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Abstract: This paper deals with the problem of non-fragile A filter design for a class of neutral
Markovian jump systems with parameter uncertainties and time-varying delays. The parameter
uncertainties are norm-bounded, and time-varying delays include state and neutral time-varying delays.
First, by selecting the appropriate stochastic Lyapunov-Krasovskii functional and using the integral
inequality technique, sufficient conditions are obtained to make the filtering error system not only
stochastically stabilized, but also mode and delay dependent. Second, by the utilizing linear matrix
inequality method, sufficient conditions are obtained for the filtering error system to be stochastically
stable and to have a prescribed H_, performance level y. Based on this result, by processing the
uncertainty terms, sufficient conditions for the existence of the filter are obtained, and mode-dependent
filter parameters are given. Finally, by numerical simulation, the feasibility and validity of the
theoretical results are verified.

Keywords: parameter uncertainties; Markovian jump systems; neutral delay; non-fragile H , filter
Mathematics Subject Classification: 93C15, 93B36

1. Introduction

In many practical systems, there are often sudden problems involving various noises,
environmental disturbances, equipment failures, and maintenance. These factors can lead to sudden
changes in system parameters and structure. Thus, for such complex problems, establishing an
appropriate system model is essential. In order to solve such problems, Krasovskii and Lidskii first
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proposed Markovian jump systems [1]. Markovian jump systems as stochastic systems are also
important mixing systems, and they are widely used in the fields of economics, biomedicine,
manufacturing, power, aerospace, and networking [2—5]. Over the past decades, Markovian jump
systems have been studied, focusing on the stability, control, and filtering of the system. In [6—8], the
stability of neutral Markovian jump systems and stochastic singular Markovian jump systems were
considered. In [9-12], problems of finite time / _ control, robust and non-fragile /_ control, and delay
dependent control for Markovian jump systems with time-varying delays were studied. The problem
of non-fragile /_ filter design for a class of discrete singular Markovian jump systems with time-
varying delays and measurement misspecification was considered based on extended passive theory
in [13]. In [14], the problem of finite region asynchronous dissipative control was considered, with
more attention paid to the transient behavior of a class of two-dimensional fuzzy Markovian jump
systems. The problem of asynchronous deconvolution filter design for 2-D Markovian jump systems
with random packet losses was addressed in [15].

Filtering is an important method for estimating system state information when the system is
subject to disturbances. Filtering problems are fundamental in areas such as control and signal
processing. Kalman and H, filtering are the more popular filtering methods. The Kalman filter is
applicable when the disturbance in the system is Gaussian white noise or spectral density noise. The
disadvantage of the Kalman filter is that if the understanding of the noise model or the measured noise
is not accurate enough, these limit the scope of applications of the Kalman filtering technique. The
H  filter applies to any signal where the measured noise is of bounded energy, and it does not have to
require that the noise be Gaussian white noise. Therefore, A _ filtering is widely used in many fields.
The Riccati equation method and the linear matrix inequality (LMI) method are more popularly used in
H , filter design. Among them, the Riccati equation method is widely used in systems with norm-
bounded uncertainties, and the solution is relatively simple. However, the Riccati equation method uses
an iterative approach and does not have a standardized solution, so it is relatively conservative [16]. The
LMI method is more practical and less conservative than the Riccati method and is therefore widely
used [17-19]. Through the study, it was found that either using classical optimal control to study
system stability or using it to design controllers may lead to the emergence of fragile phenomena in
the controllers, thereby leading to a decrease in the performance of the closed-loop system obtained
by adding the controller, even making it difficult to maintain stability. Thus, the problem of non-fragile
filtering has attracted the interest of scholars, and some research results have been obtained [20-25].

As is well known, time delays arise frequently in a variety of engineering systems, such as
manufacturing systems, communication systems, networked control systems, chemical processing,
and biological systems [13,26,27,32]. In fact, time delays are one of the most important reasons for
system instability and poor performance. In recent decades, the study of stability and control of delayed
systems has attracted the attention of many scholars. In [28], the stability analysis of time delay systems
was investigated using single/multiple integral inequalities. The delay-dependent L, — L, filtering
problem for stochastic systems with time delays was investigated in [29]. [30] discussed the delay-
dependent H,, filtering problem for a class of singular Markovian jump delay systems. Parameter
uncertainties, like time delay, often lead to significant deterioration or even instability in the performance
of the corresponding system. Therefore, it is necessary and reasonable to consider time delay and parameter
uncertainties in the study of various control systems, including Markovian jump systems. Markovian jump
systems with time delay and uncertainties have also been extensively studied [25,31,32].

