(;25 NFOR %
@%ATH
Publishing
Group

Nonlinear Dynamics and Systems Theory, 4(3) (2004) 333-356

Robust ‘H.. Analysis and
Synthesis for Jumping Time-Delay Systems
using Transformation Methods

Peng Shi', M.S. Mahmoud? and A. Ismail3

LSchool of Technology, University of Glamorgan, CF37 1DL, United Kingdom
2 Canadian International College (CIC), Al Tagamao Al-Khamis,
New Cairo Clity, Egypt
3 College of Engineering, UAE University , P. O. Pox 17555, Al-Ain, United Arab Emirates

Received: September 29, 2004; Revised: October 27, 2004

Abstract: A new transformation method is developed for the H, analysis
and synthesis of a class of uncertain time-delay systems with Markovian jump
parameters. In these systems, the jumping parameters are modelled as a
continuous-time, discrete-state Markov process and the parametric uncertain-
ties are assumed to be real, time-varying and norm-bounded. The time-delay
factor is constant. Complete results for delay dependent stochastic stability
and stabilization criteria are developed for all admissible uncertainties. Then
a dynamic output feedback controller is designed such that the closed-loop
stochastic stability and a prescribed Hoo-performance are guaranteed. All
the developed results are cast in the format of linear matrix inequalities
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1 Introduction

It becomes increasingly apparent that delays occur in industrial and engineering systems
due to various reasons including finite capabilities of information processing among dif-
ferent parts of the system, inherent phenomena like mass transport flow and recycling
and/or by product of computational delays [12]. Considerable discussions on delays and
their stabilization/destabilization effects in control systems have commanded the inter-
ests of numerous investigators in recent years, see [1,6,13] and their references. In the
course of control design, it turns out that the design goals have to incorporate the impact
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of parameter shifting, component and interconnection failures which are frequently oc-
curring in practical situations. It is thus appropriate to investigate control processes with
the aid of stochastic models. One direction of investigation has been through piecewise
deterministic systems or Markovian jump dynamical systems [2] in which the underlying
dynamics are governed by different forms depending on the value of an associated finite-
state Markov process thus offer a base model of combined continuous and discrete states.
Research into this class of systems and their applications span several decades [5,15].
When the plant modelling uncertainty or external disturbance uncertainty is of major
concern in control systems, robust control theory provides tractable design tools using
the time domain and the frequency domain. For Markov jumping linear continuous-time
systems, the issue of robust stability and Heo-control has been investigated in [4,17]
and their references. The class of time- delay systems with jump parameters have been
recently considered in [1,13] and for a modest coverage on the subject, see [2, 14].

The purpose of this paper is to extend the results of [1,2,13] further by developing
new transformation methods that will help much in the study of stochastic stability
and stabilization of a class of uncertain systems with Markovian jump parameters and
distributed delays. In these systems, the jumping parameters are treated as continuous-
time, discrete-state Markov process and the parametric uncertainties are assumed to be
real, time-varying and norm-bounded. The time-delay factor is treated as a constant
within a prespecified range. Complete results of delay-dependent stochastic stability
criteria are developed for both the nominal and uncertain jumping distributed delay
systems with H., performance measure. Then we move to consider the H, stabilization
problem with instantaneous and delayed state feedback. Finally, we investigate the design
of an Ho dynamic output feedback controller that ensures the close-loop stochastic
stability. We establish that the Ho, stability analysis and synthesis problems for the
distributed-delay Markovian jump systems with and without uncertain parameters can
be essentially solved in terms of the solutions of a finite set of coupled linear matrix
inequalities. Several examples are presented to illustrate the theoretical analysis.

Notations and Facts: In the sequel, the Euclidean norm is used for vectors. We use
Wt W= X(W) and ||W| to denote, respectively, the transpose of, the inverse of, the
eigenvalues of and the induced norm of any square matrix W. We use W > 0 (>, <
, < 0) to denote a symmetric positive definite (positive semidefinite, negative, negative
semidefinite matrix W with A, (W) and Ap (W) being the minimum and maximum
eigenvalues of W and I to denote the n x n identity matrix. The Lebesgue space L2[0, T
consists of square-integrable functions on the interval [0, T'] equipped with the norm || -||2.
IE[-] stands for mathematical expectation. Let S = {1, 2, ..., s} be a finite set, C[—7;,0] be
the space of continuous functions on the interval [—7;,0] and define C 2 U Cl—74,0] x
JES
{j}. Sometimes, the arguments of a function will be omitted in the analysis when no
confusion can arise.

Fact 1: For any real vectors 3, p and any matrix Q' = @ > 0 with appropriate dimen-
sions, it follows that

—20'3 < p'Qp+ B'Q7'B.

Fact 2: For any real matrices X1, ¥ and X3 with appropriate dimensions and X433 < I,
it follows that

Y1380 + TENENE < o718 B 4+ aXhY,, Va > 0.
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Fact 3: Let X1, X9, X3 and 0 < R = R! be real constant matrices of compatible
dimensions and H(t) be a real matrix function satisfying H(¢)H(t) < I. Then for any
p > 0 satisfying pX3s < R, the following matrix inequality holds:

(23 + S1HOD) R EE+ SEH()SE) < p7 '8, 88 + B3(R — pXiyy) 5L,

Fact 4 (Schur Complement): Given constant matrices 1, 2, 3, where ; = Q¢
and 0 < Qy = Q4 then Q; + Q405 Q3 < 0 if and only if

QO 9 —Q Q3
[93 —Qg] <0 or [Qé Ol

2 Problem Statement
2.1 System description

Given a probability space (Q, F,P), where Q is the sample space, F is the algebra of
events and P is the probability measure defined on F. Let the random form process
{m,t € [0, 7]} be a homogeneous, finite-state Markovian process with right continuous
trajectories and taking values in a finite set S = {1,2,..., s} with generator $ = (w;)
and transition probability from mode ¢ at time ¢ to mode j at time ¢t 4§, i, j € S:

;= Pr =jlm=i)=49 " : 2.1
b= Prins=glm=0 = { (20000 0T ey
with transition probability rates a;; > 0 for ¢, j € S, ¢ # j and

Qg — — Z Aim, (22)

m=1, m#i

where § > 0 and %ifg 0(8)/d = 0. The set S comprises the various operational modes of

the system under study. We consider a class of stochastic uncertain time-delay systems
with Markovian jump parameters described over the space (Q, F, P) by:

(S0): #(0) = [Aolme) + AAo(t,n0)l(t) + [Aalm) + AAa(t, n)]a(t — 7) + T(r)w (o),
= Anolt,m)z(t) + Ana(t,ne)z(t — 7) + L )w(t) t =0,
x(t) = o(t), tel[-7.0], n =1, (2.3)
2(t) = G(ne)x(t) + D (n)w(t),
where z(t) € R™ is the state vector; w(t) € R is the disturbance input which belongs
to L2[0,7]; y(t) € NP is the measured output; z(¢) € R" is the controlled output which
belongs to L2[(Q,F,P),[0,7]] and 7 € [0,7%] is a constant delay factor. For each

possible value n, = 4, i € S, we will denote the system matrices of (X ;) associated with

mode i by

Aoln) 2 A,(i),  T(m) 2TG),  Gp) 2

Aa(ne) 2 Aai),  B(n) £ (),

G, (2.5)
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where A,(i), Aq(7), G(7), T'(i) and ®(i) are known real constant matrices of appropri-
ate dimensions which describe the nominal system of (X;). The matrices AA,(t,n:)
and AAg4(t,n;) are real, time-varying matrix functions representing the norm-bounded

parameter uncertainties. For 7, = ¢, the admissible uncertainties are assumed to be
modeled in the form:

[AAo(t,i) AAqg(ti)] = Ma(i)A(L,)[Na(i) Na(i)], [|A(D)]2 <1, (2.6)
where M, (i) € R"*, N, (i) € RP*™ and N4(i) € RP*™ are known real constant matrices,
with A(t,i) € R**8 being unknown, time-varying matrix function whose elements are
Lebesgue measurable for any 7 € S.

Our purpose in this paper is to develop criteria for H,, analysis and synthesis for

system (2.3) —(2.4). Initially, we focus on stochastic stability and Ls-gain criterion and
examine their robustness using the performance measure

J@OQE{fwﬁﬂw—w%HWMmﬁ} (2.7)

where v > 0 is a desired level of disturbance attenuation.
2.2 Model transformation

For each possible value 1, = i, i € S, we introduce the following state transformation
t
o(t) =(t) + / Ana(t,i)z(s) ds (2.8)
t—T1

into (2.3) to yield
G(t) = [Ano(t,3) + Aaa(t, 9)]z(t) + T(@)w(t). (2.9)

Given a sufficiently small scalar €, we define the augmented state-vector

C(t) = {”(t) } € R, (2.10)

ex(t)

By combining (2.3) and (2.8)—(2.10) and taking the limit ¢ — 0, we obtain the trans-
formed system

(1) mﬁﬂamm+/NM@@+mmw

C(t)=o¢(t), te[-27,0], n,=1, t>0, (2.11)
2(t) = G(i)C(t) + @(i)w(t), (2.12)
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where
Nw—F@},G@—m GOl Avali) = Aoli) + Aa(i),
OOA (t,i) + Analt, i) 0 0 (2.13)
X olt, 1) + t,1 .
R e R N |

For convenience, we introduce the matrices for i € S

Ao<i>=[_01 A";“’} M(i)=[M“], IP(i)=[P"(Z.'> 0.},

N
Y
—
EN
~
I

Na(i) + Nd(l)’ Nad(i) = [O Nad(i)]v P(Z) = U]P(Z)v (214)

o-[5 8] m-[i] m-[3)

Remark 2.1 Some discussions on the model transformation are in order. On one
hand, the o-variable recovers the delay-dependent dynamics of system (X;). On the
other hand, the use of small scalar ¢ is meant to capture the slow-modes of the system.
It is readily seen for absolutely continuous initial functions that systems (X ) and (Xr)
are equivalent. For single-mode systems s = 1, a different approach was developed in
[6] based on description-type transformation. In the sequel, it will be shown that our
transformation is more flexible.

For system (2.11)—(2.14), we provide the following definition.

Definition 2.1 System (X7) is said to be delay dependent robustly stochastically
stable (DDRSS) with disturbance attenuation v > 0 if for zero initial vector function
¢ = 0 defined on the interval [—7, 0] and initial mode 7, € S

° 1/2
0l = | [#@:0a] <,
0

for all 0 # w(t) € L2]0,00) and for all admissible uncertainties satisfying (2.6).

3 L5-Gain Analysis

The theorem and corollaries established in the sequel show that the stability behavior of
system X1 (or equivalently X ;) is related to the existence of a positive definite solution
of a family of linear matrix inequalities (LMIs) thereby providing a clear key to designing
the feedback controller.

Theorem 3.1 System Xp is DDRSS with disturbance attenuation v > 0 if given
matriz sequence Q. (1) = QL(1) > 0,1 € S, there exist matrices 0 < Py (i), Py(i), Py (i),
i € S and scalars e1(i) > 0, e2(i) > 0, p(i) > 0, v > 0, i € S, satisfying the system of
LMIs

Ma(i) Tl21(i)  Ia2(3) 23 (4) T24(3)

L, (i) —e1(i)] 0 0 0

M,(i) 0  —rea(i)] 0 0 <0,

H53(Z) 0 0 —7Qz (1) + TEQ(Z)Nd(Z)Né(Z) 0 31
T4, (4) 0 0 0 —721 4 ®F(i)®(3) 3.1)

00 0] o [T MO0 ies,
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where
~Pali) = Py(i) + 3 @ Po(m)  ~Pe(i) + P4 + PE() Aoa(D)

My(i) = Peli) + Fo(@) 4 7 Qe () . (32)

PG+ Pali) + ALy P (i) 4GHGE) +p(0)7 X aimQa(m)

1) VL4 (i) Naali)

t . . t . . t . .

o1 (i) = {Pg(z)EOlMa(z)] ;o aa(i) = [TPa(z)glMa(z) :ﬁ%gggi%ﬁg] , (3.3)
) PL(i ; PL()T(i

Ma3(i) = [:Pjﬁgz;] ; Ha4(i) = [G‘Z((g@gg] . (3.4)

Proof Let x4(t) = (s +1t),t —7 < s <t and define the process {(x(t),n:), t > 0}
over the state space C. It should be observed that {(x(t),n;), t > 0} is strong Markovian
[9] so is the process {(C(t),n:), t > 0}. Now for n, =i € S, and given Q(i) = Q*(7) > 0,
let the Lyapunov functional V(-): " x 8, x § — R, of the transformed system be
selected as

t ot

V(t,¢,i) = CHOPC(E) + / / C'(5) FaQa (1) ESC(5) dsdo. (3.5)

t—1 0

The weak infinitesimal operator S$[-] of the process {C(t),i,t > 0} for system (2.11)—
(2.14) at the point {¢,z,4} is given by [5,9]:

SV = 8_V 6_V -

+ Z O‘imv(t7<7i7m)' (36)
i m=1

Using (2.9) - (2.14) we get:
%—‘g () = 2¢t UL (i) (t) = 20t (£) PL(i)a (1) = 2¢H(1)IPE (i) {d(t)]

Apo(t,i) + Ana(t,i)]x(t) + F(i)w(t)]

o

=2¢" ()P (i) —o(t)+z(t)+ [ Anaa(t,i)z(s)ds

t—T

= 20" (1)P" (i) Aa ()¢ () + 2¢* ()P (1)L ()w(t)

+2/ct(t)]13f(i)r(i)g(9)d9.
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Hence, it follows from (3.6)—(3.7) that

V] = ¢ [Azu)lm) P A+ Y aimlmm)] ()

20O DTl +2 [ P ET0) b+ / COEQ B0 (5

t—T1

t t

/ C(0)EQu (1) ELC(0 d9+2am [ ] ¢t EQutm i s) das.

t—7 0

Since for some p(i) > 0,i € S

3" i / / () EaQu(m) ESC(s) dsdd < 72p(i)C' (1) Ezzam@w mELC(t) (39)

m=1 t—T1 6

and by Fact 1, we have

/gt )P (4) d9—2/§t JP! (i) By Ana(t, i)a(0) do (3.10)

—r

< ¢ (OP (1) B2 Ana(t, 1)Q7 ' () At ) B3P (1)C(0) + /xt(S)Qx(i)I(S)dS

= ¢ (P (3) Ea Ana(t, ) Q5 (1) Al 1, ) ESIP (i) / CH(0)E2Q. (1) ELC(0) db.
Now, it follows from (3.8)—(3.10) that

AV < ¢10) | AL OP() + PDAS) + Y aonPlm)

+ p(i)T2Ez Z azme(m)Eé + TlPt(i)E?AAd(tvi)le(i)AtAd(t,i)EélP(i)} ¢(t) (3.11)

+ 7E2Q. (1) ES + 2¢t ()P (i) T (i) w(t).
Application of Facts 2—3 to (3.11) yields:

V] < <<>[Af<> (i) + Z
B + (N Feai) + o (BT P
P () o Aa(8)[Qa (i) — £2()) Nali) NS ()]~ AL () ELP () (3.12)

+7%p(i) By Z Qim Q(m)ES + 7521(z’)lPt(i)ElMa(i)M;(i)E{lP(z')] (1)

+2¢ (0P ()T (w(t) = ¢ (OILC(H) + 2¢" (O ()T (D)w(t)
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for some scalars e1(2) > 0, e2(7) > 0, p(i) > 0. By taking w(t) = 0, the robust stability of
system (2.10) readily follows from (3.12) when II; < 0. Thus we conclude that $[V] < 0

for all ¢ # 0 and S$[V] < 0 for all ¢. By Dynkin’s formula [9], one has IE [ Ik 3§[V] dt} =

E[V(t, z,9)|t=c0] — V(t,{,)|t=0 > 0. With some manipulations using (2. 10) and (3.12),
we obtain:

< IE{ 74‘*@) [A‘;(i)ﬂ)(i) + 1P (i) A, (i) + Z_j aim P(m)

+TE2Qu (1) By + €1(1) Ny (i) Naa(i) + 1" (1)IP* (1) M (i) M* (1) P (i)
+7IP (1) B2 Aa(i)[Qu (i) — e2(i) Na(i) N (i)~ Ag (i) E3IP (i)

(3.13)

+72p(D)E2 Y aimQu(m) By + 72y (i) P (6) B1 Mo (6) My (i) EfIP (i) + G*(6) G (i)
m=1

G
+ PGP + G 0OPOIT - ' OR] TGP + 2 0G0] 0}
By using (3.1)—(3.4) and Fact 4, it follows from inequality (3.13) that J(z) < 0 and
hence system (2.11)—(2.12) is DDRSS with disturbance attenuation vy > 0.
The following corollary can be readily derived as special case of Theorem 3.1:

Corollary 3.1 Consider the nominal jump system
t

(Sra): () = A(i)C(E) + / T()((s) ds + T(i)u(t)

() =o(t), te [:27, 0], no=1i, t>0, (3.14)
2(t) = G(i)¢(t) + (D) w(t). (3.15)

System Xy, is delay dependent stochastically stable (DDSS) with disturbance attenuation
v > 0 if given matriz sequence Q(i) = Q'(i) > 0, i € S, there exist matrices P(i) =
Pi(i) >0, i € S, satisfying the system of LMIs

Moo(i)  M2s(i) 124 (7) 27 Bt
My (i) —7Qq () 0 <0, { (1)7(2.)1 @_(;)] <0, i€S, (3.16)
15, (1) 0 7?1 + @%(i)D(i)
where
~Pa(i) = P40) + 3 aimPo(m)  ~Peli) + P+ P40) Aga)
H2O(i) = Px(i)‘i‘Pt(i)‘f‘TQz(')

—PL) + Pali) + ALy()P (1) +CIEEE) + pli)r? S i Qa(m)

m=1
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Remark 8.1 In the foregoing analysis, 7 is assumed to be known and constant. If
it turns out to be known, the largest value can be computed by solving a generalized
eigenvalue problem of the form:

Maximize T

et Po(i) > 0, Pali), Pa(i),
SUDICCL RO 1(4) > 0, e2(i) >0, pli) >0, v>0 i€,
This problem can be readily solved using the LMI toolbox.
3.1 Example 1

In order to illustrate Theorem 3.1, we consider a pilot-scale multi-reach water quality
system [11] which can fall into the type (2.3)—(2.6). Let the Markov process governing
the mode switching has generator

-4 3 1
=2 -6 4
4 4 -8

For the three operating conditions (modes), the associated date are:
Mode 1:

{_8'2 —00.09}’ Aa(l)

I
L —
|
o O
— =
|

o O
—

—_
=
—~
=
N~—
I
L —
O =
N O
—_

N,(1)=1[0.2 04], Ng1)=[0.1 0.3].

N,(2)=1[0.2 02], Ng2)=[0.1 0.2].

