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Exponential Filtering for Uncertain Markovian Jump
Time-Delay Systems With Nonlinear Disturbances

Zidong Wang, Senior Member, IEEE, James Lam, Senior Member, IEEE, and Xiaohui Liu

Abstract—In this paper, we study the robust exponential filter
design problem for a class of uncertain time-delay systems with
both Markovian jumping parameters and nonlinear disturbances.
The jumping parameters considered here are generated from
a continuous-time discrete-state homogeneous Markov process,
and the parameter uncertainties appearing in the state and
output equations are real, time dependent, and norm bounded.
The time-delay and the nonlinear disturbances are assumed to
be unknown. The purpose of the problem under investigation
is to design a linear, delay-free, uncertainty-independent state
estimator such that, for all admissible uncertainties as well as
nonlinear disturbances, the dynamics of the estimation error is
stochastically exponentially stable in the mean square, indepen-
dent of the time delay. We address both the filtering analysis
and synthesis issues, and show that the problem of exponential
filtering for the class of uncertain time-delay jump systems with
nonlinear disturbances can be solved in terms of the solutions to a
set of linear (quadratic) matrix inequalities. A numerical example
is exploited to demonstrate the usefulness of the developed theory.

Index Terms—Linear matrix inequalities (LMlIs), Markovian
jump systems, nonlinear disturbances, robust filtering, time delay.

1. INTRODUCTION

HE well-known Kalman filtering approach assumes that

the system model is well-posed and its disturbances are
Gaussian noises with known statistics. Therefore, Kalman fil-
ters can be sensitive to system data and have poor performance
robustness when a good system model is hard to obtain or the
system drifts. Motivated by this problem, the research on robust
filtering has been very attractive in the past decade and many
results have been obtained with respect to various filtering per-
formance criteria, see [2], [5], and references therein.

On the other hand, many physical systems have variable
structures subject to random abrupt changes, which may result
from abrupt phenomena such as random failures and repairs of
the components, changes in the interconnections of subsystems,
sudden environmental changes, modification of the operating
point of a linearized model of a nonlinear systems, etc. A
system with this character may be modeled as a hybrid one;
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that is, the state space of the system contains both discrete and
continuous states. A special class of hybrid systems are the
so-called jump linear systems (JLSs) which have attracted a lot
of research interest since the mid 1960s. In the past decade, the
optimal regulator, controllability, observability, stability and
stabilization problems have been extensively studied for JLSs,
see [2], [11] and references therein. Also, the filtering problem
of systems with jumping parameters has recently begun to gain
initial attention. Shi et al. [11] have studied the robust Kalman
filtering problem for linear jump systems and have shown that
the problem is solvable if two sets of coupled algebraic Riccati
equations have positive definite solutions.

It is now well recognized that the dynamic behavior of many
industrial processes contains inherent time delays and time de-
lays are very often the cause for instability and poor perfor-
mance of systems. In the past few years, a great many of pa-
pers have appeared on this general topic of robust and/or H,
controller design problems for linear uncertain time-delay sys-
tems, see, e.g., [8] for a survey. In the filtering case, the robust
Kalman filter design problem has been investigated in [2] and
[5] for linear continuous and discrete time-delay systems. Un-
fortunately, in [2] and [5], only the asymptotical stability has
been considered on the filtering process and, therefore, a pos-
sibly long convergence time may lead to poor performance. The
exponential filtering problem has been recently studied in [12]
for a class of nonlinear time-delay systems. It should be pointed
out that, to date, there have been very few papers tackling the ex-
ponential filter design problem for Markovian jump time-delay
systems, not to mention the case where parameter uncertainty
and nonlinear disturbance also exist in the system model. This
situation motivates our present investigation.

This paper is concerned with the exponential filtering
problem for a class of continuous time-delay uncertain systems
with Markovian jumping parameters and nonlinear distur-
bances. We aim at designing a robust filter such that, for all
admissible uncertainties as well as nonlinear disturbances,
the dynamics of the estimation error of each system mode
is stochastically exponentially stable in the mean square,
independent of the time delay. We show that both the filter
analysis and the filter synthesis problems can be tackled in
terms of the solutions to a set of linear matrix inequalities
(LMIs) (see [3]) or quadratic matrix inequalities (QMIs) (see
[9]). We demonstrate the usefulness and applicability of the
developed theory by means of a numerical example.

