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A Delay-Dependent Approach to H
Filtering for Stochastic Delayed Jumping
Systems with Sensor Nonlinearities
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Abstract

In this paper, a delay-dependent approach is developed to deal with the stochastic H, filtering problem for a
class of It0 type stochastic time-delay jumping systems subject to both the sensor nonlinearities and the exogenous
nonlinear disturbances. The time delays enter into the system states, the sensor nonlinearities and the external nonlinear
disturbances. The purpose of the addressed filtering problem is to seek an H., filter such that, in the simultaneous
presence of nonlinear disturbances, sensor nonlinearity as well as Markovian jumping parameters, the filtering error
dynamics for the stochastic time-delay system is stochastically stable with a guaranteed disturbance rejection attenuation
level «. By using Itd’s differential formula and the Lyapunov stability theory, we develop a linear matrix inequality
approach to derive sufficient conditions under which the desired filters exist. These conditions are dependent on the
length of the time delay. We then characterize the expression of the filter parameters, and use a simulation example to
demonstrate the effectiveness of the proposed results.

Keywords

H, filter; Markovian switching; sensor nonlinearity; delay-dependent technique; linear matrix inequality; nonlinear
disturbance.

I. INTRODUCTION

In practice, when measuring the system output through sensors, the sensor nonlinearities usually result from
the harsh environments such as uncontrollable elements (e.g., variations in flow rates, temperature, etc.) and
aggressive conditions (e.g., corrosion, erosion, and fouling, etc.) [19]. In real-world applications, nonlinearity
is an inevitable feature for some sensors, for example, accelerometers, temperature sensors, image sensors and
strain gauges. Since the sensor nonlinearity cannot be simply ignored and often lead to poor performance
of the controlled system, many researchers have been investigating the analysis and synthesis problems for
various systems with sensor nonlinearities [3,5,13,16].

It is well known that the time delay exists commonly in dynamic systems and is frequently a source of
instability. Therefore, in recent years, much work has been done about time-delay systems [1,6,7,17, 18,
20,23,24,26]. In particular, in the case that time delays are known and small, the linear matrix inequality
(LMI) technique has been extensively used to derive delay-dependent stability criteria, see [4-7,10, 28] for
some recent publications. On the other hand, during the past few decades, stochastic modeling has come to
play an important role in many branches of science such as biology, economics and engineering applications.
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Consequently, the time delay systems with stochastic perturbations have drawn a lot of attentions from
researchers working in related areas, see [1,21,22] and references therein.

Markovian jump systems are the hybrid systems with two components in the state [11]. The first one refers
to the mode which is described by a continuous-time finite-state Markovian process, and the second one refers
to the state which is represented by a system of differential equations. The jump systems have the advantage
of modeling the dynamic systems subject to abrupt variation in their structures, such as component failures or
repairs, sudden environmental disturbance, changing subsystem interconnections, operating in different point
of a nonlinear plant. Recently, filtering and control for Markovian jump systems with or without nonlinear
disturbances have drawn some research attentions, see [17,23,24,27,28] for some related results. Note that
exogenous nonlinear disturbances may result from the linearization process of an originally highly nonlinear
plant or may be an external nonlinear input, and therefore exist in many real-world systems.

The filter design problem has long been one of the key problems in the areas of control and signal processing.
The purpose of the filtering problem is to estimate the unavailable state variables (or a linear combination of
the states) of a given system through noisy measurements. During the past four decades, the filtering problem
has been extensively investigated for a variety of complex systems, such as deterministic delay systems [1,8,9],
Markovian jumping delay systems [17,20,23] and stochastic delay systems [22,24], to name just a few. When
both the Markovian jump parameters and time delays appear in the stochastic systems, the H., filtering
problem has been studied in [24], where some useful stochastic stability conditions have been proposed by an
LMI technique. In [23], the robust H filter design problem has been investigated for stochastic time-delay
systems with missing measurements. However, up to now, the H, filtering problem for stochastic time-delay
systems with both Markovian switching and sensor nonlinearities have not been adequately addressed yet,
which still remains as an interesting research topic.