Mode 3:
=" O = ] re=]p Y
¢B3) = [062 0(.)2} ’ *3) = [062 0(.)3} ’ Ma(3) = [8;]

N.(3)=1[0.3 03], Ng(3)=1[0.2 0.1].
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Invoking the software environment [7], we solve inequalities (3.1) subject to (3.2)—(3.4)
for i =1, 2, 3. The feasible solutions obtained for

e1(1) = 0.7825,  £5(1) =1.5634,  p(1) = 3.2312,
£1(2) = 1.2671,  £5(2) =3.3451,  p(2) = 2.7645,
£1(3) =4.2355,  £5(3) = 0.6673,  p(3) = 4.4436

show water quality system is DDRSS with a disturbance attenuation level of v = 1.25
for any constant time delay 7 < 0.6715.

4 Robust H,, Stabilization
In this section, we consider the control uncertain jumping system with n, =i € S:

(Byc): @(t) = Ano(t, i)x(t) + Ana(t, i)x(t — 7) + Bao(t, i)u(t) + T(@)w(t), t=>0,

.’L'(t) = (b(t)? te [_T7 0]7 o = i? (41)
G(i)xz(t) + ®(i)w(t),

IS
—~

o~
~—

I

where u(t) € R” is the control input and
Bao(t,i) = Bo(t,i) + My (i) A(t, 1) Ny(i) (4.3)

with N, (i) € RPX". We will examine two distinct case of state feedback stabilization:
instantaneous feedback and delayed feedback.

4.1 Instantaneous state feedback
In this case we use the control law for n, =i € S

u(t) = K(@)z(t), eS8 (4.4)
such that the use of (2.8) and (4.4) into (4.1) yields for 7, = i:

o(t) = [Aar(t,i) + Aaa(t, 0)]x(t) + T(E)w(t),

AAk(t,i) = AAo(t,i) + BAo(t,i)K(i). (4'5)
In this case the transformed system becomes
(Sri)s {0 = A0+ [ T ds +ud),
Ct)y=o(t), te[-27,0, n,=i, t>0, (4.6)
2(t) = G()(t) + @(i)w(t),
where
AAk(i) _ [ OI AAk(tvi) "}' AAd(tvi):| . (48)
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Taking into consideration the standard result
Z1a | Xo(9) 0
P = {Xd(i) X,00) |

Xa'(i) = Pil(i)a Xz(l) = Pil(i)a Xd(l) = _Xde(i)Xcr

g
we define the following matrices for ¢ € S:

ra=[ 2, Aod(i)+f0<i)K<i)y Bo(i):[Bo(i)y Z(i):[X:)(i)}’

Abg(i) = [ALy(i) 1], Nia(i) = Naa(i) + No(i)K (i),  Npa(i) = [0 Nga(i)],
Y (i) = [Xa(i) Xu(3)], H(i)=[H2(i) Hi(i)], Nax(i) = Na(i)+ Np(i)Ka(i),

Q(7,1) = GH())G (i) + TE2Q, (i) EL + p(i) T2 Ey Z QimQz(Mm)EL 4+ &1 (1) NE (1) Naa ().

(4.10)
The following theorem establish the main result:

Theorem 4.1 System Xrg is DDRSS with disturbance attenuation v > 0 under the
control law (4.3) if given matriz sequence Q. (i) = QL(i) > 0,1 € S, there exist matrices
Y (@), Z(i), H(i), i € S and scalars €1(i) > 0, €2(i) > 0, p(i) >0, v >0, i € S, satisfying
the system of LMIs

[ T3(i) N()  TE1Ma(i) TEsAg(i) +Yt(§)(ci¥)(i) o RO |
Mt (4) —e1(i) 0 0 0 0
ML()E! 0 —res(i)l 0 0 0
TAaOF; ° SIS AURAC ° N
ft(l) —’y2I
rot()atyye  ° 0 0 + 0 (i)®(i) 0
R () 0 0 0 0 V() |
—Q:(i)  Na(i) =2 ®'(i)
NU@)  —ea(i)] <0, o) —I <0, i€S, (4.11)
where
(i) = Y (i) ALy (i) + Aoa(i)Y (i) — E1(i) Z* (i) — Z (i) E{ + Bo(i)H (i)
+ H'(i)BL(i) + Y ()Q(7,4)Y (i) + s B1 Z' (i) B
+e1(1)Y" (1) Naq(1) Ny (i) EYL (i) + £1(¢) L' (i) E1 Ny (i) Ny (4) ET L (3) (412)
+e1(i) L (1) By NY (i) Naa () Y (i) '

y(z) = diag[Eth(l)Eg e Eth(i — 1)E2 Eth(i + 1)E2 . .Elzt(S)Eg},
R(Z) = [\/ozﬂEth(l)EQ ce \/oal-sEth(s)EQ],
and the state-feedback gain is given by K (i) = Hy(i)[Y (i) E1] .

Proof Again, let x4(t) _é x(s+1t), t—7 < s < t and define the process {(x(t), n:), t >
0} over the state space C. It should be observed that {(x(¢),n;), t > 0} is strong
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Markovian [9] so is the process {(((¢),n:), t > 0}. Now for n, = i € S, and given
Q(i) = Q'(7) > 0, let the Lyapunov functional V(:): R" x R, x & — R, as given by
(3.5) and hence the weak infinitesimal operator Sg[] of the process {((t),n:, t > 0} for
system (4.6) —(4.9) at the point {¢,2,n:} is given by (3.6). It is easy to see that:

7 {(t) = 2 (P! (A ar(i)C() + 26 (OP' ()T (i)u(t) + 2 / ¢ ()P (4) T ()¢ (6) db.

3(
(4.13)
Hence, it follows from (3.6) and (4.13) that
V] = (0| Ay OP) + P ORak() + D Pl |c) (210
m=1
+2C (P ()D(0) +2/<f (P () d9+/<f ) ExQu (1) B (1) df
/ CH0) B2 Q. (i) ELC(0) db + Z Qim / /4 )E2Q.(m)ExC(s) dsdb.
t—1 6
By maklng use of (3.9)—(3.10) into (4.14) and applylng Facts 2—3, we get
S5V] < ¢H(y) {Aik(i) (i) + P* () Ao (i) + Z im P(m) + 1(1) Nig (1) Nya (i)
+ 7P (i) B2 Aa(1)[Qu (i) — £2(i) Na(i) N (i )] 1At( VE3IP (i) + TE2 Q. (i) Ey (4.15)

+72p(i) B Z i Qa (M) By + 725 ()P (1) By Ma (1) Mg () ETIP (1) | (1)

