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Delay-dependent H.. Control for a Class of Uncertain Time-delay Singular
Markovian Jump Systems via Hybrid Impulsive Control

Hui Lv, Qingling Zhang*, and Junchao Ren

Abstract: This paper deals with the problem of robust normalization and delay-dependent H., control for a class
of singular Markovian jump systems with norm-bounded parameter uncertainties and time delay. A new impulsive
and proportional-derivative control strategy with memory is presented, which results in a novel class of hybrid
impulsive systems. Sufficient conditions are developed to guarantee that the resultant closed-loop system is not
only robust normal and stochastically stable, but also satisfies a prescribed H.. performance level for all delays no
larger than a given upper bound. In addition, the explicit expression of the desired impulsive control gains is also
given together with the design approach. Finally, two numerical examples are provided to illustrate the effectiveness

of the proposed methods.
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1. INTRODUCTION

Recently, more attention has been paid to the study
of singular Markovian jump linear systems (SMJSs) with
time delay, in which the mode operation process is a con-
tinuous Markov Chain taking values in a finite set [1-10].
Time delays are frequently encountered in a variety of en-
gineering systems and a relatively small time delay may
destroy the systems. The results on such systems can
be classified into two types: delay-independent [11, 12]
and delay dependent [1, 13—-16]. It has been shown that
the delay-dependent results are less conservative than the
delay independent ones especially when time delays are
small [15]. On the other hand, impulsive control is an
effective way to stabilize a complicated system by us-
ing simple control impulses and have been investigated
for various types of systems, such as singular systems,
Markovian jump systems and time-delay systems [17,18].

In this paper, the problem of delay-dependent H.. con-
trol is studied for a class of time-delay SMJSs with norm-
bounded parameter uncertainties in both derivative and
system matrices. To the best of our knowledge, there
are few results available in the literature for this problem,
which motivates our current research.

In our approach, an impulsive and proportional deriva-
tive memory state feedback controller IPDMSFC) is pro-
posed to solve this problem. The derivative part of the

hybrid controller is to normalize the uncertain SMJSs,
whereas the impulsive part is to guarantee that the value
of the Lyapunov-Krasovskii functional does not increase
at each switching time instant. By adopting appropriate
congruence transformations and free-connection weight-
ing matrices, sufficient conditions are provided in terms of
feasible matrix inequalities such that the resultant closed-
loop system is not only robust normal and stochastically
stable, but also satisfies a prescribed H., performance level
for all delays no larger than a given upper bound. The
gain matrices of the impulsive control part are parameter
variables, which can be solved together with the design
approach. This is different from the results of [17, 18], in
which the gain of the impulsive control is given as a con-
stant matrix in advance. Our design idea can thus provide
more design freedom than those in the existing literature.
Finally, two numerical examples demonstrate the effec-
tiveness of the presented methods.

Notations: R” is the n-dimensional Euclidean space
and R™*" is the set of all m x n real matrices. ||.|| refers
to the Euclidian norm for a vector. £;,[0,e0) stands for
the space of square integrable functions on [0,00). C, 4 =
C(|—d,0],R") denotes the Banach space of continuous
vector functions mapping the interval [—d, 0] into R”" with
norm ||¢(¢)||g = sup_a<s<o||@ (s)||. E[.] denotes the expec-
tation operator with respect to some probability measure
P. ‘x> denotes the term that is induced by symmetry. /
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denotes the identity matrix with appropriate dimension.