In this paper, we aim to solve the H,, filter design problem for a class of stochastic time-delay systems
with nonlinear disturbances, sensor nonlinearities and Markovian jumping parameters. Both the filter analysis
and synthesis problems are tackled. A delay-dependent approach is developed to design the H, filter for the
stochastic delay jumping systems such that, for the addressed nonlinear disturbances and sensor nonlinearities,
the filtering error system is stochastically stable with a prescribed disturbance rejection attenuation level +.
By using It0’s differential formula and the Lyapunov stability theory, sufficient conditions for the solvability
of the filter design problem are derived in term of linear matrix inequalities (LMIs). These conditions are
dependent on the information of the time delay, which can be easily checked by resorting to available software
packages. A numerical example and the corresponding simulation results are exploited to demonstrate the
effectiveness of the proposed filter design method.

Notation In this paper, R™ and R™*™ denote, respectively, the n dimensional Euclidean space and the set
of all n x m real matrices. L]0, 00) is the space of square-integrable vector functions over [0,00); | - | refers
to the Euclidean norm in R", and || - ||2 stands for the usual Ls[0, 00) norm. Let 7 > 0, C([—7,0]; R™) denote
the family of continuous functions ¢ from [~7,0] to R™ with the norm |[|¢[| = sup_,<g<o [¢(#)], and I denote
the identity matrix of compatible dimension . 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). For a matrix
M, M7 represents its transpose, Amax(M) (respectively, Amin(M)) stands for its maximum (respectively,
minimum) eigenvalue and its operator norm is denoted by || M| = sup{|Mz| : |z| = 1} = \/Amax(MTM).
(Q, F,{Fi }+>0, P) is a complete probability space with a filtration {F; };>¢ satisfying the usual conditions (i.e.,
the filtration contains all P-null sets and is right continuous). Denote by LI])_-O([—T, 0]; R™) the family of all Fo-
measurable C'([—7,0]; R™)-valued random variables £ = {£(0) : —7 < 6 < 0} such that sup_,y<o E[£(0)[P <
00, where E{z} stands for the expectation of stochastic variable z. The shorthand diag(M;, Mo, ,..., M)
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denotes a block diagonal matrix with diagonal blocks being the matrices M1, Ms, , ..., M,. In symmetric
block matrices, the symbol * is used as an ellipsis for terms induced by symmetry. Matrices, if not explicitly

stated, are assumed to have compatible dimensions .
II. PROBLEM FORMULATION
Let {r(t),t > 0} be a right-continuous Markov chain on the probability space taking values in a finite state

space S = {1,2,--- , N} with the following transition probabilities:

Plr(t+At) =j:r(t) =i} = { 1+ v At + O(A) if i = j

where At > 0 and lima;—o O(At)/At = 0. Here, ;; > 0 is the transition rate from i to j if ¢ # j, while

N
Yii = — ijl,j?ei Yij-
Consider the following stochastic time-delay system with both the sensor nonlinearity and Markovian switch-

ing:
(X) rda(t) = [A(r(t)x(t) + Aa(r@)z(t —7) + Bi(r(t))o(t) + f(x(t), z(t —7),7(t))] dt
+E(r(t))z(t)dw(t) (1)
y(t) = (u) + Ba(r(t))o(t) (2)
2(t) = L(r(t))x=(t) (3)
z(t) = o), r(t)=r(0), Vtel-710], (4)

where z(t) € R™ is the state, y(t) € R" is the measured output, z(¢) € R? is the controlled output, v(t) € RP
is the disturbance input which belongs to L2[0,00). f(-,-,+) is an unknown nonlinear exogenous disturbance
input, ¥ (+) represents the sensor nonlinearity, and u = C(r(t))z(t)+ Cq(r(t))x(t—7). w(t) is a one-dimensional
Brownian motion satisfying E{dw(t)} = 0 and E{dw?(t)} = dt. The constant 7 is a real time delay satisfying
0 <7 < oo, and ¢(t) € Lz ([-7,0];R") is an initial function. For a fixed mode r(t) € S, A(r(t)), Aa(r(t)),
Bi(r(t)), Ba(r(t)), E(r(t)), C(r(t)), Cq(r(t)), L(r(t)) are constant matrices with appropriate dimensions.
Assumption 1: For a fixed system mode, there exist known real constant mode-dependent matrices M (r(t))
€ R™ "™ and My(r(t)) € R™*™ such that the unknown nonlinear vector function f(-,-,-) satisfies the following

boundedness condition:

F@(®), 2t — 1), r )] < M) + [Ma(r(t)a(t - 7) (5)

Remark 1: Exogenous nonlinear time-varying disturbances, which may exist in many real-world systems,

have been dealt with in many papers such as [23,24]. In Assumption 1, the nonlinear disturbance term

flx(t),x(t — 7),r(t)) in (5) contains the delayed term, which is more general than that studied in [23, 24].