A. Notation

The notations in this paper are quite standard. R™ and
R™>™ denote, respectively, the n-dimensional Euclidean space
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and the set of all n X m real matrices. The superscript “T"”
denotes the transpose and the notation X > Y (respectively,
X > Y) where X and Y are symmetric matrices, means
that X — Y is positive semi-definite (respectively, positive
definite). I is the identity matrix with compatible dimen-
sion. We let ~ > 0 and C([—h, 0];R™) denote the family of
continuous functions ¢ from [—h,0] to R® with the norm
llell = sup_p<a<o lp(8)]s - | is the Euclidean norm in
R™. If A is a real matrix, we denote by ||A]| its operator norm,
ie., ||Al| = sup{|Az| : |z] = 1} = \/Amax(AT A), where
Amax(-) [respectively, Apin(+)] means the largest (respectively,
smallest) eigenvalue of A. [3[0, co] is the space of square inte-
grable vector. Moreover, let (2, F, {F; }+>0, P) be a complete
probability space with a filtration {7 }+> satisfying the usual
conditions (i.e., the filtration contains all P-null sets and is
right continuous). Denote by L'z ([—h,0];R™) the family of
all Fyp-measurable C([—h,0]; R”) valued random variables
§={&(0) : —h < 8 < 0} suchthatsup_,<p<o E|E(0)]7 < o0,
where E{-} stands for the mathematical expectation operator
with respect to the given probability measure P.

II. PROBLEM FORMULATION AND ASSUMPTIONS

Let {r(t), t > 0} be a right-continuous Markov process
on the probability space which takes values in the finite space

S ={1,2,..., N} with generator I = (v;;) (i,7 € S) given
by

o [dre(d),  ifi#j
P{’”(”A)‘J'T(”‘L}‘{1+mA+o(A)7 ifi=)

where A > 0 and lima_,g 0(A)/A = 0, 7;; > 0 is the transi-
tion rate from 7 to j if 7 # 7 and v;; = — Z]# Vij-

In this paper, we consider a class of uncertain con-
tinuous-time state delayed jump systems with nonlinear

disturbances described by

=[A(r(t)) + AA(t,r(t))]z(t) + Aa(r(t))z(t — h)
+ D(r(t)f (x(t,7(t))) M
(t) =(t)
7(0), t € [—h, 0] )
y(t) = [C(r(t)) + AC(t,r(t))]=(t) 3)
)

where z(t) € R™ is the state, y(t) € RP is the measurement
output, f(+) R™ — R™ is an unknown nonlinear exoge-
nous disturbance input, h denotes the constant, bounded, but
unknown state delay, ¢(t) is a continuous vector valued initial
function. For a fixed system mode, A(7(t)), Aa(r(t)), D(r(t)),
and C(r(t)) are known constant matrices with appropriate di-
mensions. AA(t,r(t)) and AC(t,r(t)) are real-valued matrix
functions representing norm-bounded parameter uncertainties
and satisfy

AA(t,r(t M (r(t
[ACEME&;] = [MQErEtm F(t,r(®))N(r(t) 4

where for a fixed system mode, M;(r(t)), Ma(r(t)), and
N(r(t)) are known real constant matrices of appropriate
dimensions which characterize how the deterministic uncertain

parameter in F'(¢,7(¢)) enters the nominal matrix A(r(¢)) and
C(r(t)), and F(t,r(t)) is an unknown time-varying matrix
function meeting

FT(t,r(t)F(t,r(t) <I,¥Yt>0; r(t)=i€S. (5

The uncertainties AA(r(¢)), AC(r(t)) are said to be admissible
if both (4) and (5) are satisfied.

Remark 1: We point out that the exogenous nonlinear
time-varying disturbance term f(z(¢,r(¢))) in the system
model (1)—(3) has not been taken into account in the research
literature concerning jump systems. Such a kind of disturbances
may result from the linearization process of an originally highly
nonlinear plant or may be actual external nonlinear inputs.

Remark 2: A more general case is that the external distur-
bances appear in both the system equation and the output mea-
surement equation and one of the design objectives is to guar-
antee a given disturbance rejection attenuation level for the fil-
tering process, in terms of a H.,-norm for the nonlinear time-
delay systems. This gives a significant topic for future research.