Neutral delay as a special kind of time delay appears in the derivative of the system state. Since
neutral systems can describe both the system state and the time delay of state differentiation, many
control system models can be well modeled as neutral systems [33]. Thus, the neutral Markovian jump
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systems are also studied. For example, in [34], by utilizing the Lyapunov-Krasovskii generalization
method, the problem of state estimation for uncertain neutral time-delay systems with Markovian jump
parameters was studied. The robust H,, filtering problem for uncertain Markovian jump-neutral
distributed delay systems was studied in [35]. The problem of designing asynchronous #, controllers for
neutral singular Markovian jump systems under dynamic event-triggered parties was studied in [36]. The
existence of time delay affects the performance and stability of the dynamic system. Both state delay
and neutral delay imply increased difficulty in modeling and controlling the system, and require more
advanced control strategies and methods to deal with the time delay of the system. The mixed-delay-
dependent L, — L, filter design for a class of neutral stochastic systems with time-varying delay was
discussed in [37]. The problem of robust stability and /filter design for neutral stochastic neural
networks with parameter uncertainties and time delay was considered in [38]. In [39], the problem of
robust H . filter design for a class of uncertain fuzzy-neutral stochastic systems with time-delay was
investigated using the Takagi-Sugeno (T-S) fuzzy model. In recent years, there has been more research
on filters for Markovian jump systems, but the problem of non-fragile /, filtering of Markovian jump
systems with neutral delay has rarely been reported.

Based on the above discussions, this paper discusses the problem of non-fragile /7 filter design
for Markovian jump systems with parameter uncertainties and two kinds of time-varying delay. Mode-
dependent non-fragile /_ filters are obtained by utilizing delay and mode-dependent Lyapunov-
Krasovskii functions and an integral inequality technique. The main contributions of this paper are as
follows:

(1) The state delay and neutral delay are considered simultaneously for filtering design of
uncertain Markovian jump systems.

(2) The designed filter is a non-fragile filter. Specifically, non-fragile /7 , filter is robust to
parameter uncertainties and external disturbances.

(3) The non-fragile H__ filtering conditions for uncertain Markovian jump systems with time-
varying neutral delay and state delay are shown in terms of strict LMIs, which can be solved
directly with the LMI toolbox and yield non-fragile / _ filter parameters.

The remainder of this paper is organized as follows. The non-fragile /_ filter design for uncertain
neutral Markovian jump systems with time-varying delays problem formulation and preliminaries is
formulated in Section 2. Section 3 presents stability analysis and the non-fragile /__ filter design. Two
numerical examples are provided in Section 4, and then we conclude this paper in Section 5.

Notation: (Q,F ,P ) is a complete probability space, where () represents the sample space, f
represents the g-algebra of a subset of the sample space, and p represents the probability measure of
F - L,[0,00) is a square-integrable vector function in the [0,00) space. &{-} represents the
mathematical expectation operator with respect to the given probability measure p. The symbol(*)
represents a term induced by symmetry in the linear matrix inequality (LMI). X > 0( X> 0) represents
a positive definite (semi-positive) matrix, and X <0( X 30) represents a negative definite (semi-
negative) matrix.

2. Problem formulation and preliminaries

Given a complete probability space (Q, F.P ), we consider the following uncertain neutral
Markovian jump systems with time-varying delays:
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xX(0) = A(t,r)x(0) + Ay (2,1)x(2 = d (D) + Ay (1) Xt = (1)) + Gy (1) (2)
y(@&) = C(r)x(0) + Cq (r)x(t = d (1)) + G (1 )oo(?)
z(t) = D(r;)x(t)
x(t) = g(t),t €[-b,0]

2.1)

where x(f) e R" is the state vector, y(f) e R" is the measurement output vector, m(¢) € R? is the

disturbance input vector, which belongs to ,[0,), and z(¢) € R?is the signal vector to be estimated.
h(t) andd(¢) are the time-varying delays which satisfy

0<h()<h, h(f)<h <1

N 2.2)
0<d(t)<d, d(t)<d <1

@ (¢) 1s a continuous real-valued initial function defined in the interval [-b,0], whereb = max{d,h}
is satisfied.
{rt} 1s a Markov process with right-continuous trajectories, taking values in a finite set

r=ieM= {1, 2,..., N} . The transition rate matrix I = {ll-j} is given by

hip+o(p), i#j
oA
P{’”Hp—J|7?—l}—{1+/11jp+0(p)’ i (2.3)

o(p)

where p >0, lim ——=0, and4; 20 fori#j is the transition rate from mode;at time/to mode j
p—>0 p
at time?+p, satisfying

N

hi== 2. Jy (2.4)

J=L#
For eachr, e M ,

A1) = A(r) + AA(t,1;)

(2.5)
Ay (1) =Ay(r)+ A4, (1)

where A(r), 4y (1 )s 4,5 C(5), Ca (1), D(;), Dy (), Gy (1), Gy (77, and Gy () are known real constant

matrices of appropriate dimensions, and where AA(z, 7, ) and A4, (¢, r, ) satisfy

AA(t, 1) = H (r)F(t,1) K (r;)