Note that the H filtering problem for stochastic delayed jumping systems with such kind of nonlinear
exogenous disturbances has not been thoroughly investigated in the literature.

Assumption 2: The nonlinear function ¢ (-) in stochastic systems (1)-(4) represents the sector nonlinearities

satisfying the following sector condition:
($(w) = Ki(r()u)" ((u) — Ka(r(t))u) <0, ¥V u € R", (6)

where the matrices Ki(r(t)) > 0 and K(r(t)) > 0 (Ka(r(t)) > Ki(r(t))) are given mode-dependent constant
diagonal matrices.

Remark 2: Asin [13], it is customary to say that the nonlinear function belongs to a sector [K(r(t)), Ka(r(t))].
The nonlinear description in (6) is quite general that include the usual Lipschitz condition as a special case.
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Note that both the control analysis and model reduction problems for systems with sector nonlinearities have
been intensively studied, see e.g. [5,12,15].
For technical convenience, the nonlinear function ¥ (u) can be decomposed into a linear and a nonlinear

part as
P(u) = vs(u) + Ki(r(t))u, (7)
where the nonlinear part ¥s(u) belongs to the set ¥, given by

Uy = {s(u) = 97 (u) (s (u) — K(r(t))u) < 0}, (8)

with K (r(t)) = Ka(r(t)) — K1(r(t)) > 0.
In this paper, in order to estimate z(t), we are interested in designing a filter of the following structure:

(Zp) 1 di(t) = F(r(t)a(t)dt + G(r(t))y(t)dt 9)
) = H@r(0)z(), (10)

where &(t) € R", 2(t) € R?, and F(r(t)), G(r(t)) and H(r(t)) are filter parameters to be determined.
Note that the set S consists of different operation modes of the system (1)-(4) for each possible values of
r(t) =1, 1 € S. In the sequel, we denote the matrix associated with the ith mode by

Wi £ W(r(t) = 1),

where the matrix W could be A, Ay, By, Bo, B, C, Cy, L, My, M>, K1, Ko, K, F, G or H.
Let the filter estimation error be e(t) = z(t) — 2(t). By augmenting the state variables

B x(t) _ x(t—7)

and combining (3) and (Xy), we obtain the filtering error dynamics as follows:

(Ee) : df(t) = [Azf(t) + AdiN&' + Bﬂ)(t) + NTf(‘T(t)7 x(t - T)? Z) + Gﬂ/}s(u)] dt

+E;NE(t)dw(t) (11)
e(t) = Li(t) (12)
where
A = A; 0 Ay — Agi Bi= By 7
GiK1;C; F; GiK1iCy; G;Ba;
G - [(gi B | B[ m ] v =[1 o).

For the purpose of presentation simplification, we define a new state variable
n(t) = Ai€(t) + AaN& + Biv(t) + NT f(a(t),x(t — 7)) + Gis(u), (13)
and then the systems (11) can be rewritten as

dé(t) = n(t)dt + E;NE(t)dw(t). (14)
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Observe the system (11)-(12) and let (¢; () denote the state trajectory from the initial data £(6) = ((6) on
—7 <0 < 0in L% ([-7,0];R™). Obviously, £(¢,0) = 0 is the trivial solution of system (11)-(12) corresponding
to the initial data ¢ = 0.

Before formulating the problem to be investigated, we first introduce the following stability concepts for
the augmented system (11)-(12).

Definition 1: For the system (11)-(12) and every ¢ € L% ([—7,0;;R™), the trivial solution is said to be
mean-square asymptotically stable if

lim EIE(0)2 = 0 (15)

and is said to be mean-square exponentially stable if there exist scalars a > 0 and 3 > 0 such that

Elz(t,¢)]* < ae® sup E[C(H)- (16)
—27<60<0

Definition 2: Given a scalar o > 0, the filter error system (11)-(12) with sensor nonlinearity is said to be
stochastically stable with disturbance attenuation level ~y if it is mean-square exponentially stable and, under
zero initial conditions, ||e(t)||g, < 7v||v(t)||2 holds for all nonzero v(t) € L2[0, c0), where

o0 1/2
el = (2{ [ et} )