Assumption 1: The system matrix A(r(¢t)) (Vr(t) =i € S)
is Hurwitz stable. That is, for each r(t) = i € S, all eigenvalues
of A(%) are located in the left-half complex plane.

Assumption 2: The matrix My (r(t)) (vr(t) = ¢ € S) is of
full row rank.

Assumption 3: For a fixed system mode, there exists a known
real constant matrix H(r(t)) € R™*™ such that the unknown
nonlinear vector function f(-) satisfies the following bounded-
ness condition:

|f (z(t,r(0)))| < [H(r(t))z(t)]

In this paper, the linear filter under consideration is of the
following structure:

&(t) = G(r(t))2(t) + K (r(t)y(t) ©)

where Z(t) is the state estimate, and for a fixed system mode,
the constant matrices G(r(t)) and K (r(t)) are filter parameters
to be designed.

Recall that the Markov process {r(t), ¢t > 0} takes values in
the finite space S = {1,2,..., N}. For the sake of simplicity,

YV (t,r(t)) e R". (6)

we write
A(L) = Ai, Ad(L) = Adz D(Z) = Dl
C(t) :==C;, Mq(3) := M, Ms(3) := My, ()
N(i) := N; AC;(t) )

(10)

Now, we shall work on the system mode r(t) =i, Vi € S.
Let the error state be

(1)

Then, it follows from (1) to (3) and (7) that

é(t) =Gie(t) +
- Gl]x(t) + Adix(t -

[(Ai + AA;(t) — Ki(Ci + ACi(1))

h) + Dif(x(t,4)).  (12)
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Moreover, we define

z(t
ostt) = | 7]
[ A 0
Api = | Ai — Gi — KiC; Gi:|
[Agi O
Apgi = AZZ- 0] (13)
_[Di o My;
Dyi= _Di:| » Myii= {Mu - KiM2i:| (14)
Nfi = [Nz 0]
AAfi(t) = Mfiﬂ(t)Nfi
Fy=[I 0]. (15)

Then, combining (1)—(3), (4), and (12) gives the following
augmented system:

Tp(t) =[Api + AApi(t)]zs(t) + Apaizp(t — h)

+Dyif(Frap(t,i)).

Observe the system (16) and let x ¢(¢; ) denote the state tra-
jectory from the initial data z;(f) = £(f) on —h < 6 <
0 in L%, ([=h,0];R*"). Clearly, (16) admits a trivial solution
z¢(t;0) = 0 corresponding to the initial data £ = 0.

Definition 1: For the uncertain time-delay jump system (16)
and every £ € L% ([—h,0]; R*"), the trivial solution is expo-
nentially stable in the mean square if, for every system mode,
there exist scalars « > 0 and 8 > 0 such that

(16)

Elzf(t:€)* < ae™ S El¢(0)]*.

a7)

The aim of this paper is to design a filter for the uncertain
time-delay system with nonlinear disturbances in (1)—(3).
We intend to design the filter parameters, GG; and K, such
that for all admissible time-varying parameter uncertainties
AAy;(t) and the nonlinear disturbance input f(z(¢,1)), the
augmented system (16) (and, therefore, the error dynamics) is
exponentially stable in the mean square, independent of the

unknown time delay h.

III. MAIN RESULTS AND PROOFS

Lemma 1: (See,e.g.,[11]) Let M, N, and F' be real matrices
of appropriate dimensions with F7 F' < I. Then, for any scalar

A. Filter Analysis

Theorem 1: Let the filter parameters G; and K; be given. If
there exist a sequence of positive scalars {y; > 0, i € S} such
that the following N matrix inequalities:

N
ATPi+ PiAgi + > 7ijPj + Pi(Agai ATy + DyiDF;
7j=1
i My M) P+ 7 NNy + Ff H HiFp+Q < 0 (18)

have positive definite solutions P; > 0 (: € S)and Q > 1,
then, the augmented system (16) is exponentially stable in the
mean square, independent of the unknown time delay h.
Proof: First, we let C%1(R?™ x Ry x S;R,) denote the

family of all nonnegative functions Y (z,¢,7) on R x R} x S
which are continuously twice differentiable in z  and differen-
tiable in ¢.