(2.6)
Ad,(t,r) =H () F(t,r,)Ky (1)

where F'(t,r,), r, € M are unknown matrices with Lebesgue measure satisfying
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FT(t,r)F(t,r,)<1,Vr, e M, (2.7)

and H,(r,), K|(1;), and K,(r,), 1, € M, are known constant matrices with appropriate dimensions.
For convenience, for each r, =i e M , A(t,r,)1s replaced by 4;(¢), G;(r,) is replaced by G;;, etc.
Now we consider a non-fragile filter for system (2.1) as follows:
{?'Cf ()= Ay (t,1)x,(0)+ B (t,7;)y(1)

zp(0)=Cr(r)x,(2) 25

where x (t)eR" is the filter state vector; z ’ (t) eRYis the filter output vector; 4 y (t,r,), B I tn),

Cy(t,1;) are the filter parameter matrices with appropriate dimension, forz, € M

Ap (1) = Ap(r) +Ad(2,17) )
By(t,r;) =B (1;)+AB,(t,1;) 29
Ady(t,1,) = Hy(r)F(1,r,)K3(1;)
where (2.10)
AB(t,1,) =H,(r,)F(t,1;)K4(;)

and H, (1), K5(r,), and K,(1,),r, € M, are known constant matrices with appropriate dimensions.
Let

O =[x" (1), x; O, 20)=z(t) -z, (1)

Then, we have the filtering error system

{fc(z) = AX(t)+ A5t —d() + A, X(t — h(t)) + Go(t) 2.10)

2(t) = C,%(1)

where A=A+ HFEOK,; , Ag=A4;+HF0OKy
4 0] _ Ay 0] . A 0] -

aAl‘: 9Ai: l 7Ci:Di _Cl’
| BrGi Aﬁ} ‘ [Bﬁcdi 0} ' [ 0 0] [ a

Gy, — | H; 0 = Ky 0] = Ky, 0
aHi: 7K1i: ’KZi: .
| BiG 0 Hy, K4Co Ky KGO

The non-fragile H , filtering problem can be described as follows.

&

0
I

~

Problem description: Given the uncertain neutral Markovian jump system (2.1) with parameter
uncertainties (2.6), find a non-fragile filter (2.8) such that the filtering error system (2.11) is
stochastically stable and satisfies the following /1, performance:

oL
w#0 ||C()(t)||2

<7
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where 7 is a given positive scalar.
Figure 1 shows a flowchart describing non-fragile , filtering of uncertain neutral Markovian

jump systems with time-varying delays.

Disturbance input w(t)( Uncertain neutral W Signal to be estimated z(¢)
»  Markovian jump

systems

Filtering error Z(¢)

Non-fragile filter

Measurement output y() Filter output Z s (¢)

Figure 1. Flowchart of non-fragile f, filtering of uncertain neutral Markovian jump systems.

To support the research in this paper, the main definitions and lemmas used are presented in the
following.

Definition 1. [7] The filtering error system (2.11) is said to be stochastically stable if for g(¢) € R"
defined in the interval [-5,0] andr, € M,

limeg {J.(;|)E(a,(o’ r0)|2 da} <0

{—0

where x(a, ¢,7;) 1s the solution to the filtering error system (2.11) under the initial conditions.

Definition 2. [40] Under zero initial conditions, the filtering error system (2.11) satisfies the H

performance level y>0, if for all nonzero w(?) € L, [0, OO) , the following inequality holds:

. T, 2
Tlggoe{_[o |2 dt

. 2 ¢T 2
< lim [ o) dr.

Lemma 1. [41] For any matrices 0 eR™" and 7 ¢ R satistying { QT
VA

there is satisfying 0 < d(¢r) <d, such that the following integrals are well defined, then

Z
}zoandascalar d>0,
o

-d t’_d(t)xT (5)0i(s)ds < W()EWT (1)

h
where q,(t):[xT(t) XL (1=d(1)) xT(t—d)JT

=Y 0-Z z
== 20+z+72" 0-7|.
=Y

AIMS Mathematics Volume 9, Issue 6, 15559-15583.
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Lemma 2. ( Bellman — Gronwall ) Letk and f be continuous real-valued functions on [a,b] and the
function g be integrable and nonnegative on [a,b].

If
k(6) < f(0)+ j; 2(s)k(s)ds, a<t<bh
such that
k(0 < f()+ j’ 2(s) F()e- 2% s, a<i<h
if f(¢) is a monotone non-decreasing function, then
Ko < fOe 20 s a<i<h

Lemma 3. (Schur Complement Lemma) If the matrices S;; = S}, ,S,, = S1,, andS),are symmetric

matrices with appropriate dimensions, then the following LMIs are equivalent:

(1)5:{5;l S”}o
Si2 Sxn
(2) 811 < 0,8 = SHS1'S1, <0
(3) S22 <0811 = S1252512 <0
Lemma 4. [11] Given appropriate dimensions, the matricesITj;,IT,;, andIls;, withII;, =I1; for all
F(t)satisfying FT (£)F(t)< I, then

I1,, + I, F ()T, + T, F T (0)IT5, < 0
if and only if there exists a scalar a¢ >0 such that

I1,; + eIl 115, + & 'TIE 105, <.

