 =5,p2 = 6:

0.2911 0.0213 0.0045 0.6318 0.0036 —0.0402
u = 10.0213 0.3233 0.0392], W = 0.0036 -0.7133 —-0.02511, S=8. (4.3)
0.0045 0.0392 0.351 —-0.0402 —-0.0251 —-0.5452

For h, = 1.2, the maximum allowable upper bound of the delay is hy; = 3.0679 which is
larger than hys = 1.8467 derived in Jiang and Han in [17]. This means that any h(t) satisfyies
1.2 < h(t) <3.0679.

The associated upper bound over the closed-loop cost function is J* = 24.5368.

The obtained robust and non-fragile optimal guaranteed cost H,,controller guarantees
the asymptotic stability, disturbance attenuation y, ||z(¢)||, < 0.385||w(t)||,, and the upper
bound of cost function J*.

5. Conclusion

This paper has considered the problem of delay-dependent stability and guaranteed cost
H,, control with interval time-varying delay for an interval system based on Lyapunov-
Krasovskii functional approach. The delay-dependent stabilization criterion for guaranteed
cost H,, control has been formulated in terms of LMIs. The derivative of the interval time-
varying delay is not a restriction, which allows a fast time-varying delay and also is more
close to practices control object. A numerical example has shown the effectiveness of the
method.
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