+e (P ()M (i) M ()P (i) + 2¢* (1) P ()T (§)w(t)
for some scalars e1(2) > 0, e2(¢) > 0, p(¢) > 0. By similarity to Theorem 3.1 the robust
stability of system ZT k is guaranteed readily follows from (3.12) and Definition 2.1. Thus

we conclude that & [ ] < 0 for all ¢ # 0 and Sg [V] < 0 for all (. Also, by Dynkin’s
formula [9], one has IE[f SS[V]dt] = B[V (t,2,1)|i=c0] — V(£,¢, )40 > 0. With some
0
7)

manipulations using (4.7) and (4.15), it is readily seen that:

J(x)gE{ / NEOEOR t<t>w<t>+%§[vndt} (4.16)

< na{ [ ew [Azm) (3) + P! (D) Aok () + Z 0t P

+ TE2Qu (1) By + €1(1) Nyig (1) Neali) + 7' (i )IPt( )M( )M (i)IP (i)
+ 7P (1) B2 Aq(1)[Qu (i) — e2(i) Na(i)Ng ()] Ag(i) ESIP (i) + G' (1) G(7)

+ 72p(i) Es Z Wim Q. (M) EY + 15 1 ()P (i) By M, (i) M (i) ELTP (4)

+[P'OT) + G (1)) [y*] — (1) @(0)] ' [T ()P (3) + q’t(i)@(i)]]é‘(t)}-
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In line of Theorem 3.1, it follows from inequality (4.16) that J(z) < 0 is guaranteed if
the following inequality

AL (P () + P! (1) Aok (1) + ) @i P(m) + TE2Qu (1) E} + e1.(1) Ny (i) Nia(d)
m=1

+ &7 ()P (i) By M (i) M* (i) BiTP ()
+ 7P (i) B2 Aa (i) [Qu (i) — £2(i) Na(i) Nj(i)] " Al (i) E5TP (4) (4.17)

+72p(i) Es Z Qim Qo (M) ES + 15 1 (i)IP (i) By Mo (i) ML (i) BTP (i) + G (i) G(4)
m=1

+ [P () + G ()R (0)][y?T — (D)@ (3)] 7' I (I)IP(i) + @' (1) G(i)] <0

holds. Premultiplying (4.17) by IP~*(i), postmultiplying by IP~'(i), using (4.9) - (4.10)
and manipulating with the help of Fact 3, we obtain the LMI (4.11). It follows that
system (4.6)—(4.7) is DDRSS with disturbance attenuation v > 0 under the control
law (4.4).

The following corollary can be readily derived as special case of Theorem 3.1:

Corollary 4.1 The nominal jump system Xy, is delay dependent stochastically stable
(DDSS) with disturbance attenuation v > 0 under the control law (4.4) if given matriz
sequence Q(i1) = QL(i) > 0, i € S, there exist matrices Y (i), Z(i), H(i), i € S,
satisfying the system of LMIs

L) TEyAq(i) T(i)+Y'(0)G(i)®3E)  R(i)
_ TAL()E]; —7Q (%) 0 0| _,
Lt(i) + ®1()GH(3)Y (i) 0 —v21 + & (i) D (i) 0 ’
R (i) 0 0 =Y(i) (4.18)
—v2I Bt(i) .
[@7(1) _I}<O7 1€ S,

where

M30(i) = Y (i) Agq(i) + Aoa(i)Y (i) — E1Z"(i) — Z(i) By + Bo(i)H (i)
+ H'(i)BL(i) + Y'())Q0(7,9)Y (i) + s E1 Z' (i) Ea,

Qo(7,1) = G'(i)G(i) + TE2Qu (i) E5 + p(i)7°Ey > | i Qu(m) B4,
m=1
and the state-feedback gain is given by K (i) = Hy(i)[Y (i) E1] .

4.2 Delayed state feedback
In this case we use the control law for n, =i € S as

u(t) = Kg()z(t—71), i€S8, (4.19)
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along with the following state transformation

t

o(t) =z(t) + / [Aaa(t, i) + Bao(t, 1) Kq(i)]z(s) ds

t—7

(4.20)

such that the use of (4.19)—(4.20) into (4.1) with (2.13)—(2.14) yields for n, =i € S:
a(t) = [Ano(t, i) + Aaka(t,d)]x(t) + T(@)w(t), (421)
AAkd(t, Z) = Apa(t, i) + Bao(t, z)Kd(z) '
Simple algebra yields the transformed system:
(Sro): 6 =Asai(®) + [ TeOC(s)ds + Tu)
Ct)y=o(t), te [—2_7, 0, mo=1i, t=>0, (4.22)
2(t) = G(i)¢(t) + D(i)w(t), 4.23)
where
Anali) = [_OI AAo(t,i)‘;AAkd(t,i)} . Ye(i) = {8 AAkS(t,i)} . (4.24)
Define
Aokd(i) = Aod(i) + Bo(i)Kd(i), Akd(i) = Ad(l) + Bo(i)Kd(i)7

0  Apkali)

Aua) = [ O AT ) = Nai) + MLV R,

Taking into account the matrices of (4.9) —(4.10), we establish the following theorem:

Theorem 4.2 System Yrp is DDRSS with disturbance attenuation v > 0 under
the control law (4.19) if given matriz sequence Q. (i) = QL(i) > 0, i € S, there exist
matrices Y (i), Z(i), L(i), R(3), i € S and scalars £1(i) > 0, €2(3) > 0, p(i) > 0, v > 0,
1 €S, satisfying the system of LMIs

) TE2A4(D) ) 4y
T4 (i M) TE1Ma(i TE2B,(i : R(i
74( ) () 1Ma (i) ><+L(i)2E2}§(%) x G(1)®(3) @)
Mt (i) —e1 ()1 0 0 0 0
My () B} 0 —rea(i)I 0 0 o |y
TAG(1)E. —TQq () + Te2(d) ’
+ TR Q) ELLE ) BL () Y 0 0 x Nay(1)Ng, (1) 02 °
T(E) + ()G ()Y (4) 0 0 0 + q;zi)é)(z) 0
i RE(i) 0 0 0 0 =Y() |
—Qu(i)  Nar(i) =Y (i)Ey
[ NG —es(i)| <0 I ~r@)| =
2 t(s
—v2I  ®i(7) )
Y0 <o ies 20
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where
I4(i) = V() Apq(i) + Aoa(D)Y (i) — E1 Z'(i) — Z(i) EY + B, (i) L(i)
+ L) By (i) + Y ()7, )Y (i) + ai B1 Z' (i) En
+ 1 (1) Y (i) Nog (i) No (1) E1L(3) + e1(d) L (4) E1 Ny (1) Ny (4) E1 L(3)
+e1(i) L' () By Ny (i) Naa(i)Y (4)

(4.27)

and the delayed-feedback gain is given by Kq(i) = L(i)E1R(3).