2. PROBLEM FORMULATION

Consider the following uncertain singular time-delay
systems with Markovian jump parameters

+ (Aa(r(t)) + AA4(r(2)))x(t —d)

+ (B(r(t)) +AB(r(t)))u(t) + B (r(t)) o(t),
z(t) = C(r(t))x(t) + Ca(r(t))x(t —d) + D(r(t)) 0(t),
x(1)=9(r), re[~d,0], €))

where x(¢) € R” is the state vector, u(¢) € R™ is the con-
trol input, @ () € RY is the disturbance input that belongs
to £[0,0), and z(¢) € R’ is the controlled output vec-
tor. d is the constant time delay of the state in the system
which satisfies 0 < d < d, ¢(t) € . 18 @ compatible vec-
tor valued initial function. Matnx E (r(t)) € R™" may be
singular, and it is assumed that rankE(r(t)) = n,) < n.
A (1)), Aa(r(1)), B-(0)), Bolr(6)),C(r(1)), Ca(r(r)) and

D(r(t)) are known matrices with compatible dimensions.
AE(r(r)), AA(r(t)), AA4(r(r)) and AB(r(t)) are unknown
matrices denoting the uncertainties of the system. The
mode {r(r), >0} (we also denote as {r,,# > 0}) is aright-
continuous-time Markov process taking values in a finite
state space S = {1,2,...,N} with transition probabilities

Pr[r(tJrA)j”(t)”{ fiiAn—:;Aof()J(A) iij
@)

where A > 0, lima00(A)/A=0and m;; >0, i,j € S,
i # J, is the transition rate from the mode i at time ¢ to the
mode j at time r +A and 7; = — Z?':L#i 7;;. For simplic-
ity, for each possible value r(t) =i € S, a matrix A(r(z))
is denoted as A;.

In this paper, for any value r(t) =i € S, the above un-
certainties are assumed as

[AE; AA; AAgi ABi] =MiF(1) [Nei Nai Nai Ny, (3)

where M;, N,;, N,;, Ng; and Np,; are known real constant
matrices of appropriate dimensions, and the uncertain ma-
trix F(t) satisfies FT(¢)F(t) <I.

The objective of this paper is to design an impulsive and

proportional-derivative memory state feedback controller
(IPDMSFC) for system (1) in the form of

ut) = u (1) +ua(t),
(r(2))x(2) + Ka(r(t))x(t —d) — K. (r(1))x(1),

K,
u(t) = iG(r(t,j))x(r)(S(t—tk), k=12,...., &

where u(¢) is a mode-dependent proportional-derivative
state feedback controller with memory and u,(¢) is an
impulsive controller. K, (r(¢)), Ku(r(t)), K.(r(¢)) and
G(r(t)) are to be designed gain matrices of appropri-
ate dimensions. 6(.) is the Dirac impulse function, with
discontinuous impulsive instants | <, < --- <t < -

where #; > 1y = 0, limy_,.? = oo, and x(tk) = x(t, )
limy,_,o+ x(tk — h), x(t,j') = limy,_o+ x(tk + /’l), ex(tk)

> 1.

x(t0) = x(t)-

Suppose that when ¢ € (#,#-1], r(¢) = i, that is, the ith
subsystem is activated. Substituting (4) into the system (1)
leads to

te+h

E.lx(te+h) —x(t)] = E x(s)ds

I
te+h
- / [Auix(s) + Acaix(s — d) + B; + AByus(s)
5
+ Bui®(s)]ds,
where

E.=E;+AE;+ (B;+AB))k.;,
A, =A;+AA; + (B; + AB))kai,
Acai = Agi + AAgi + (B + AB;)kqi,

when i — 07, it follows that

Eciex(tk) = hli>r(l;1+ Eci[x(tk +]’l) 7)6(1‘]()} = (Bi+ABi)GiX([k).

With controller (4), system (1) becomes an uncertain
singular and impulsive Markovian jump time-delay sys-
tem in the following form

E.(r)x(t) = Ac(r)x(t) + Aca(r)x(t — d)

+By(r)o(t), t € (te,trr1]s

Ec(r)ex(t) = (B(ri) + AB(r))G(rye )x(te), 1=tk

z(t) = C(r)x(t )+Cd(rz) (t—d)+D(r)o(1),

x(t> = ¢(t)a [—d,O], 5)
where
E.(r;) = E(r) +AE(r;) + (B(r:) + AB(r:)) Ko (r1),
Ac(rr) = A(r;) + AA(r,) + (B(r) + AB(r,))Ku(11), 6)
Aca(re) = Aa(re) + AAa(re) + (B(ri) + AB(r,) ) Ka (7).