In the following chapters, we base our analysis on the Lyapunov-Krasovskii functions to provide
stability conditions for the filtering error system (2.11). Furthermore, we derive delay-dependent
conditions for the existence of the non-fragile filter (2.8) and obtain sufficient conditions for the filtering
error system (2.11) to be stochastically stabilized and achieve a certain H  performance level y > 0.

3. Main results
3.1. Stability analysis

Theorem 1. Given the scalarsy > 0,5 >0,d >0,h>0,d >0, andk >0, the filtering error system (2.11)
is stochastically stable if there exist matrices P.>0,Q,; >0,0,; >0,0;>0,0,>0,R >0, R, >0,
Ry >0, Ry >0, and Z such that the following matrix inequalities hold for alli e M :

AIMS Mathematics Volume 9, Issue 6, 15559-15583.
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N

240 <R
j=l1

N
Z 4iOsj <R,
j=

N
dY ARy ; <Ry

Qi Qi Qyuz Qg 0 Ao 4o
* 0 Qpy Q3 0 0 ALy | | AL @)
Q,=| * * 0 Qa0 0 [+ 0o |A] 0 <0
* * * Q. ~ -
iaa 0 ar ar
L * * * * 0 Qs 0 0

where
u ~ =T
Qi =D 4P+ BA;+ A B+ 0y + 05+ 0y +dR, — Ry
Jj=1
Qip =RA;+ Ry —Z; 5 Q3 =2;; Qa =B Ay;
Qi =—(1-d)0y; —2Ry; + Z; + Z] 5 Qppy = Ry — Z;;

Qi33==05 =Ry s Quuy =—(1-h) 0y Q55 =—04;

1

A = QZi +hR2 +d2R3I- +5d2R4.

3.1.1)

(3.1.2)

(3.1.3)

(3.1.4)

(3.1.5)

Proof. We will prove the stochastic stability of the filtering error system (2.11). First, we define a new
process{(%,,r),t> 0} using {¥, = x(t +6), -2b <60 <0}, and then{(;?t, n),t> b} is a Markov process

with initial state (¢(+),7,) . Further, for all , =ie M , choose a stochastic Lyapunov-Krasovskii

function candidate for system (2.11) as
8
V(Es1)= 2 Vi(n)
i=1

where
Vi(%,,1,) =2 (O)P(1;) %(t)

t

V) =,y X ©QI(s) ds:

(3.1.6)

AIMS Mathematics Volume 9, Issue 6, 15559-15583.
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. t
V3(%.1) = .[r—h(z)

X1 () 0y (1) X(s) ds;

Vi) = & (60575 ds + [ 5 (5)0,5(s) ds:
V) =" [ & ()R (s)dsde:

VoG = [ [ T )Ry (s) dsdo;

Vo5, ) =d jil [ 3Ry ()i (s) dsda

~ 0 (O0pt . I3
Ve(%,.1;) = Lz je jm i1 (s)R, %(s) dsdado -

Let L be the weak infinitesimal generator of the stochastic process {()Et, ).t b} . Based on (3.1.1)—

(3.1.4), we obtain
N

LV;(%.1,) =2fT(r)P,-fc(z>+fT(z{Z%]m),
Jj=1

t

_ N
LV (o) < 3 (0QF0) ~ (=T (1=d (N i —d )+ [ ZT ()Y 20,,5(s) ds
j=1

t

<& (00,40 -(1-d)F (-dNQ T —d)+ [, F (IRF(s)ds
. . — . . t . N .
LV (Fr) S 3T (00540 = (1= D)X (¢ =)yt =h(e)+ [, ()2 40, %(5)ds
j=1

<# (O0uF0 (1= WF (= hNQuf =hO)+ [}, & ()R F(5)ds
LVy (o) = & (005 + Q)T =5 (1= d)Qy 71 =d) =& (1= M)Q4(1 ~ )

LVy(%,,1,) = di" ()R Z(1) - jt’_d T ()RF(s)ds < di" ()R x(1) - L’_d(t) T (9)RjE(s)ds

LV, (1) = hiT () Ry5(1) — j:_h 5T (5)Ry(s) ds < h¥T (£)Ry5(1) — j:_h(x) 57 (5)Ry(s) ds

- 2 2 t . 2 N 0 rt - 2
LV5(%,1)=d*5T () Ry5(1)—d L_d T ()RyX(s)ds+d Y j_d Lm 5 (5) Ry ;3(s)dsdo
j=1

t

- 2 2 2 0 pt - 2
<d*sT ()R 5(0)—d L_dmxT (5)Ry;i(s)ds + j_d jm T (s)R 3 (s)dsda

LVy(5,,1) = %d%‘cT(t)Rﬁ(t) —j_od jfm T (5)R43(s)ds .