Proof By similarity to Theorem 3.1 and letting the Lyapunov functional V() be
given by (3.5), the weak infinitesimal operator 3§[-] of the process {((t),n:, t > 0} for
system (4.22)—(4.23) at the point {¢,z,n:} is given by (3.6). Hence, it is easy to see
that:

‘Z—Z E() = 26 (Y () A na(i)C (1) + 2C (1P () (i) ()
t (4.28)
Lo / CH P! (3) Y (1) (6) db.
Hence, it follows from (3.6) and (4.27) that
V] = (1) [Azdu)ﬂw) P @A)+ Y amﬁ<m>] 0
L 2C (P )T (i) + 2 / ¢ () Y1 (6)C(0) db
o (4.29)

+ [ COBQE®® - [ ¢6)Eu0)E(0) a8

+ Zlaim / /Ct(S)Esz(m)Eég‘(s)dee.

t—7 0

Following parallel developments to Theorem 4.1, we applying Facts 2 -3, use (3.9), (4.7),
(4.10) and (4.24) - (4.25) and manipulate, we get

J(z) < IE{ /Ct(t) {Agd(i)IP(i) + P! (i) Apa(i) + Z aimP(m) (4.30)
0 m=1
+ TE2Qu (i) ES + €1(i) Ni g (i) Nya(i) + e (6)IP* (4) M (i) M (i)IP (i)
+ 7IP" (1) B Apa (1)[Qu (1) — £2(1) Naw (1) Nai ()] 7 A4 (1) B3P (i)

+712p(i) Ey Z Qim Qo (m)EY 4 125 (i) P (i) By M, (i) ME (i) EYTP (i) 4+ G (i) G (i)

m=1

+ [P OT) + G (D) 2(0)] [y ] — (D)@ (a)] 7 I ()P (i) + Qt(i)@(i)]] C(t)}
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for some scalars e1(:) > 0, e2(4) > 0, p(i) > 0. It follows from inequality (4.30) that
J(z) < 0 is guaranteed if the following inequality

ALy P () + PH () Aoa(i) + Y cimP(m) + TE2Qq (i) Eh + £1(1) N}y (1) Nya (i)

+eq ()P (4) M (1) M (1) IP (i)
+ 7P (1) B2 A (1) [Qu (1) — €2(0) Naw (1) Ny, ()]~ A4 (1) B3P (i) (4.31)

+72p(0)By > Qim Qu(m) ES + 25 (1)IP* (i) By My (i) ML (i) E{TP (i) + G* (i) G (4)
+ [PY()T (1) + G* () @(0)][y*T — ' () (3)] [T (1) IP(i) + @*(0)G(i)] < 0

holds. Premultiplying (4.17) by IP~*(i), postmultiplying by PP~'(i), using (4.27) and
manipulating with the help of Fact 3, we obtain the LMI (4.26). It follows that system
(4.22) - (4.23) is DDRSS with disturbance attenuation v > 0 under the state-delayed
control law (4.19).

The following corollary can be readily derived as special case of Theorem 3.1:

Corollary 4.2 The nominal jump system Xy, s delay dependent stochastically stable
(DDSS) with disturbance attenuation v > 0 under the control law (4.19) if given matriz
sequence Q. (i) = QL(i) > 0, i € S, there exist matrices Y (i), Z(i), L(i), R(i), i € S,
satisfying the system of LMIs

T40(2) TE2[Aq(i) + Bo()L()E2R())]  T(d) + Y'(1)G(1)®(i) R(3)
TAG(D)ES —7Qa (%) 0 U
Tt (i) + ()Gt ()Y (3) 0 —v21 + B¢ (i) P(4) 0 ’
R*(4) 0 0 =0
2 t(s ;
—v2I D7) =Y (i)Ey I .
{ o) I ] <0, { T _RG) >0, i€, (4.32)
where
Iy (i) = Y (1) Agq (i) + Aoa(1)Y (i) — E1Z"(i) — Z(i)EY + Bo(i)L(i) (433)

+ LY(i)BL (i) + Y (i) (7,1)Y (i) + i B1 Z" (i) Es
and the delayed-feedback gain is given by Kq(i) = L(i)NR(i).

4.2 Example 2

We use the data of Example 1 in addition to

Bo(l)—{(l) ﬂ 30(2)_[(1) g] B0(3)_L2) ﬂ

Ny(1)=1[0.1 03], Ny(2)=[02 0.2, Ny(3)=[0.3 0.1]
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and the level of disturbance attenuation v = 1.35. For the data under consideration and
in view of Theorem 4.1, the feasible solutions of LMIs (4.11) using the software LMILab
[7] yields the gain matrices

| 0.8532  0.9260 K(2) = 0.9145 —-0.6128
T —1.4317 —1.2628 | T 10.5844  1.9912 |’

11425 0.6603
K@) = [—0.3123 0.4912}

K(1)

for

e1(1) = 1.3345, g9(1) = 0.9144, p(1) = 2.4367,

e1(2) = 2.3567, £9(2) = 2.5433, p(2) = 1.5321,

€1(3) = 5.2355, €2(3) = 0.6673, p(3) = 2.3226,
and 7 < 0.4772.

On the other hand, considering Theorem 4.2 we solve the LMIs (4.26) to get the gain
matrices

0.0454 —-0.9231 —0.1636 0.2628
Ka(l) = } ,

©10.0422  0.9123 ]’ Ka(2) = [—0.5628 1.2182

0.3144  1.1268
Ka(3) = {—0.7435 —0.8655]

for
e1(1) = 3.4225, g9(1) = 0.7428, p(1) = 1.3452,

e1(2) = 17111, £5(2) = 1.6655,  p(2) = 3.0987,
e1(3) = 4.0205,  £2(3) =0.0876,  p(3) = 4.2247

and 7 < 0.4653.