Definition 1: The hybrid impulsive Markovian jump
time-delay system (5) with @(¢) = 0 is said to be robustly
stochastically stable, if there exists a scalar M (xo, ¢(.)) >
0 such that

E{ “||x<s>||2ds|ro,x(s>=¢<s>,se[—J,O]}SM<xo,¢<.>>
0

holds for all admissible uncertainties and ry € S.
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Definition 2: The hybrid impulsive Markovian jump
time-delay system (5) is said to be with robustly stochas-
tically stable with H,, performance 7, if the system with
(1) = 0 is robustly stochastically stable and the follow-
ing condition is satisfied under the zero-initial condition

E { /0 ) zT(t)z(t)dt} <y /0 " oT (1))t %)

for all admissible uncertainties and any non-zero ®(f) €
[:2 [0700)

Definition 3: Consider the uncertain time-delay SMJS
(1). If there exists a controller (4) and a given disturbance
attenuation level y > 0 such that for all admissible uncer-
tainties, the derivative matrix E;, Vi € S, in the system (5)
is invertible and the system (5) is robustly stochastically
stable with H., performance 7, then controller (4) is said
to be an robust normalization and H.. hybrid impulsive
controller (RNHIC) for system (1).

Lemma 1 [19]: Suppose a piecewise continuous real
square matrices A(f), X and Q > 0, satisfying:

ATOX +XTA()+0 <0
for all z. Then, the following hold:

1. A(t) and X are invertible.
2. ||A7Y(t)|| < & for some § > 0.

Lemma 2 [20]: For any constant matrix X € R™*",
X =XT > 0, scalar r > 0, and vector function x : [—r,0] —
R" such that the following integration is well defined, then

0
—r/ X1 (¢ +8)Xx(t +5)ds

< (@) AT(—7)] {_XX —XX] L(};(ﬁ)r)}

Lemma 3 [21]: Given a positive definite matrix P €
R™" and a symmetric matrix Q € R"", then

Anin (P IQ) (t)Px(t) <x' (t)0x(1)
< Anax (P~ Q)x" (1) Px(1)
for all x(¢) € R™.

Lemma 4 [22]: Given a symmetric matrix Z and ma-
trices X and Y of appropriate dimensions, then

Z+XF()Y +(XF(1)Y)" <0

for all F(¢) satisfying FT(¢)F(t) < I, if and only if there
exists a scalar € > 0 such that

Z+exXT+e 'Yy <o.

3. MAIN RESULTS

In this section, a set of sufficient conditions is de-
rived to guarantee that the system (1) is normal and ro-
bustly stochastically stable with H., performance 7y under
IPDMSFC (4).

3.1. Existence conditions of RNHIC

In this part, the existence conditions of RNHIC for sys-
tem (1) are presented by the following theorem.

Theorem 1: For prescribed scalars d > 0 and y > 0,
controller (4) is an RNHIC for system (1) if there exist
symmetric positive-definite matrices P;, Q;, O, Z, and ma-
trices T1;, T»; such that the following set of inequalities
hold foreachi € Sand k=1,2,...

Qi Qi Qs T'Byi CF

x Qo Qo TyBwi 0
Q= * *  Qag; 0 Cl | <0, (8

* * * -y Df

* * * * -1
Ym0 <0, ©)
0< B <1, (10)

where

Qi =ALTi+ THAG+ Y 7P+ 0i+d0 - Z,
Qi =P, —TYE; +ALTy, Qi3 =T A + Z,
Qi = —TyEei —E;Tyi+d°Z,
Qo3i = T Acai, Qa3 = —0i — Z,
Br = Anar{ P~ (r, )T+ E;;' (Bi+ AB)) G|
x P(ry )l +E;' (Bi +AB)Gi]}.

Proof: Suppose there exist symmetric positive-definite
matrices P, Q;, Q, Z, matrices Ty;, T»;, and the control law
(4) such that (8) holds. According to Lemma 1 and (8), it
is obtained that the derivative matrix E,;, i € S, is invert-
ible and ||E.;'|| is bounded for all admissible uncertainties.