(3.1.7)

(3.1.8)

(3.1.9)

(3.1.10)

(3.1.11)

(3.1.12)

(3.1.13)

(3.1.14)
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According to Lemma 1, we have
t T 5 T e F
—d L_d(t)x (8)Ry;X(s)ds < &7 (DE £ (1) (3.1.15)
where

E(r)=[£T(r) F-dwy F@-d) F(@-h@) @-h) wTa)]T

. (—2R3i+Zl-+Z,-T) (Ry=2) 0 0 0
= | * * —Ry; 0 0 0]
% * * 0O 0 O
* * * * 0 0
% % % * % (0
When w(¢) = 0, we can obtain that
LV (%.1,) <&M (OQE(0) (3.1.16)

where
&) = [xT ) F@-d@) F(—-d) F-h@) F(- h)T
and we can find that (3.1.5) guarantees = <0, which implies that there exists a scalara >0 such that
LV (%,1) < —al5(0)[. (3.1.17)
for all X, # 0 . Then, for any¢ > b, by Dynkin’s formula, we have
eV(Z,,r.)— €V (%y.1) < —a ej;|;z(s)|2 ds

such that

gj;|;z(s)|2 ds<a V(1) (3.1.18)

Based on the filtering error system (2.11), for allz >0 there exists scalars K| >0, K, >0, and K5 >0
such that

(0]

7(0)+ j; [ A%(s)+ Agi%(s — d(5)) + Ay X(s — h(s)) | ds

<[%(0)|+ K, jo’[|x(s)| +|F (s —d(s)|+[i(s - h(s))H ds

<[7O)]+ K, [ [ [f)|+ K, | = b)| + K; [f(s ~ )]s

AIMS Mathematics Volume 9, Issue 6, 15559-15583.
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‘4i fqdi 14hi

where K| = m%;i{ .| 44il>|4pil} . Then, for any () <7 < p , one obtains
e

()| <[ K (b+DK, + K3) +1] fup0|g0(s)| +K, j;|fc(s)|ds. (3.1.19)

Utilizing Lemma 2 (Gronwall-Bellman Lemma), we obtain

|%(0)| <[K; (b +BK, + K3)+1] Sup |p(s)] e

—b<s<0

which implies

2
Sup |5(1)|° S[Kl(b+bK2+K3)+l]2{ Sup |go(s)|} Kb (3.1.20)
0<t<b —b<s<0

Using Eqgs (3.1.6)—~3.1.20), we have

2
V(%,1) <Ky { Sup |(/)(S)|}

—b<s5<0

where K, >0, and there exists a scalar g >( such that

2
& “; |)~c(s)|2 ds} <o€ Lius;;okp(s)q |

According to Definition 1, we obtained that the filtering error system (2.11) with w(¢) =0 1is

stochastically stabilized.

Remark 1. In the stability analysis, by using Lyapunov stability theory and integral inequality
techniques, stability of uncertain neutral Markovian jump systems is guaranteed. It is worth noting that
the proof of the conditions in the definition is obtained using Dynkin's formula and the Gronwall-
Bellman Lemma. The proof process is similar to that of [12,41].

3.2. Non-fragile H , filter design

This paper investigates the problem of non-fragile H , filter design for neutral Markovian jump
systems. Therefore, sufficient conditions are obtained for the filtering error system to have a H

performance level y , and this condition is used to further find out the filtering parameters of the filter (2.8).
Theorem 2. The filtering error system (2.11) is stochastically stable and has an /7 performance level

y if there exist matrices P. >0, Q;; >0,0,; >0,0;>0,0, >0, R, >0,R, >0, R;; >0,R, >0, and Z,
such that the following matrix inequality holds for alli e M :

AIMS Mathematics Volume 9, Issue 6, 15559-15583.
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O Qi Qs Qg 0 Qe €T 4] |4 '
¥ Qyy Qpz 0 0 0 0 Ay | | 40
* * Qpz 0 0 0 0 0 0
Q=] = * x Qg 0 0 0 |+ g |A| AT | <O (3.2.1)
* * * * Q55 0 0 0 0
| * * * * * -1 | 0 0

where Q.1 = PG, .

Proof. By applying the Schur complement lemma, we known that the matrix inequality (3.2.1) can
ensure (3.1.5). Consequently, the filtering error system (2.11) with w(¢) = 0 is stochastically stable by

Theorem 1. When w(¢) # 0, under zero initial conditions the performance function jis as follows:
Define

J= jOT T O2(1) - 0" (Oo(0)dt
T o7, \~ 2T ~ ~
:JO ' Oz@)—y o Do)+ LV (X,n)dt =V (xp,rp)-
< [N Oz -7 0 Ow(0) + LV ()i

If J satisfies conditionJ < 0, then the filtering error system (2.11) is stochastically stable and meets
the given H  performance level y .

If the inequality (3.2.2) holds, thenJ < 0.
i) -y*o” o)+ LV (Z,,1) < ET(0)Q,E() <0 (3.2.2)
where dn=[e'0 o' 0] -

If Z, satisfies condition Ei <0, then the filtering error system (2.11) satisfies H_, performance
levely, and system (2.1) is stochastically stable in the presence of a non-fragile 4 filter (2.8).
According to Eq (3.2.2), we have

(020 -y*0’ o)+ LV (5,,r)<0.