The purpose of this paper is to design an H, filter o(f]’ the form (9)-(10) for the system (1)-(4) such that, for
all admissible time delays, exogenous nonlinear disturbances, sensor nonlinearities and Markovian jumping
parameters, the filtering error system (11)-(12) is stochastically stable with disturbance attenuation level =,

where the criteria are dependent on the length of time delay.
ITI. MAIN RESULTS

A. Filter analysis

Firstly, let us give the following lemmas which will be used in the proofs of our main results in this paper.
Lemma 1: (Schur Complement) [2] Given constant matrices ¥, X9, X3 where ¥1 = X7 and 0 < ¥y = ¥7.
Then X1 + Egﬁglﬁg < 0 if and only if

¥, xF <0,
Y3 —Xo
or, equivalently i i
-3y X
2 0 <o

Lemma 2: [25] Let € R",y € R” and & > 0. Then, we have

:ETy + yTx <exlaz + z—:_lyTy.
Lemma 3: [25] Let ®1, ®3, &3 and = > 0 be given constant matrices with appropriate dimensions, Then
for any scalar & > 0 satisfying el — ®I=®y > 0, we have

[®) 4 Po®3]TE[D) + B3] < BT [27! — 71Dy 71Dy + 0T D3,
In the following theorem, the delay-dependent technique and an LMI method are used to deal with the
stability analysis problem for the H, filter design of the stochastic system (1)-(4), and a sufficient condition
is derived that ensures the solvability of the H filtering problem.
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Theorem 1: Consider the filtering error system (11)-(12) with given filter parameters. If there exist positive
definite matrices P; > 0, T; > 0, @ > 0 and R > 0 such that the following matrix inequalities

[ Q; 0 PB; PG;+NTCT'K; 7ATNTR 0 PNT PAyuN |
x Q9 0 CLK; FALNTR 0 0 0
R | 0 FBINTR 0 0 0
* * * —27 (3 0 0 0 < 0, YieS (7)
* * * * —TR R 0 0
* * * * * —eo; 1 0 0
* * * * * * —eil 0
* * * * * * * -1
T, PAg ] .
_ > 0, VieS (18
hold, where
Qu = P4+ AuN) + (A + AuN)' P+ Ef’Yj:l%‘ij + LTL; + NTQN
+NTEFPE;N 4+ 7¢.NTN + 2(e1; + £2;)(NT MEM;N) + 7T, (19)
Qoi = 2(ey; + e9) (ML M) — Q, (20)

with ¢, = max;eg ||F;||?, then the filtering error system is stochastically stable with the disturbance attenuation
level v for 7 < 7 (7 is the upper bound of the time delay).
Proof: See Appendix for detailed proof. |
In the next subsection, our attention is focused on the design of filter parameters F;, GG; and H;, for i € S,
by using the results in Theorem 1. The explicit expression of the expected filter parameters is obtained in
term of the solution to a set of LMIs.

B. Filter synthesis

The following theorem shows that the desired filter parameters can be derived by solving several LMIs.
Theorem 2: Consider the system (11)-(12). If there exist matrices X; > 0, J; > 0, Tiy; > 0, Tho; > 0,
Q >0, R > 0, a matrix Ti9; and scalars 1; > 0, 9; > 0 such that the following linear matrix inequalities
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hold, where

ALY T

ITy;
ITy;

IT4;
I15;

i II;; IIy; 0 YV;By; CZTKZ fA?R
x*  IIg; O 11, él + CZTKZ 7_'AZTR
* x Qo 0 Cg;KZ TA4GR
* * x =20 0 7BLR
* * * * —21 0
* * * * * —TR
* * * * * *

* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *

Vi ElYy;

X, E'y, ETX;

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

—€1iI 0 0

* =Y Vi

* * - X;

* * *

* * *

* * *

* * *
Tii  Tiai Yida
TL, They s >0, Vies

R

+CTKGT 4+ FT 1 CTK,

o O O O O

TR
—622'1
*

*
*
*
*
*
*

*

t~
=T

O O O O o o o o o

~T
ZGZ )

T
0

O O O O o o o o

T vy . T _ ogT T, . T._.