Next, we will show the robust stochastic stability of the
system (5). Define a new process {(x;,r;), > 0} by {x; =
x(t+0),—2d < 6 <0}, then {(x;,7;),t > d} is a Markov
process with initial state (¢(.),ry). For ¢ > d, define a
stochastic Lyapunov candidate for system (5) as

V(o) = Yo Vi), (11)
where
Vl(xnrnt) :xT(t)P(r,)x(t),
Vbt = [ (@)0()x(@)da
AL d/ /w a)dodB,
Vit / /w a)dadpB.

Let r(t) =i, t € (tx,tr+1]. The following equation holds
for any matrices 7y; and T»; of appropriate dimensions

2[—x" ()T — 3 (1) 1]
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X [Eqx(t) —Aeix(t) — Acaix(t — d)

12)

Let L be the weak infinitesimal operator of the random
process {x;,r, }, then for each i € S

LV(xt,l,l)-i-Z 72(0
<2x"( —|—Z 7r,,x )—l—xT(t)Qix(t)
Tt —d)0e(t —d) + /Hle a)j;mjgjx(a)da
+d*x" (1) Zx(t) —d t i (o) Zi(o)do
t—d

+dx" (1) Ox(1) — /lide(a)Qx(a)da
+ [Cix(t) + Caix(t —d) + D0t )]T

X [Cix(1) + Caix(t — d) + Do ()] = V@' (1
+2[=x" ()T} 1 (1) Ty]
X [Eik(t) — Aeix(t) — Acaix(t — d) — B (1))

According to Lemma 2 and (9), foreachi € S

LV (x;,0,1) + 2" (¢ — Yo't
Qlli QIZi -QlBi Tchoi
Qi Q3 TEBy:
< T * 22i 23i 2i Dwi
- C (t) * * Q33,‘ 0
* * * I
cT
0
+| cr [ G 0 Cu Di] &), (13)
di
o
where {(t) = [ xT(r) *T(t) xT(t—d) oT(t) |". It
follows from (8) and (13) that
LV (x,,i,t) <0 (14)

for each i € & and all admissible uncertainties when
(t) = 0, then there must exist a scalar A > 0 such that
LV (x,i,1) < —AlJx(e)]1%. (15)

Now, consider the impulsive system at time point #. It
follows from (5), (10) and Lemma 3 that

V(xtk*JZ/:ratlzL)

N
Iy

= x" (50 )P(ry )x(50) +

+d//t+
S

< A (P (7

n de(oc)Q(r,; x(a)da

(a)dadp

(a)dadp

r I +E; (Bi+AB)G] P(r,)

— Buioo(1)] = 0.

x [T+ Eg' (i) (Bi+ ABy) G| }x" (1) P(r(t;))x(te)

+Valx o ooty )+ Va (o re 1) +Valx ety
= BVi(xoro st ) +Va(xo ooty

+V3(x 1oty )+V4(X,k—,r,k—,tk )

SV, t)- (16)

Suppose d € (t,,tp+1], p € {0,1,2,...}. Based on the
Dynkin’s formula, for ¢ € (f, 1], k > p+1,

p lp+2
ILV(x,,t,t)dt+E

LV (x;,i,t)dt
d+ [

ptl

1
+---+E/ LV (x,,i,1)dt
o

k
=E[-V(xj,ri,d")+ Zj:p+1 (v
—V(x,jw Ty A0V (x,7,0)].