Therefore, for any 77 > (), the following inequality is satisfied:
jOT T O2() = 20" (o (t))dt <0

Letting 7' — o0, we have

T—w

. T, 2 . 2T 2
lim e{ jo 2(0) dt} < lim 5 jo ()| dt
and then the filtering error system (2.11) can satisfy Definition 2.

AIMS Mathematics Volume 9, Issue 6, 15559-15583.
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Next, we begin to design a non-fragile /__ filter for system (2.1).

Theorem 3. Given scalars y>0,b>0,d >0, >0, d>0and 7 >0, suppose there exist matrices
Bi>0,P;>0,0,;>0, 05>0,05>0,04>0,R >0, Ry >0, Ry >0, Ry >0, Py, Xy, Xojy X3, Xy
X, Zyj, Ziy Zsjr Zgjs A s B -and C 4» Where X' is a non-singular matrix, such that the following linear

matrix inequalities hold for alli e M :

where

AIMS Mathematics

N ~ ~
ZAUQIJ < Rla
j=1

M=

}"UQZJ <R27
=1

~
Il

N
dy JiRy; <R,
j=1

B, P
Ez 1i 2i >O,
* Py

Ry 0 Z,; Zy
* el Zy Zy
kX R3i 0

* * * el

1—~i1 1—~i2
* Fl3

(3.2.3)

(3.2.4)

(3.2.5)

(3.2.6)

(3.2.7)

(3.2.8)
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ooy oy oy ors re th oy s 0o 0 0y D
* Fizlz l"1.213 1"1.214 l"1.215 F§16 1“1.217 Féls 1“1.219 0 0 0 1"5113 71
« o« b,k 0o 0o o rdy o o0 0 Ti; 0
« o« o« I, T 0 0 0 Iy 0 0 0 T4 O
* * * * F?S F’516 F1517 Fglg 0 0 0 0 0 0
* * * * ¢ Fl616 Fi617 Félg 0 0 0 0 0 0
plo|* * *x % + = I 0 0 0 0 0 0 0|
# %k x  x % % T 0 0 0 0 0 0
* * * * * * * * 1“319 0 0 0 0 0
* * * * * * * * ¢ Film 0 0 0 0
* * * * * * * * * * -0, 0 0 0
% * % * % % * * % % * el 0 0
* * * * * * * * * * * * —y21 0
* * * * * * * * * * * * * -1
) (3.2.9)

U3 =—diag{e; L, eql, 65 1,61 Lend 61,65 16 1,651,650 ,65 1,631,

i2 i2
r {F“ T2 } (3.2.10)

09x6 Oy

where
. . . -~ ~ T T T 3T
11—2 B+ O+ 03+ 0y +dRy — Ry + X134, + By + 4 Xy, + G By,

T T T T
12—Z/IUP2]+Af+ATX2,+CTBf,FB=l’1i—Xli+A,- X3, +C/ B,
j=1

Tyl | ~THT il > 5
1ﬂ14 =P —X+4; X4 +C; B, [is = X144 +B,Cy + Ry — 2,

| | | |
Ti6 =2y, Tih = 2y, Tl = 25, Ty = X4y, T3 = X6y, +BfG2w

T ~T
Zﬂ'lj})f?] +(4+d)81+Af +Aﬁ’ F23 _})21. _X2i+Aﬁ7
j=1

y ~ il
Ty =Py =X+ Afy, Ths = X Ay + B ,Cpy — Z3;, T = el = Zy,

| | | 3
% = Zs;, Ty = Z4y, Tho = Xy Ay, Tz = Xo,Gy + By Gy,
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) - - - 1 -~ .
s =—XI X5, + 0y, +hRy +d*Ry; + 5d2R4, ry, =-xI-x,
| . . 1 .
I35 = X344+ BiCyir Tho = X34y, U313 = X3,Gy; + B;Gyy,
il T 3 2 i > il
F44 =-X —X+(1+h+§d )8], F45—X4,~Adl~+BﬁCdl-,F49 :X4iAhi’

1 = 1 — = < T il T
U3 = X4Gy; + B Gy, Tss =—(1-d) 0y, = 2Ry + 7y, + Zy;, Tsg =2y + Z3;,
1 5 1 1 = T il
U5 =Ry~ 2y, Tsg =~Z5;, T =—(B—d)el + Zy; + Zy;, Ty =25,

| | - | .
Dgg =&l —Zy;, 197 = =03 — Ry, Tgg = —3el, Tog = ~(1-1)0y;,
I, =—(1-h)el,

T T T T T T ]

X H,; XHy Ky C Ky K G Ky
T T

X,iHy; XH,; 0 Ks; 0 Ks;

=l o 0 0 0 0 0o |
0 0 0 0 0 0
0 0 KI CLKI 0 0 |

0 0 0 0 0 0 |
0 0 0 0 0 0
Fi% =| X3;Hy; XH,; X3H; XH, 0 0
Xy XHy  XyHy XHy 0 0

0 0 0 0 K3 CLKi]

Then, there exists a mode-dependent H , filter (2.8) such that the filtering error system (2.11) is
stochastically stable with a H_ performance levely. Moreover, the desired parameters of the mode-

dependent filter are given by
-17 -15 5

Proof.
Select the following matrix
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~T