T
0

O O O O o o o o o

+C£KlzézT + Angz + Eévzlfyinj + ?Ce[ + 77'T227;,

X;Byi + G;Ba,
X;Agi + GiK1iCy;,

Vidi + ATV + Vidg + ALY + Ej'v:ﬂijyj + 7Teel + 71114,
Y;A; + A;TFXZ' + YV Agi + Agl;Xi + Eé\f:l%]’y]’ + Teod + legi,

XA + AT X, + G K1,C; + CT K, GT + XA + GiK1iCy;,

<0, VieS (21)

(22)
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then the system (11)-(12) is stochastically stable with disturbance attenuation 7 for 7 < 7. In this case, the
parameters of the desired Hy filter (X¢) are given as follows:

Fi:= (Vi — X;))"'E;, Gy = (Vi — X;)7'Gy, H; = H;. (24)
Proof: Define
p=| " y"_X"]>o, r—| 5% (25)
Yi—Xi Xi—Yi Y, 0
where Y; = Y1 > 0.
From (22), we have
T := Y Tdiag(V;, I) ( @T“ Thai ) diag(Y;, )Y > 0. (26)
Thy; T
Pre- and post-multiplying the LMIs in (21) by diag(Y;, I,...I1,Y;, I,...,I), and (22) by diag(Y;, I, I), we have
—— N~
8 5
[ II;; II; 0 By YiCI'K;, 7V;ATR 0 Ay I
Iy 0 Ty G, FATR 0 Iy X;
* ox Qy 0 CIK, TAuR 0 0 0
x ok ox =2 0 7BLR 0 0 0
* * * * —21 0 0 0 0
* * * * * —-TR TR 0 0
* * * * * * —eoil 0 0
* * * * * * * I 0
* * * * * * * *  —ed
* * * * * * * * *
* * * * * * * * *
* * * * * * * * *
* * * * * * * * *
* * * * * * * * *
B * * * * * * * *
VEL YE'X; Y,LT -YiH] YiGlen YiGlesn YiQ ]
E%; EZTX, LZT G%Eli G%;Egi Q
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0 <0, VieS (27)
0 0 0 0 0 0
-Y; 1 0 0 0 0
* -X; 0 0 0 0
* * —I 0 0 0
* * * —2e1,;1 0 0
* * * * —2e9;1 0
* * * * * —Q |
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YT YiTio Agi
* Thoi  XiAai + GiK1;Cy > 0, Vies, (28)
* * R
where
My; = AYi+ VAT + AgY; + VAL + Ejy:17ij}/;;}/}_1}/; + Te VP + 7YY,
Oy = A+ YiAT X+ Ay + YiALRXi + 21017 YiY, 'Y + 7eeYi + 7Y T

Y;CZTKMGZT + YZFZT + Y;CdZKhé;f

From the definitions of P; and Y;, the LMIs in (27)-(28) are equivalent to the following matrix inequalities

[ YTQu Y 0 YIRB;, Ay FYTATNTR 0 YIPNT Ay As;
* Qai 0 CIK 7ALNTR 0 0 0 0
* =20 0 7BINTR 0 0 0 0
* * * —21 0 0 0 0 0
* * * * —TR TR 0 0 0 < 0, (29
* * * * * —e9;1 0 0 0
* * * * * * —e;l 0 0
* * * * * * * -1 0
i * * * * * * * * —T,TPz'Tz' i
T T?QA‘“ > 0, (30)
*

where

Qu = Qu-NTE'PEN

Ay = Y]PAsiN

Asi = YINTETPY,.

Ty and its transpose, (30) by diag(Y; 7, I)

(2

Finally, pre- and post-multiplying (29) by diag(Ti_T, J R R
~——

and its transpose, we can obtain from Theorem 1 and Schzlr Complement Lemma that, with the given filter
parameters in (24), the system (11)-(12) is stochastically stable with disturbance attenuation v for 7 < 7. H

Remark 3: The Hy, filter design problem is solved in Theorem 2 for the addressed delayed stochastic jumping
systems with sensor nonlinearities and external nonlinear disturbances. LMI-based sufficient conditions are
obtained for the existence of full-order filters that ensure the mean-square exponential stability of the resulting
filtering error system and reduce the effect of the disturbance input on the estimated signal to a prescribed
level for all admissible time delays and nonlinearities. The feasibility of the filter design problem can be readily
checked by the solvability of two sets of LMIs, which can be determined by using the Matlab LMI toolbox in
a straightforward way. In the next section, an illustrative example will be provided to show the usefulness of
the proposed techniques.
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IV. AN ILLUSTRATIVE EXAMPLE

In this section, a simulation example is presented to illustrate the usefulness and flexibility of the filter
design method developed in this paper. We are interested in obtaining the upper bound 7 of the time
delay and designing the H. filter for the stochastic jumping system with nonlinear disturbances and sensor

nonlinearities.
The system data of (1)-(3) are given as follows:
—2.5 2.5

oMz | 7 N =18

Vo1 7Yo2 09 =09
Mode 1:

—-3.5 1 015 0 0.13 0
Al = ) Adl = ) El = )
0 =27 0 021 0 0.15

0.2 0.13 05 0 02 0
By = By = My = My = ,
1 [ 0.1 ] A [ 0.02 ] I [ 0 0.1 ] 21 [ 0 05 ]

Cy=05I,, Cg =05, Li=1[0.3 0.7,
K1 = diag{0.3,0.4}, Ks; = diag{0.6,0.5}.