Fix ¢ € L%, ([—h,0];R*") arbitrarily and write z¢(t;£) =
x¢(t). Define a Lyapunov functional candidate Y (z¢,t,i) €
CZ,I(RZn X R+ X 8/R+) by

Y (zp(t),r(t) = i) = Y (as(t), t,9)

t
:x?(t)Pixf(t) +/t }x?(s)Qa:f(s)ds
(19)
It is known (see [7] and [10]) that {r(¢),z¢(t)} ¢ > 0)
is a C([—h,0];R™) x S-valued Markov process. From (16),
the weak infinitesimal operator £ of the stochastic process
{r(t),zs(t)} (¢ > 0)is given by (20), shown at the bottom of
the page. )
Note that Z?:l vi; = 0 and, therefore

Z%/
;w ([ steeoms)

(5)Qu s (s)ds

=0.
Furthermore, since AAg(t) = My Fi(t)Ny; and
FI(t)F;(t) < I, it follows from Lemma 1 that, for any scalar
ni # 0

Pi(AAgi(t) + (AAfi(1)" P

p#0,wehave MFN+NTFTMT < ;i2MMT 4+ 2NTN., < wiPMyiM{P; + 7> NfiNgi.  (21)
.1 . .
LY (zp(t),r(t)) := Lim Z[E{Y(xf(t + A),r(t+ A))|xs(t),r(t) = it = Y(zp(t), r(t) =i)]
N
=27 (t) |(Agi + AAg(0) P+ Pi(Agi + AAgi() + > i P+ Q| (1)
j=1
+af (t—h)Afy Py (t) + af (t) P Agaics(t — h)
+ x?(f)Plszf(Ffwf(f Z)) + fT(fof(t L))D};lef(t)
-w%—mmw-+2%/ ()@ (s)ds (0)

h
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Moreover, it results from Fyx ¢(t,4) = z(t, ), the inequality
(6) and the inequality

(f((t.9) =2 () PiDyi) (f T (2(t,0)) = af () PiDgi) " 2 0

that

at () PiDgif(Frap(t,i)) + f1(Fpzp(t, i) D Pag(t)
x(t, i) f(x(t, i) + &7 (t) Dy D}, Pixp(t)

< S
<a}(t)(Ff HI HiFy + P;D; D} P;)x4(t). (22)

Denote
X, = A"-fFiP‘ + P Aygi + 1 PiMpiMEP; + 7 >N Ny

+Z%]P +FFHIH;F;+P;Dy; DT, Pi+Q  (23)

=1
X, P A,
Zi = i i f‘“]. (24)
|:AfdzP _Q

Then, substituting (21) and (22) into (20) results in

LY (zp(t),i) <af () Xjmp(t) + o7 (t — h) Ay Pixg(t)
+$?(t)PiAfdi.Tf(t—h)—$}1(t—h)Q$f(t—h)

= [2%(t) 2T(t-h)]Z L;ﬁg(_t)h)} . (25)

From the Schur complement Lemma [3], we know that Z; <
0 if and only if X; + P;A i A7, P; < 0, which is the same as
the inequality (18). Therefore, we arrive at the conclusion that
LY (zf(t),3) < 0.

Based on the inequality (25), the exponential stability (in the
mean square) of the system (16) can be proved as follows by
using the techniques developed in [6].

Define

)\P = max )\max(R)a
€S

/\Z = rirélél(_)‘nlax(zi))7

)\p = Hélg‘l )\min(lji)
/\Q = )‘maX(Q)

where P; > 0 and (Q > I are solutions to (18), and Z; is defined
in (24). Let ¢ be the unique root to the equation

S§(Ap + hAge®™) = Az + min(1, Aze™).