5 Hoo-Output Feedback Controller

In this section, we consider the design of an H..-output feedback controller for the
jumping system forn=4i€ S

&(t) = Ano(t,9)x(t) + Aad(t,9)x(t — 7) + Bao(t, ))u(t) + T'(d)w(t),

(
x(t) = ¢(t), te[-7,0, t=0, (5.1)
y(t) = Coli)a(t) + Do(i)w(t), (5.2)
2(t) = G(i)a(t) + (i) w(t), (5.3)

where y(t) € R? is the measured output and the matrices C, (%), D, (i) are constant with

appropriate dimensions. Note that system (5.1)—(5.3) is more general (2.3)—(2.4) for

control design purposes. A dynamic output feedback controller for i € S, has the form:
to(t) = Ac(t)zc(t) + Be()y(t) — Co(i)zc ()],

u(t) = Co(i)zo(t), (5.4)
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where zc(t) € R™ is the state of the controller and the matrices Ac (i) € R"*", Bc(i) €
RM*P Co(i) € R™*™ are controller matrices to be determined. Combining (5.1)—(5.4)
for i € S, we obtain the closed-loop system

() = Asoa(t,)E(t) + Ajcan(t, D6t — 7(t) + Tyoalt, w(t), >0,
Et) = gac(t), te[-77,0] (5.5)
2(t) = G()&(t) + (i)w(t),

where

f0=| 20| e

zo(t)
AJCdA(t, Z) Ad( ) + M]C( )A(t, i)NJCd(i), (56)
Ajon (t, Z) = [Bé{(?)oéi)(l) Acg)Ai(ng(c;gc)vo(z)] = AJCo(i) + Mjc(i)A(t, i)NJca(i),
Crcaltii) = | gy | = Toeod) + Mu(d, ot
and

[ Al Bo(i)Cc (i)
AJcO()—-{BC i)Co(i) Ac(i) - ()C'@)}’

(
Mjc(i [1\_2 ] . Nyjca=[0 N,

a

w = [0 mw =[N0 0],

S = [N 0] i =[O 0]t = | 51500 ]

Now for each possible value 1, = i, i € S, we introduce the following state transformation

+ / Ajoan(t,i)E(s) ds (5.8)

into (5.5) to yield
a(t) = [Asealt, i) + Ajcan(t,i)]E(L) + f‘,]c(,(i)w(t). (5.9)

Define the augmented state-vector

_[p®) n
w(t) = [ﬁ(f)} € R, (5.10)
By combining (5.1) and (5.8) —(5.10), we obtain the transformed system

w(t) = A(]cA(i)w(t) + / TJCA(i)W(S) ds + F,]co(i)w(t),

t—7

w(t) =¢(t), te[-27,0], n,=1i, t>0, (5.11)
2(t) = G(i)w(t) + ®(i)w(t), (5.12)
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where
Mcali) = | O Arealtdt dreas®D |y o) 4 Maci) A .0
Yioa(t ) [8 AJCdOA(t z):| = TJco(i) + MJc(i)A(t, i)NJCd, (5.13)
Moo = [ & AT AT [0 0T
Lol =[5 0] . Naoe = ) + 80 0. G0 =D G

Given matrices

0 < Pu(i) € R, Pu(i) € R*™,  Pe(i) € R*", €S,

L [Pu) 0 . (5.14)

such that fori € S

Pli) = {j{(‘;gz) Xgo(l)} LX) = {Xu(l)(l) X(ZLJ ,
Xe(i) = [X%(z') XZQ] (i) = [Xdé(i) X(;J | (5.15)

and define the matrices:

S0 = H(0) X)) At scoals) = [Abe(i) + A4) 1, E@:[ 0.],

O(r,i) = TE2IR()EL 4+ 1(1) N 0y (1) Nyca(i) (5.16)
+GH )G (E) +T2p())Er Y cimIR(m)ES.

m=1

It follows from Theorem 3.1 that given matrix sequence 0 < IR(i) = IR'(i), i € S the
transformed system (5.11)—(5.12) is DDRSS with disturbance attenuation > 0 if the
algebraic inequality:

S ) A c0a(i) + Ascoa(i) (i) — E1E' (i) — (i) B}
; Elafu)Ez( > il BRG] ) BSS0EL + <7 () M0) B ML) L

+ 765 (()Mc (i) Mo (i) + 21 (0)O(7, )5 (0) (i)
+ 7By Aq(i)[IR(i) — e2(1)Nyca(i)Njoa(i)]) ™ Ag(i) ES
+ [Laco(i) + X1 ()G ()R (D)]V*T — ()R (0)] ' T i) + (1) G (0)X]

M) M

Mf:( z) M&(T,i)

(5.17)

DM (r,i) = { i
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is satisfied for some positive scalars €1(7), 2(i), p(i), i € S, where

M, (7,i) = %g;g: 3 %zzg: ?] (5.18)
N [DMa(ri) Mes(r,i)
Me(r.7) = | M g(7,i) DMeo(r, )}
o _M 1(7', Z) 0
DMe(r,1) = I EO Meo(r, 1)
Q,.(7,7) = TIR(i) + €1()[Na (i) + Na(i)][NL(i) + NL(3)] + G (1) G(3)
+72p(i) Y | cimIR(m),

DMy (1,4) = [Ao (i) + Aali )]Xdl( ) + Xy (1) [A5 (i) + Ag(i)]
+ X (i Z 1) + € T M (1) ME (i) + T (i) [T — (i) ®(2)] 1T (i),
MM ,i3(7, 1) = Bo(i)C, ()Xdz(l)+Xd1( )Co (i) Be: (i)
+ (@) — @' (0)®(i)] ' [Dy (i) B& (i) + ()G (i) Xaz (3)],
M o (7,i) = [Ac (i) — Bc(z)Co(z)]Xdz(l) + XA (1) - C; (i)Bt (4)]
+ X (1) (7,8) X2 (i) + X Zam 2 (M) X (i),
X1 (8) + [Ao (1) + Ad(O)] 1 (1),
Ko (1) + [Ac (i) — Bo(1)Co (1)) X2 (4)
DO()+Xd2()Gt(i) (DT = @' ()P (3)] 1 @ (1) G (§) Ko (4)
) (7, 8) X2 (4) + Xt Zazm Ll (m Xea (i),

Mey(7,4) = _X;il(i) +
(i) +

(7,2)
(7,2) NPT = 4()®(0)] 71 ()G (i) X5 (0) + Bo (i) C (1) Xia (4),
e1(7,9) = X (i) + X, (1) + 76 Mo ()M (i) + 7Aa (i) R (i) — e2NoaNgg) ~" AG(0),
(7)) = X2 (0) + Xy (i) + Ao () (7, 1) X2 (1)

+ X ()G (D)) VT — @ (1) D)) 1 (1) G (1) Xz ().