Mode 2:
43 1 022 0 012 0
A = , Ag = , By = )
0 —25 0 01 0 031
0.1 0.2 04 0 03 0
By = By = My = . My = :
12 [0.2 ] 22 [o.15 2 [ 0 0.2 22 [ 0 0.2]

Cy=0.6I, Cp=1I, Ly=1[0.6 0.3],
K12 = diag{0.4, 0.6}, K22 = diag{0.6, 09}

Using Matlab LMI control Toolbox to solve the LMIs in (21) and (22), we obtain the upper bound of time
delay as 7 = 2.2520. Therefore, by Theorem 2, it can be calculated that for all 0 < 7 < 2.2520, there exist
the desired H, filters. For demonstration purpose, let us fix 7 = 1.5. In this case, by the LMI toolbox, we

can calculate that

o _ | 885508 —10.3863 [ 34.29314  —6.2039
! ~10.3863  56.9008 | ' | —6.2039 31.9526 |’

45.1367 —16.5489 13.1486  —6.4879
—16.5489  29.2881  —6.8324  25.7375
13.1486  —6.8324  87.1278 —28.4811
—6.4879  25.7375 —28.4811 54.8590

¥ [48.3957 —9.1244] [29.6427 —4.9378]
2 = 3 — B

)

—9.1244 445760 27| —4.9378 25.6274
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35.0120 —10.6401 14.8960  —3.7476

_ | —10.6401 10.3716 ~ —2.1487 1.4473
2 14.8960  —2.1487  73.7385 —22.6410 |’

37476 1.4473  —22.6410 40.0518
[29.9297 —8.6883] [2.2850 —0.0177]

Q=

—8.6883 26.0809 —0.0177  2.5803
s11 = 132.4881, s12=94.5044, s21 =50.6824, 522 = 65.9064.

The filter parameters to be determined are as follows:

~5.4748  1.8614 0.1978 0.0053

F = . Gy = ., Hy =[0.2951, 0.7075],
0.3389 —1.7616 0.0183 0.2870
—6.4333  1.6877 0.5151 0.0248

Fy = . Gy= ., Hy=1[0.6013, 0.7987].
0.1598 —3.2487 0.0561 0.2546

Fig. 1-Fig. 6 are the simulation results for the performance of the designed H., filter, where the sensor
nonlinearities are taken as Kot K K K
w(u) _ 17 5 22u + 21 1

which satisfies (6). It is confirmed from the simulation results that all the expected objectives are well achieved.

L sin(u),

V. CONCLUSIONS

In this paper, we have developed a delay-dependent approach to dealing with the stochastic H, filtering
problem for a class of It6 type stochastic time-delay jumping systems subject to both the sensor nonlinearities
and the exogenous nonlinear disturbances. The time delays are allowed to exist in the system states, the
sensor nonlinearities, as well as the external nonlinear disturbances. By using [t6’s differential formula and the
Lyapunov stability theory, we have proposed a linear matrix inequality method to derive sufficient conditions
under which the desired filters exist. These conditions are dependent on the length of the time delay. We have
also characterized the expression of the filter parameters, and employed a simulation example to demonstrate
the effectiveness of the proposed results. Moreover, we can extend the main results in this paper to more
complex and realistic systems, such as systems with polytopic or norm-bounded uncertainties, and systems
with general nonlinearities. We will also focus on the real-time applications in network-based communications
and bioinformatics. The corresponding results will appear in the near future.
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APPENDIX

The Proof of Theorem 1

Proof: Recall the Newton-Leibniz formula and (14), we can write

=c)= [ de) =)= [ s — [ BNe(s)ds(o). ()

—T —T



SUBMITTED 14

It is easy to know from (31) that the following system is equivalent to (11)-(12):

dg(t) = [(AiJrAdiN)f(t)—AdiN . n(s)ds — Aq N . E;N¢(s)dw(s)

+Bio(t) + N7 f((t), o(t = 7)) + Githy (w) | dt + ENE(@)dw(2), (32)
e(t) = L&), (33)
) = plt), r(t)=r(0), Vte[-2,0], (34)

where p(t) € L% ([-27,0]; R?") is the initial function. Hence, we only need to show that the system (32)-(34)
is stochastically stable with the disturbance attenuation level ~.