Hill 91'12 01'13 0i14 01'15 0 01'17 i

* Oy O3 0 Ops 0 0Oy O

* % O3 O3y 0 0 0 0

* % x* 0. 0 0 0 0

0, = ia4 (3.2.12)

* * * * 05 0 0 0

* * * * * 91‘66 0 0

* * * * * * —yzl 0

* * * * * * * -1

where

N
011 :Zj'ijpj + 0 + O3+ 04 +dR, —R3i+Wl.TAl. +AI.TWI.,
Jj=1

To~T T~ T
Ono=F—W; +A4; Ny, 053 =W, Ay + Ry; = Z;, Ong=2;, 05 =W; Ay,

1

On7 =W G,y 05 =—N; = N] +0y; + hRy +d*Ry; +%d2R4, 023 = N] 4,

i i
025 =N{ Ay 017 =N[ G, 033 =—(1-d)Q; —2Ry; + Z; + Z]
i25 i “thi» i27 i Yi» Yi33 1i 3] i i

O34 = R3j = Z;, 0,44 =—03— Ry, ;55 =—(1—h)0y;, G656 =—04.

Pre- and post-multiplying 6, by the matrix ®;and its transposition, respectively, gives

7 A 000000
0 A4 1.0 0 0 0 0
0 0 010000
®; =0 4. 0 01 00 0
00 0007100
0 G- 0000170
0 0 00000 I
and for anyi e M, we can obtain
2, =0, 00"

Thus, 6, <0implies =, <0 such that
0 T + I F T T T T T T T T T
=10, + 15, F(O1Ly; + TG, F (O, + 15, 5 (01 y; + Ty, F (O, + 5, F (0T, + g Fy (0115,

where
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n o n ~T
01'11 91'12 ‘21'13 0 01'15 0 01'17 i
* Oy Opy 0 Op5 0 0O 0
x % Oy 0 0 0 0 0
- * % * Oy 0 0 0 0
il —
* % * *  Oiss 0 0 0
% * % % * ‘91'66 0 0
* * * * * * —y2] 0
* * * * * * * -1

p— N p— —_—

01y :z}“ijpj +Q1i+Q3+Q4+dR1_R3i+WiTAi+AiTWia
j=1

= T =T = T T

Ona=F=W; +4; N;, 0,3 =W; Ay + Ry, —Z;, 053 =N; Ay,

My, =[K; 0 Ky 000 0 0]lz=Aw, 000000 OT,

My =[0 AN, 00 0 0 0 0|T5=[K;, 000000 o],

Mg=[0 0 Ky 00 0 0 0],M;=[0 AN, 00000 OT.

According to Lemma 4, for any ¢; >0, &y; >0, &5; >0, and 9:- <0, we have the following
inequality:
0. =TI, + &, T4 112, + &, TTL T, + &5 T T1%: + &) T15 .01 ,; + £3, 11, TTL. + &5 T1E 114, < 0
i = Uy reyy Myl w&ldyillyy w8y Lsills v &yl gl 1y &3, L5115 &30 L6l L g; .

Choosing the matrices in 5,- as

B By Xy X Xy X (Zy Zy Q; 0
Pi{ } W,-T{ } N/ = . Zi= COu=[0

% 1)31' le- X X4i X_ _Z3i Z4i 0 8]
Oy 0 0y 0 0 0] R0 R, 0

| = 4 = s = ] R = s R = ’
O [ o a 970 2] ¢ 0 2e1] Lo er] P lo0 el

Ry, 0 R, 0
Ry = X , Ry = ) :
0 &l 0 &l

and connecting those with (3.1.1)—(3.1.4) and (3.2.1), we obtain conditions (3.2.3)—(3.2.8) and filter
parameters (3.2.11) in Theorem 3. This completes the proof.
Remark 2. In Theorem 3, using the linear matrix inequality method, non-fragile H, filtering

conditions for uncertain neutral Markovian jump systems with time-varying state delay and neutral
delay are given, where the non-fragile H  filtering conditions are mode- and delay-dependent strictly

linear matrix inequalities to represent and obtain the mode-dependent filter parameters. These
parameters can be solved directly with the LMI toolbox.
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4. Numerical example

In this section, we use the LMI toolbox, solving for the values of the filter parameters. Using filter
parameters and other known parameters, we can construct figures of system state, filter state, and
filtering errors in order to verify the feasibility and validity of theoretical results.