To prove the mean square exponential stability, we modify
the Lyapunov function candidate (19) as

Yi(ws(t),t,0) = e <a:?(t)Pixf(t) + /ti} x?(s)Q:vf(s)ds)
(26)

and then, obtain the equation shown at the bottom of the page,
where LY (z¢(s), s, r(s)) is given in (20) and an upper bound
is provided in (25). It follows from (25) that

EY1(z5(t),t,(t))

t
< (O\p + BE|E|R + (62p — /\Z)[E/ |1 (s)2ds
0

v o [

—)\Z[E/ e*®|x (s — h)|*ds.
0

Noticing the definition of ¢ and the two facts of

[ [ s
min(a+h,t)
g/\Q/ |z ()|? / e?*ds | da
J—h max(«,0)

t
<o [ les(@Phe P da
J—h

<h)\ bh ||£||2 ¢ bs 2d
<hrge’™ (B0 + [ e fas(o)pas

a)Qz f(a)dads

a)dads

and
t
- )\Z[E/ e®®|x (s — h)|*ds
0
t—h
= - )\Zeéh[E/ ez s (s)|?ds
—h
t
< —min(17/\Ze5h)[E/ |z 5 (s)[2ds
) 0
+ IE/ % ()| ds
t—h
we have

(Ap + h(1+ Aqe™)EIE]I?
t
+E / e xs(s)?ds.  (27)
Jt—n

Moreover, since () > I, we have

EY1 (x4 (1), (1)) <

t

EYi(zs(t),t,7()) > " A\pElzs(t)]” + E / e[z s(s)Pds.
Jt—h 28)

It follows from (26)—(28) that e** A\, E|x ;()|> < (/\p +h(1+
Aqe™))E|[¢]1%, or limy o sup (1/t) log(Elx (. )I*) < =6,
which indicates that the trivial solution of (16) is exponentially
stable in the mean square. This completes the proof of this the-
orem. [ |
It can be seen from Theorem 1 that, for a given filter struc-
ture, to check the stochastic exponential stability of the system
(16), one needs to verify whether there exist scalars p; > 0,
matrices P; > 0(z = 1,2,...,N) and @ > I that solve the

EYia7(0)4,7(1) = EYa oy (00.0,r0) + € [ [6aF ) Puay(9) 0 [ aF(@)Qus(alder + £ og(s)oor(o) s
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N coupled matrix inequalities. This may be difficult since the
N inequalities are coupled and nonlinear on P; and p; in their
present forms. Fortunately, we can transform them into the as-
sociated LMIs [3], and then, we will be able to determine the
exponential stability of the system (16) readily by checking the
solvability of the LMIs [4]. We restate Theorem 1 in terms of
LMIs as follows.

Theorem 2: Let the filter parameters GG; and K; be given.
If there exist a sequence {e; > 0, ¢ € S}, positive definite
matrices P; > 0 (z € S) and Q > [ satisfying the following
LMIs:

A,L' PL‘Afdi Pin,L' €LN}; PiMf,L'
ALp - 0 0 0
DI.P; 0 ~T 0 0 <0 (29
EiNfi 0 0 —EiI 0
]\4}1—;})Z 0 0 0 —Eil

where Az is defined by Ai = 14}11)Z + PZAfL + Zjvzl ’YUPJ +
FfT HTH;Fy + Q; then, the system (16) is exponentially stable
in the mean square.

Proof: Rearrange (18) as

A%, Pi
—1A7T D,Tipi
Ai+[PiAfdi P,L'Dfi ; Nfi IMPL'Mfi] p,_lN < 0.
i fi
i M P;
(30)

If follows from the Schur complement Lemma ([3]) that, the
above inequality holds if and only if

Ai PiAgsi PiDgi pi'NT piPiMy,

A}"diPi -1 0 0 0
DJTiP,; 0 -1 0 0 < 0.
uy "Ny 0 0 ~1 0
(i M P; 0 0 0 —I
3L
Note that (31) is not linear on p;. Let &; := /Li_2.
Pre- and post-multiplying the inequality (31) by

diag{I, 1,1, u;*I,u; I} yield (29). The proof follows from
Theorem 1 immediately. [ |

Remark 3: The inequality (29) is linearone; > 0, P; > 0
(i=1,2,...,N)and Q > I, and thus standard LMI techniques
[3], [4] can be exploited to check the exponential stability of the
closed-loop system (16) when the filter is given.

B. Filter Design

The following lemma, which is easily accessible, will be used
in the proofs of our main results in this paper.

Lemma 2: For a given negative definite matrix ¥ < 0 (Y €
R”>™), there always exists a matrix S € R"*? (p < n) such
that T + SST < 0.