Our objective is to develop conditions that can be used for computing the gains of
the dynamic output feedback controller. The following theorem summarizes the main
solvability conditions for controller (5.4) guaranteeing that the closed-loop system (5.11)—
(5.12) is delay-dependent robustly stochastically stable with disturbance attenuation ~.

Theorem 5.1 Consider the closed-loop system (5.11) — (5.12) with matrices described
in (5.6)—(5.7) and (5.13) - (5.16). Given scalars v > 0, €1(i) > 0, e2() > 0, p(i), i € S,
there exists a dynamic output feedback controller of the type (5.4) such that the closed-loop
system (5.11)—(5.12) is DDRSS with a disturbance attenuation -y if there exist matrices
X1 (7)), Xua(i), Xe1(3), Xea(i), Xa1(3), Xaa2(d), @ € S satisfying the following system of
simultaneous matrix inequalities and equations
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[Xgl(i) + th1 (1) TMa(7) TA4()
TM (i) —eol 0 <0, (5.19)
T AL (7) 0 —[IR — €2N, 4Nt
+X¢§1(1[)[ 1(3() )—i_‘f'AfZl(iZ(ﬂ)/}Yd'lf‘(?énXL(i) Ma (D @ W)
M (i) —al 0 <0, (5.20)
rt(z) 0 —[y2I — Bt (i)®(i)] 0
WA (i) 0 0 10
Xyo(i) + X, () Xlo (D) (7,1) Xu2(i) X ()G (3)®(0)
- & () G(3) Xy (i) A EUCED
[Ac (i) — ( )Co ()] Xa2(7) . .
t 1t t s X! (i) Wa(3)
+ Xg2()[Ac (i) — Be(i)Co(i)]" + X5 (i) n2
H2(1) —Q, (i) 0 <0, (5.22)
WE(i) 0 —Vo(i)
X1 (i) — X (i) + X5 ()] A0 (1) + Aa(3)]) = 0, (5.23)

Xi(i) — Xyo(0) + X (DAc(i) = Be(Col0)] + Xea() (7, )Xua(i) = 0. (5.24)
Then the associated controller matrices are given by:
Ac (i) = Ao(i),
Be(i) = =X (1) G (1) [T — (1)@ (:)] @ () DY (i), (5.25)
Cel(i) = BY @)L (i) [y*T — (1) (0)] @ (1) G (i),

where
Vi(i) = diag[&X), (1) XL (i — 1) X0, (i+ 1) ... XL (s)],
V(i) = diag[ X[y (1) ... Xl (i — 1) Xly(i+1)... Xly(s)],
Wi (i) = [\/a_ﬂXﬁl(l) --\/Oé_isX;il(S)L
Wa(i) = [Vaa X} (1) ... Vo X) (s)]

and Bi(i) and D} (i) are the pseudo-inverse of D,(i) and B,(i), respectively.

Proof We start from matrix inequality (5.17) and using (5.18) with standard alge-
braic manipulations, it follows that the choice of the controller matrices (5.25) subject
to inequalities (5.19)—(5.24) ensures that IM(7,i) < 0, ¢ € S and hence guarantees
that system (5.11)—(5.12) is DDRSS with a disturbance attenuation v and the proof is
completed.

In the absence of uncertainties, the closed-loop system (5.11)—(5.12) reduces to

(1) = Ascoli) / T sco(i)e(s) ds + T soo(iu(t),
w(t) = o(t), te [—277 0], no=1i, t>0, (5.26)
2(t) = G(i)w(t) + ®(i)w(t) (5.27)

and for which the following corollary holds:
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Corollary 5.1 Consider the closed-loop system (5.26) —(5.27) with matrices descri-
bed in (5.6)—(5.7) and (5.13) - (5.16). Given scalars p(i) > 0, i € calS, v > 0, there
exists a dynamic output feedback controller of the type (5.4) such that the closed-loop
system (5.26)— (5.27) is DDRSS with a disturbance attenuation ~y if there exist matrices
X1 (1), Xua(i), Xer(i), Xeali), Xar(i), Xg2(i), i € S satisfying the following system of

simultaneous matriz inequalities and equations

(¥ £ B0 a0] 5.25)
| o) + Aa@Xan () £ e
+ X5 (D) Ao (D) + Ag(D)]' + i X1 (1)
() prr-ataen o | <0 529
Wi (i) 0 —V1(1)
Xyia (i) + X (i) + X ()Qu(7,0) X2 (1) X, ()G (1) D (4)
R e <o e
[Ac (i) — B (i) Co(i)] Xaz (i) L .
+ Xl (D)[Ac (4) — B (1)Co(i)]* + i XYy (0) )fuz(l) Wa(i) 0. (1)
Xo(1) —Q,(7,7) 0 T
Wh(i) 0 —Vo (i)
X1 (i) — X (1) + Xy (1) [Ao (8) + Aa(i)]" = 0, (5.32)

Xaa (1) — X2 (1) + Xy (1) [Ac (1) — Bo(1)Co ()] + Xea (1) (7,9) X2 (1) = 0, (5.33)
where
Qu(r,i) = TIR(i) + G'(1)G(i) + 7°p(i) Y _ ctim IR(m) (5.34)

and the associated controller matrices are given by (5.25).

5.1 Example 3

We consider the multi-reach water quality system with the data given in Examples 1 and
2 in addition to the following

cm=[s 3 ae=[d 3 ce=[; 5

D(,(l):[é ﬂ Do(2>={é (1)] Do<3>=[(1> ﬂ

With the aid of the LMILab [7], the feasible solutions of LMIs (5.19)—(5.24) yields the

controller matrices:

e =|70F Nl A= D] acm= |50 O

0.7854 —1.3246]

~1.1157  0.8006
BC(l)_{0.2234 ~2.0045 }

Be(2) = [ 0.7256  —1.7654
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0.3423  —1.0206
Be(3) = {—0.5494 3.1145 ] ’

0.2238 0.0912 0.3458  0.9442
CC(l)_[o.5412 0.7644}’ 00(2)_[—0.1244 —0.4564}’

—-0.8121 0.8724
Co(3) = [ 0.8126 —0.6944}

for 7 < 0.6545.

6 Conclusion

This paper has introduced a new transformation method for the H., analysis and syn-
thesis of a class of uncertain time-delay systems with Markovian jump parameters. It has
been established that the new method exhibits the delay-dependence properties of the
uncertain jumping system and therefore provides a tractable methodology for stability
analysis, stabilization and output feedback control. All the developed results have been
cast into the format of linear matrix inequalities and several examples have been worked
out to illustrate the theory.
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