Now, let P, >0, Q >0, R > 0, c. = max;cs || E;||* and define the following Lyapunov-Krasovskii function
candidate for the system (32):

Vit = EOPe0+ [ FEONTQNes+ [ [ (6N RN(8)dsds

t ot
LT (BINTNE(B)dBds.
[ [ a @NTNEBasas (3)
It can be derived by It6’s differential formula [14] that
AV (&(t), t,0) = LV (E(), t,3)dt + 267 (1) BE;NE(t)dw(t), (36)
where
N
LV(E®),ti) = TONA+ AgN) P+ P(A; + AgN) + > i P+ NTQNJE()
t t =
—26T ()P Ay N ( / n(s)ds + EiNﬁ(s)dw(s)> —¢INTQNE,
t—T t—r

+26T ()P Byv(t) + 267 () PN f(2(t), 2(t — 7), 1) + 267 (¢) P,Ginds (w)
+ET(ONTE] PENE(®) + mn" () NTRNn(t) + e () NTNE®) + 767 (1) T (1)

- /t (0" (5)NTRN(5) + o7 (s)NT NE(s) + €T (TE(1)) ds (37)

-7

Noting (5) and Lemma 2, we have

26(t)" BN f(x(t), (t — 7),4)

< e TOPNTNPL() + evif  ((t), a(t — 7),4) f(x(t), x(t — 7),1)
< 61_21£T(t)PZNTNPZ£(t) + €1i(|M1il‘(7f)| + |M22‘$(t — T)|)2
< e TP NTNPE(L) + 261, (€7 () NT MEM NE(t) + €ENT ML Mo NE). (38)

Again, from Lemma 2, we obtain

t t
—2T(O)PAGN [ EiNE(s)dw(s) < () PAGNNTALPE®) +| [ EiNE(s)dw(s)].  (39)
t—7 t—1
Note that in deriving (39), we have fixed the scalar parameter ¢ as 1, which is to maintain the simplicity of

the Lyapunov function.
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Moreover,
t B t B
E| EiNf(s)dw(s)Pg/ E|E;NE(s)|ds. (40)
t—1

t—1

From (13) and Lemma 3, it is not difficult to see that

n"(A)NTRNn(t) = [Ai&(t) + AaNE + Bo(t) + N7 f(a(t), x(t — 7),8) + Gitps ()] " NT(TR)N
[A€(t) + AuNE + Bio(t) + NTf(2(t), 2(t — 7),4) + Giths(u)]
< [AE(t) + AgNE + Bo(t) + Gips(w)] " NT((tR) ™ — e NNTNNT)TIN
[AE(t) + A NE + Biv(t) + Gis(u)]
teoif T (w(t), a(t —7),0) f(x(t), x(t — 7),1)
< [A(t) + AaNE + Bio(t) + Gips ()] " NT((7R) ™" — e NNTNNT)IN
[Ai€(t) + A N& + Biv(t) + Gibs(w)]
+2e0i (€L (O)NTMEMNE®) + EENT MEMy;NE,). (41)

Substituting (38)-(41) into (37) and taking the mathematical expectation on both sides, we have

N
ELV(E(t),t,4) < B{T(O[(Ai + AaN) P+ Pi(Ai + AiN) + > P+ NTQN
=1
+NTEFPE;N 4 2(e1; + e2i)) NTMEM ;N + P, A;NNT AL Py
+ey BNTNP, + 7eeNTN + tTi)E(t) — €2 [2(e1i + e2) NT M3, My N
+NTQNNE + 267 (1) PiBiv(t) + 267 (1) BiGitps (u) — 24 (u)hs(u)
+205 () K;C;NE(t) 4 20ps (u) K;Cyi NE,
HAE() + A NE + Bio(t) + Gigps (w)]" NT((R) ™
—e5 NNTNNT)TIN[A€(t) + A Né- + Bio(t) + Gins(u)]

— [ G ONTRN () + 267 (0P AsN(s) + O T D))

t

< E{ETOQuEM)} — [ E{€7(ts)Ti€(t, 5)}ds (42)
t—T1
where
1) = [€7(1) &NT i), &ts) =7 n (s)NT]T
D1 0 Pzéz + JVTCZTK'Z AZTNT
* * —21 0
S (44)
ALP, R
where 9; is defined in (20) and
Qi = Qi+ 51_.1P NTNP, + PA;NNTAL P, — LT L (45)