For the sake of simplicity, we give the following definitions:

A; = A + (Agi A% + D; DY + p2 My M) Py

Ci=C; + (13 Mo; M Py (32)
Ri i=p2My MY, ©; :=C; + p2Mo; ML Py;. (33)
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The following theorem establishes an approach to designing
the desired filter parameters in terms of the positive definite so-
lutions to two sets of matrix inequalities.

Theorem 3: If there exist a sequence of positive scalars
{p; > 0, i € S} such that the following two sets of matrix
inequalities:

N
AT P+ PA + Z'Yijplj + Pri(Au AL + D; DT
i=1
+ pf My ME) Pri + p 2NN + HE Hi + Q1 < 0
(34)
Y= (A; — M?MuMg;Ri_lai)TPm
+ Poy(A; — 12 My MERTCy)
]\7
+ Z’Yijpzj + Py (A4 AL, + D;DF + piZ My; M,
i=1
— i} My M3, Ry Moy M) Poi —CT Ry Ci+ Q2 <0
(35)

have positive definite solutions P1; > 0, Py; > 0 (1 € ),
Q1 > I,and Q> > I, where the matrices A;, C;, R; are defined,
respectively, in (32)—(33); then, the filter (7) with parameters

K; =P, [T R + S;UR7Y?)
G =A; — K;C;

(36)
(37)

where ©; is defined in (33), U; € RP*P is arbitrary orthogonal
(i.e., U;UI = I), S; € R"*P is an arbitrary matrix meeting
T, + Sl-SiT < 0 and Y; is defined in (35), will be such
that the augmented system (16) is exponentially stable in
the mean square for all admissible parameter uncertainties
AA;(t), AC;(t) and the nonlinear disturbance input f(z(¢,1)),
independent of the unknown time-delay h.
Proof: First, we define

]\T
Y= A?/L‘Pi + P Ag; + Z%‘jpj + Pi(AfdiA?di + DfiD?i
j=1
+ M?MfiMﬁ)Pi + M;ZNfTiNﬁ + F}TH,TH1Ff +Q
Y Xa2i
= . 38
[E’{Qi E221':| ( )
Then, by setting P; = diag{Py;, Py} > 0 and
Q = diag{Q1,Q2} > 0, we have
N
Y11 = AT P + PR A + Z’Vijplj + Pri(Agu AL + D;D}
i=1
+ pi My M) Py + pi NN+ H Hi + Q- (39)

Y12 = (A; — G; — K;C;)T Py
+ Pii[Aagi AL 4+ D DY + p?2 My (My; — KiMo;) Y| Py,

(40)

N
Yooi = G Py + Py, G, + Z%ﬁjpzj' + Py[Agi AL + D; DT
=1

+ pZ(My; — KM )(My; — K;Ma;)T|Pa; + Q2. (41)
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It follows d1rect1y from (34) that ¥1; < 0. Also Assumpt10n
2 ensures R, 1> 0 exists. In the light of G; = A; — K;C; and
the deﬁnmons of R; and ©,, we obtain

Yoo;
N
= AT Py; + Py A; + Z Yij Pj
j=1
+ PQL(AdLA + D DT + /1’2M17,M1L)P2L
— Py K;0; — OF K Po; + (Py; K;)Ri(Po; K;) "
]\7
= AT Py + Py A; + Z Yij Paj + Pai(Aai AL
j=1
+ D; D} + p My; M) Py; — ©T RO,
H(PaiKi) R, =0T R 2)[(Pai

+ Q2

(42)
By utilizing (36) and the orthogonality of U;, we can see that

@TR‘”ﬂT
= 58T

— OT R Y[(PuK i) R}

(P KR}
(43)

and therefore, it follows from the definition of ®; in (33) that

Yog; = (A\L - M?Mlngq;Ri_lai)TPZi
N
+ Poi(A; — My MR Cy) + > i Paj
j=1
+ Poi(Agi AL + D; DT + p2 My ML,
— My MERT Moy M) Po;
—CTR7'Ci + Qo+ S;ST

=T, + 8;S; (44)

where T; is defined in (35). Since S; € R™*? is an arbitrary
matrix meeting Y; + S;S7 < 0, the conclusion Xay; < 0
follows from (35) easily.