Therefore, for any t > d,

(‘xt/ oI 7tj_)

t
EV(x,,r,,1) —EV (xg, ra,d) < —)LIE/ x(s)|Pds.
d
From (14) and (16), it follows that

HimV (x;,r,,t) =0,

f—ro0
which yields
t
IE/ x(s)|2ds < A "BV (x4, ra, ). a7
d
For t € (ty,11], it follows from (5) (when o(¢) = 0) that

(0l = 13(0)+ [ 1B Aci@) + B, A~ )
<) +k1 [ (@] + e —a) e

where ki = maxies{[|E; [ |Adll, |E: |Acaill} > 0.
Then for any 0 <t <d, t € (to,1],

@)l < (kad +1)[19 ]+ ki /OIIIX(OC)HdOt,

which, by the Gronwall-Bellman Lemma, gives that for
any 0 <7 <d,t € (t,11],

(@)l < (ad+ 1) 9] g
and

()| < (kid + 1)1l g (18)
Because 0 < B, < 1 for all k = 1,2,..., it follows from
(16) and (18) that

AmaxP(r;)

() < P )Hx(tl I <kioll
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- Z’max ( J
where k; = T ”) (k1d+ )ekid. In general, for any
Ogtgd,te(tb,tﬁl] s€{0,1,2,...},

()1 < () (@) -+ (e~
< (G +hd) |9+ [ x(@)da
<G+ bd)lol st

TP, )

Janin P’ (r,;r)
Hence, there exists a scalar k > 0 such that

where ko = 1 and k, = (ks +kyd)ehd, s> 1.

sup [lx()[* <kl@]l3- (19)
0<a<d
Note that
/ /+l3 o) Zi(a dadﬁ<d/ o)Zi(a)do,
/ / o) Ox(ot dotdﬁ<d/ a)Ox(a)da
+ﬁ

then there exists a scalar p such that

V(xdvrdad) < pHd’Hj‘a

which together with (17) and (19) implies there exists a
scalar p such that

5 ) Pas = { [ tolFas |
+&{ [ 1x6lPas} < pElol}

According to Definition 1, the system (5) is robustly
stochastically stable for any constant time delay d satis-
fying 0 <d < d.

In the following, we establish the H., performance of
the system (5). For this purpose, consider the following
index

Law—E{AEWwdn—wanw@n}

Under zero-initial condition, it is easy to see that

J. ()<E{/Ot 7o (s

Via the Schur Complement, it is obtained from (8) and
(13) that for all t > 0, J,,(¢) < 0. Therefore, (7) is satisfied
for all admissible uncertainties and any non-zero ®(t) €
£,[0,00). This completes the proof. O

+]LV(xb,l,s)]}

3.2. Controller design

In the following, we seek a design method of the RN-
HIC for system (1).

Theorem 2: For prescribed scalars d > 0 and y > 0,
controller (4) is an RNHIC for system (1) if there exist
symmetric positive-definite matrices X;, Q;, 0, Z, W, ¥,
matrices Uy;, Ua;, S1i, S»i, Sai, Li and scalars 6;; > 0, &; >
0 such that the following conditions hold for all i, j € S,

i#j

re; ©2 013 0 XC' O O X dX; dUlT
% Opi Op By 0 O 0 0 0 dUj
* % Op; 0 QCh G 0 0 0 0
x o« « —¥I DI 0 o 0 O 0
s %« o« o« 1 0 0 0 0 0]|<0, (20)
* ok ok * x =06yl 0 0 0 0
* * * * * * O 0 0 0
* * * * * * * 7Q,- 0 0
* * * * * * * x —dQ 0
L o« % * * * x % «  —Z-
[ Dy P
i i < 0, @1
| x Py
Ziij Zizi Zizi O
T
* Yo Yoz Uy <0 22)
* x =0l 0 =
* * * —X;
where
O =U+ U+ mXi — X — X"+ 2
11i — 1l+ 1,‘+7tu i+ )
T,T
O = XA] — Uy Ef + Uy + S1.B;
T TasT
O3 = 0;, O = XiN,; — ULN, + SNy,
O = [V X; . Tii—1)Xi /T 1)Xi -+ VT Xil,