®; (TR)™! — ;] NNTNNT. (46)
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By Schur Complement, we can obtain from (17) and (18) that, for 7 < 7,
2 <0,I';>0,Vies. (47)

Based on the inequality (42), the mean-square exponential stability of the system (32) can be proved as

follows. Define

Ap = I?E%X )\max(f)i)y )\p = I}gg} )\min(f)i)a Aq = min(_)\max(Qi))'

€S

It follows from (42) that
ELV (£(t),t,1) < —ME[E(1)* < —AaEIE(H)[*. (48)

From the definition of n(t) and (35), there exist positive scalars 01, d such that

MEIE®) P S EV(E(t), 1) < ApEIE(H)] + / ; S1E[¢(s)[*ds, (49)
and
EV (£(0),0,7(0)) < &E|pl*. (50)

Let 6 be a root to the inequality
S(\p + 2761€¥7) < Aq. (51)

To prove the mean-square exponentially stability, we modify the Lyapunov function candidate (35) as
Vl(g(t)7t7z) = GJtV(S(t)7t7i), (52)

and then, by Dynkin’s formula [14], we obtain that for each r(t) =4, i € S, t >0

EV1(£(2), t,4) = EV1(£(0),0,7(0)) +E/O e [V (E(s), 5,7(s)) + LV (E(s), 5,7(5))] ds. (53)

It then follows from (48), (49) that

S

t
EVi(£(t),t,i) < O&E||p|®> +E /0 eésa(Ap\as)\% / 51\6(6)!2d6> ds

s—2T1
t

W / ¢ () 2ds. (54)
0

Noticing the definition of § and the fact of

! ds 5 2 t 9 B+21 5
/Oe L_QT(él\i(ﬂ)! dﬂdsé/_zTéllf(ﬁ)\ /ﬁ e dsds

t t 0
< oretr / S1|E(B)[2e%PdB < 2re?T < / 5116 (s)[2ePds + / (51|§(8)|2e55d8>. (55)
—27 0 —27

Finally, it follows from (49), (54) and (55) that
PNEIE()? < (82 + 27661 T)E | p|?,

or
1
Jim sup —log(E[¢ (¢, p)|*) < =5,

which indicates that, for 7 < 7, the trivial solution of (31) is exponentially stable in the mean square.
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In the sequel, we shall deal with the Hy, performance of the the system (32)-(34). Assume zero initial
condition, i.e., {(t) = 0 for t € [-27,0], and define

J(t)=E {/Ot[eT(s)e(s) — ’ysz(s)fu(s)]ds} . (56)

It follows from Dynkin’s formula [14] and fact £(0) = 0 that

E{V(£(t),t,r(t)} = E { /0 LV(E(s), s, r(s))ds} . (57)

From (56) and (57), it is easy to see that

I(t) = E{AkW@d$—v%W$M@+£V@®%&N@ﬂ®}—Eﬂdﬂmtdﬂﬂ

IN

E {/0 [eT(s)e(s) — ~*vT (s)v(s) + LV (E(s), s,r(s))]ds} ) (58)
Next, let
Es,0)=["(s) &NT wi(w) o"(s)]", &s.8)=[6"(s) 0" (BNT]", (59)
and then, it follows from (42) that
E{eT(s)e(s) — v*vT (s)v(s) + LV (x(s),s,1)}
< B(E (s o0} - [ BE AT 515, (60)
where

Qi+ LTL; 0 PB;, PG;+NTCIK;

’ * * —'721 0
* * * —21
ATNT
AT NT T _
- BngT & NA; NAg NB; 0] (61)
0

and Qo;, T';, Q11; and ®; are defined in (20), (44), (45) and (46), respectively.
By the Schur Complement and the conditions (17)-(18), for 7 < 7, it follows that

I; <0, I''>0 Viels, (62)

and we can obtain from (58), (60) and (62) that, for all ¢ > 0, J(t) < 0. Therefore, we arrive at

E {/Ot[zT(s)z(s)} ds < +2 {/Ot UT(S)U(s)ds} ,

12Dz, <Allv(®)ll2- (63)

From the Definition 2, it is concluded that the filtering error system (11)-(12) is stochastically stable with

which implies that

a disturbance attenuation level v > 0 for 7 < 7. The proof is now complete. ]