Furthermore, substituting (37) into (40) immediately yields
Y 12; = 0, and therefore we have the conclusion that ¥; < 0. Fi-
nally, it follows from Theorem 1 that the augmented system (16)
is exponentially stable in the mean square for all admissible pa-
rameter uncertainties A A4;(t), AC;(t) and the nonlinear distur-
bance input f(z(t,1)), independent of the unknown time-delay
h. This proves Theorem 2. [ |

Remark 4: Theorem 3 gives a QMI approach to the design
of robust filters for a class of uncertain time-delay jump sys-
tems with nonlinear disturbances. The solvability of the coupled
QMIs (34) and (35) plays a crucial role in the filter design. For-
tunately, the parameters P; (z € S) of (35) are not included in
(34). Thus, we may first solve (34) for y; > 0, P1; >0t € S)
and Q1 > I. Then, the inequalities (35) are coupled QMIs for
P>; (1 € §), and can be solved by the generalized matrix Ric-
cati inequality/equation approach (see [1]). It remains to focus

K)R?—0T R Y7+Q,.

on the algorithm for solving (34). Similar to Theorem 2, it is
easy to convert (34) into the following LMIs:

=i Pi;Ag; PiD; e NET PiMh;
ATP, -1 0 0 0
DZ'TPM 0 -1 0 0 <0 45
6iNL' 0 0 —61‘] 0
MEPy; 0 0 0 —&; 1

where = HL = AP+ P A; —i—z _ Vi Pij+H H;+Q1,and
€ =l 2 Since the inequality (45) is linear on € and Py; > 0
(t=1,2,...,N), we can employ the standard LMI techniques

[3], [4] to check the solvability of the original matrix inequality
(34).

IV. A NUMERICAL EXAMPLE

We assume that the system (1)-(3) has two modes and the
data are as follows:

~3.52 0.06
A= { 0.05 —3.75]
2= 505 Zion)
Ag1 =0.11,
Agz = —0.11,
Dy =021
Dy = =021,
C1 =095
Cy = 0.981
Hy =011
Hy =011
My =031,
My = — 0.3
Moy = — 04515
May =0.1815
Ny =0.41,
Ny = — 04l

= L;.i —3.4}
Fla(t 1) = f(a(t,2)) = {S:i:iiigﬁiﬂ

F(t,1) = F(t,2) = sint]
h=0.1
o(t) =0.1.

Letting @1 = Q2 = I and solving the LMIs (45) (z = 1,
2) by using the LMI toolbox [4], we obtain that e; = 4.2060,
g9 = 3.0553, and

97.0583 —1.5593] ., _ [78.3547 1.3921
—1.5593 103.6028 | 127 | 1.3921 100.6307

and therefore 1 = 0.4876 and puo = 0.5721. Next, solve the
QMIs (35) (z = 1, 2) to give

19.2754 —0.6180] [1.1425 0.4754}
Py =

Puz[

Pn = {—0.6180 21.8746 0.4754 8.8454
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We first consider the system mode 1. In this case, we choose
S1 (meeting Y1 + SlSlT < 0) and the orthogonal matrix U
as S; = 4, Uy = diag(1l,—1), and then it follows from
(36)—(37) that

—2.0538

0.0083 —3.7567 0.1447

—0.0451 —1.0351
Ki= [ } G = [ —5.2768

—0.0558}

Now, let us consider the system mode 2. We set .S, (meeting
T2 + 5257 < 0) and the orthogonal matrix Us as S = I and
Uy = I, and then we have

—27.0405
1.1014

1.0789

—9.1401 0.2816

K2 = [ —3.3260

} Gy = [—7.8750 0.2469 ]

V. CONCLUSION

We have studied the problem of robust filtering for a class
of uncertain time-delay systems with Markovian jumping pa-
rameters and nonlinear disturbances. A linear filter has been
designed to achieve the prescribed robust exponential stability
constraints (in the mean square), regardless of the admissible pa-
rameter uncertainties, the bounded nonlinear disturbance input
and the unknown state delay. Both the filter analysis and design
issues have been discussed in detail by means of LMIs. We have
derived both the existence conditions and the analytical expres-
sion of desired filters. It has been emphasized that, using the de-
veloped approach, the expected robust exponential filters, when
they exist, are usually a large set, and the remaining freedom

can be used to meet other desired performance requirements.
We may also extend our results to the discrete-time case. The
results will appear in the near future.
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