O = —EUy — Ug T+ BiSy + S3,B} + MM} + W,
O3 = AuiQi+ BiS3i, @i = —UpNy; + Sy,

Os3i = —0i+7,, O35 = O] N+ SyNy;,

077 = —diag{Xy,..., Xi—1,Xi41,.. ., Xn },

CI>11,»:—X<—XT+Q—HX-—HXT+Qi,

Dy = T Xi /T Xi - /X,
Dy = —dlag{Ql,---,Qifl,Qwu - On},

Tiii; = —Usy; — Uy +X;, i = —UsE! + SyB] — LTB],
Y3 = —UsNE+SUNE —LINY

Y99 = —EiUy — USET +B :Sai + SyBl + 8uMM,
Y3 = —UsNE+SUN

In this case, the gains of RNHIC (4) are given by

K= (S1i—
Kei =

SoUsi U)X, Kai = S3:0;7,
—S5Us"', G = LUy (23)
Proof: From Theorem 1, it is seen that there exists

an RNHIC for system (1) if (8), (9) and (10) hold for
eachie€ Sand k=1,2,---. Pre- and post-multiplying (8)
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0o 0 007"
Ty Ty 0 0 0
by matrix 0O 0 @9 00 and its transpose,
0 0O 0 I O
0 0O 0 0 I
respectively, and setting X; = P!, Uy, = —Ty; ' TP,

Uy=T;",0i=0Q;"

My, My Iy 0 X'l
¥ Iy Tl Bg, 0

, then (8) becomes

* « Iz 0 OfCy | <0, (24
* * * —7/21 DlT
* * * * -1

where

N
My =Uu+UG+X')
+dX! QX +d*UltzUy; — X ZX;,

TEiijXi +XiTQiXi

My = Uy + X[ Ay — ULE; + d° Uy ZUy;, Ty = X[ 20,
My = —EUs — URiEL + d° Uy ZUsy;,
s = AcaiQi; sz = —0i — 07 Z0:.
Note that for any positive matrices W >0 and Y > 0,
-X'zx; 0 X'zQ;
0 0 0
* 0 —-0rzQ,
(X" o0 0]z o O][x; 0 -0
=—| 0 0 0|0 W 0|0 O O
|-0f 0 0/ [0 O Y]|[O O O
[ xT 0 0] X 0 Z 0 0
<—-[ 0 O0 0[—]0 O +10 W 0f,
|-0f 0 0 0 0 0 0 Y
(25)

where Z=Z"' wW=w"!
to show that

andY =Y !, By (23), it is easy

S1i = KaiX; — KeilUi, Sai = —KiUsi, S3i = K4iQ;. (26)
Taking into account (25) and let O = Q~'. Via Lemma 4
and the Schur Complement, conditions (20) implies that
(8) holds by substituting (3) and (6) into (24). Pre- and
post-multiplying (9) by X and X;, respectively, then (21)

implies that (9) holds basing on the fact that
~X;'0X; < X, — X" + 0,
TiXi' QiX; < —/—=miXi — /=1 X;" + Q.
On the other hand, condition (10) in Theorem 1 is

equivalent to

P, (I+E;'(Bi+AB)G)"

; p >0, @7)

where i, j € §,i# j. Pre- and post-multiply (27) by matrix

Ut . .
0 E. and its transpose, respectively,
—~USPUy; —UJEYE—ULGT(B;+AB)"
1 =cl 1 l < .
[ ) _EPET <0. (28)

Setting L; = G;Uy;, via Lemma 4 and the Schur Comple-
ment, it is concluded that condition (22) implies (10) holds
based on the fact that

—UPUy < Uy, — Uy + X,
— EoiP; 'Ej; < —EqUs — UyEy + Uy PUs;.
This completes the proof. d

In (23), if S5; =0, then K,; = 0, or vice versa. Thus,
in the case of rank(E(r(t)) +AE(r(t))) = n, the following
result can be obtained directly:

Corollary 1: For prescribed scalars d > 0 and y > 0,
under the constraint of rank(E(r(t)) + AE(r(t))) = n (the
system dimension), controller (4) is an RNHIC for system
(1) if there exist symmetric positive-definite matrices Xj,
0:, 0,Z, W, Y, matrices Uy;, Ua;, Sii, S3i, Li and scalars
01; > 0, 8; > 0 such that (21) and the following conditions
hold foralli,j € S,i# j

(011 @i @15 0 XCT O Oy Xi dX; dUY]
* 0y Oy Boi 0 Oy 0 0 0 dUE
* * @33; 0 Q/C;‘ @3(,[ 0 0 0 0
* * * —}/2] D;»r 0 0 0 0 0
x x x *x - 0 0 0 0 O <0, (29)
« s+ % & % =810 0 0 0
* ok ok * * x* 77 0 0 0
® ok ok * * * * —0; 0 0
* * * * * * * x —dQ 0
L = * * * * * * * x  —Z ]
Tiij i Xz 0
~ ~ T
Lo Loy Uy | o 30
<0, (30)
* x =00 0
* * * —X;
where
A TT T, w @ T
Oy = —E;Uy; — UyE; + 51,~M*M- +W, O = Uleel,

1= —UsEN —LTBT, £15; = —USNL — LN,
i = —EUs — U Ef + MM | $53; = —~UpN:

el

and the other terms are the same as the ones in Theorem 2.
In this case, the gains of RNHIC (4) are given by

Ki=SuX;", Kii =507, Ka =0, G;=ZVy .
4. ILLUSTRATIVE EXAMPLES
Example 1: Consider a time-delay SMJS described by

(1) with two modes, i.e., S = {1,2}. The system parame-
ters are as follows:

1 00 02 —03 1
El=|010],A4=|07 -1 -05]|,
00 0 0.1 0 04
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Table 1. Maximum allowed d for different .

Y 1.0 1.25 1.5 1.75 2.0
dpax | 0.5901 | 0.6178 | 0.6375 | 0.6522 | 0.6637

Table 2. Minimum allowed ¥ for different d.

d 0.1 0.2 0.3 0.4 0.5
Ymin | 0.2180 | 0.2476 | 0.3006 | 0.3936 | 0.5826
[ —0.5 0.2 1 1 0
Ag1 = 1.2 03 0.9 , By = ,
i -03 1 -02 -1 1
[ 1 0.3
B, =1 02 2 ,Cp = [ (l) 8? 005 ] ,
i 0 -0.5 ’ ’
01 O
Cd107D1|: 0 0.1 :|7
[0 0 O 01 -1 0
EE=[01 0|,A=| -02 -1 04 |,
i 0 0 1 0 0.3 0.1
[ 0.1 0.1 0.5 0 -03
Ap = 05 -02 1 ,By=1| —1 0
i -02 05 -0.1 1 1
0.1 —1
T . L
i 0.1 0 '
01 O
Cdz—O,Dz—[ 0 0.2}

The norm-bounded uncertainties satisfying (3) are de-
scribed as

Mi=[03 04 03], Na=[07 07 02],
Na=[02 04 03],Ny=[01 02 03],
Ny=[05 02],M,=[03 04 03],
Ne=[03 02 02],No=[03 05 02 ],
Np=1[04 01 02],Np=[03 03],

and the uncertain matrix is given as F() = sin(“2-1). Tt
is easy to see that rank(E; + AE;) # 3 (the system dimen-
sion), i = 1,2, which means that the original system is not
normal. The transition rate matrix is given as

-5 5
- [ s } .
By solving the matrix inequalities (20)-(22), we can com-
pute the maximum allowed time-delay d for given y > 0

and the minimum allowed 7 for given d > 0. Table 1 and
Table 2 presents the calculated results, respectively.

251

Markov Chain
&

o 1 2 3 4 5
Time t(sec)

Fig. 1. The Markov process.

When d = 0.3, Y = 1.2, an RNHIC for system (1) can
be obtained by Theorem 2. The gain matrices of RNHIC
are computed as

Ko _ | —594351 84650  35.2804
@7 977032 —20.2983 —79.0948 |’
K, _ | 00742 —0.0041 —1.0347
71 0.0280 —0.8505 —0.8378 |’
x| 38769 04590 —2.9862

07| 7.2878 1.2793  4.0004 |’

G [ 43602 —0.8825 3.0143

' —7.2933 —2.1840 -3.9715 |
K. | 612589 —6.8518 —27.7043
@71 90.1553  5.1558 —69.7300 |
K, _ | 03893 —04310 0.1597
@7 —0.4989 —0.2997 —1.0661 |
K. | 48689  1.2858 0.9818

?7 | —4.0502 —1.6334 4.6704 |’

G [ —5.0380 —0.2194 —0.7291
7| 34805 04715 52657 |°

For any ¢ € [0, ) and with the designed controller afore-
mentioned, the rank of the derivative matrix of the cor-
responding closed-loop system is rank(E;) =3,i=1,2,
which implies that the closed-loop system is normalized.

The Markov process is shown in Fig. 1, while the
state responses of the open-loop (when w(r) = 0)
and corresponding closed-loop system with ¢(r) =
[-1 0 1 ]T, t € [~0.8,0] are illustrated by Fig. 2
and Fig. 3, respectively. Simulation results show that the
closed-loop system is robustly stochastically stabilized by
IPDMSEC (4).

Example 2: Consider time-delay SMJS (1) with no
uncertainties in system matrices (i.e., AE; = AA; = AAy =
AB; =0)and E; =1, D; =0, i = 1,2, whose parameters
are described as follows:

-1.3
-2.1 } ’

-35 0.8 -0.9
A= [ 0.6 —33 }’Aﬂ“ B [ -0.7
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x1(t)
6L x2(t) 4
- — = x3(t)

L L L L L L L L L
o] 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Fig. 2. The state trajectories of the open-loop system.

x1(t)
x2(t) H
— — = x3(1)

State response
[=]
T

. . . .
[0} 1 2 3 4 5
Time t(sec)

Fig. 3. The state trajectories of the closed-loop system.

[ 0.8 ] [0.5 ]
BI:_O'l_,BwI:_O'4_7C1:[O.1 0.3 ],
[ —25 03 -28 05
=14 —0.1}’14"2{—0.8 —1.0}’

0.1 ] (0.3 ]
32:_0.5_,3602:_0.2_,02:[0.2 0.15].

The transition rate matrix is given as

0.2 0.2
H:[ 08 —08 }

The objective is to design a state feedback controller
such that the resulting closed-loop system is robustly
stochastically stable (when @(z) = 0) and has an H.. per-
formance. Because E; = I, i = 1,2, is non-singular, we
can obtain the RNHIC for this system whether there is a
derivative part in controller (4) or not (i.e., by Theorem 2
when K,; # 0 or by Corollary 1 when K,; = 0). We com-
pute the minimum attenuation level y by using Theorem 2
in [1] (k = 0.5), Theorem 4 in [16], Corollary 1 and The-
orem 2 in this paper, respectively. Table 3 presents the
comparison results on minimum allowed 7 for various d
by different methods.

It is clear that the minimal value of y calculated by our
results (whether there is a derivative part in controller (4)

Table 3. Comparisons of },,;, by different methods.

d 0.4 0.5 0.6 0.7
[1] 0.0621 0.0740 0.0870 0.1028
[16] 0.0481 0.2443 0.9944 —
Corollary 1 0.0325 0.0394 0.0492 0.0731
Theorem 2 0.0222 0.0283 0.0400 0.0726

or not) are lower than those in [1] and [16]. Moreover,
there is no solution to a mode-dependent controller by
the method proposed in [16] if d > 0.6589, where the de-
signed controller is proportional. It is worth pointing out
that the minimal value of Y is decreased due to the addition
of derivative part in [IPDMSFC (4).

5. CONCLUSION

This paper has investigated the problem of robust nor-
malization and H.. control for uncertain singular Marko-
vian jump systems with time delay. A new hybrid im-
pulsive controller has been proposed to ensure the nor-
malization, robust stochastic stability and H.. performance
of the closed-loop system simultaneously. Based on cer-
tain matrix conditions, an explicit desired impulsive and
proportional-derivative memory state feedback controller
has also been given. Illustrative examples have been pro-
vided to illustrate the effectiveness of our methods.
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