Example 1. Consider the neutral Markovian jump system (2.1) with two modes and system parameters
as follows:

-74 0 -59 03 -2 1.54 2.7 2.5 0.1 0
4 = A= Ay = s Agr = s Ay = )
0o -24 1.6 -10.7 0 0.55 2.6 0.7 0 -0.2

_[-02 01 _[034 [05] Dy=[02 -0.1] ¢ =[0.1 03] C;=[02 -0.3]
o2 0] 014 TR | —03) D, =[03 02] Gy =[4 02]°Cyp=[0.1 —02]
~0.01 0.02] 0.01 0.01 ~0.03 0.02] Gy =1.65
Hy =Hp = s Hy = Hy = s B =hHyp = ) _ >
0 003 —0.02 0 001 0 |G, =08
o _p _[0or 003 - foor o002] _ [-003] _ [-09 09
A2 002 001 T TR 003 001 M T TR 002] 05 —05)
t 0 =g, =63=09
R=R=| " TR s
0 sint Ex1 =&y =&x3 =0.8

Using the parameters above to solve the linear matrix inequalities (3.2.3)—(3.2.8) in Theorem 3, we
obtain the H, performance level y in Table 1.

Table 1. Comparisons of A, performance level y value whend =0.3,d =0.3.

h=0.1,h=04 h=02,h=0.3 h=02,h=04 h=03h=03

[40] |- 2.6408 2.7568 2.8694
Examplel 0.9207 0.9213 0.9330 0.9334

In Table 1, it can be seen that there is a significant difference between the performance level
obtained in this paper and the performance level in reference [40]. The H , performance level y in this

paper is smaller. This implies that the system proposed in this paper has stronger stability and better
robustness. Furthermore, the performance of the non-fragile H, filter designed in this paper is better

than the robust A filter proposed in [40]. The filter designed in this paper includes uncertainty terms,

therefore demonstrating a stronger resistance to uncertainties and parameter variations.
Lettingd =0.2,h=0.4,d =0.3, h =0.2, and using Eq (3.2.11), we obtain the following mode-

dependent filter parameters:
| —0.8809  0.0206 1 —0.0330
17100221 -1.0631) /1 [ -0.0154
—0.4877  0.0257 —-0.0162
f2= N f2=

} Cpy =[-0.0618 -0.0556],

,Cry =[-0.0652  0.0062].
0.0254 —0.4954 -0.0101

When the transition rate matrix [] is known, the Markovian jump modes 7; for the initial modery =1is
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shown in Figure 2. Choosing the initial value x(#,) =[0.08 —O.OS]T, the time-varying delays are
d(f) = max {0.3sin(¢),0.2} and h(¢) = max{0.2sin(¢),0.4} , the disturbance input em(¢) = sin(r)e >,
and Figures 3-5 show the system state x(z), filtering state x »(¢), signal to be estimated z(t), filter
output z (¢) , and filtering error z(7) , respectively. From Figures 2-5, it can be seen that when the two

subsystems are switched according to Markovian jump modes, the obtained filter tracks the real state
smoothly, and can rapidly converge to zero over time. The filtering error system is guaranteed to be
stochastically stable. Finally, it can be verified that our designed non-fragile /__ filter is feasible.

25 T T T T T T T T T 0.1

. ]|
5 0.08 —
_@ g 006 I‘“%f% ]
3 0.04 —If2 t |
E ‘
% 0.02
= .
= 1.5 0 D
g -0.02
';i ] -0.04
= -0.06
=
-0.08 -
0.5 04 L I L L L I I L L
0 10 20 30 40 50 60 70 80 %0 100 0 10 20 30 40 50 60 70 80 90 100
Time(s) Time(s)
Figure 2. The operation modes in Example 1. Figure 3. Trajectories of system state and
its estimation in Example 1.
0.03 T T T T T T T T T 0.02 . . . . . . . . .
0025 F () |] —i(t)
’ z4(t) 0015 1

0.02

0.01
0.015

001 ] 0.005

()

0.005

z

-0.005

-0.005
-0.01 1
-0.01

0015 -0015

-0.02 -0.02

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 9 100

Time(s) Time(s)
Figure 4. Trajectories of system signal to be Figure 5. Trajectory of filtering error
estimated and its estimation in Example 1. in Example 1.

Example 2. Consider the partial element equivalent circuit (PEEC) model [42] described by neutral
Markovian jump system (2.1) with the following parameters:
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-5 0 0 06 0 -05 02 0 0 0.05
4=/0 8 0|, 4;,=[-03 09 0.1 4,=|0 02 0 |,G,=|-002|,Gy=-03,
0 0 -6 0 -02 -08 0 0 02 0.07
G =[04 05 08],C;=[04 0.1 02],D=[02 005 0.1],
[0.1 02 0 02 03 0.1 -07 0 0.1 0.1 01 0
Hy=|0 03 -02,H,=0 01 02|,K,;=l04 03 0 |,Ky;=|0 02 01}
0.1 02 03 0.1 02 03 0 01 -02 02 0 0.1
[—0.1 02 0.1 -0.1
Ky =| 0.1 =03 02|,K, =] 02 |,g,=¢,=¢63=09,
02 0 0.1 0
-10 0 0 [-0.75 02 03 03 0 0 0.2
A= 0 12 0|, A4p=|-01 06 0 |, 4,=| 0 03 0 [,G,=| 0 |,
0 0 -15 | 0 -02 -07 0 0 -03 0.2
C,=[0.8 04 0.1],C;=[04 0.1 03],D,=[02 0.1 0.15],Gy =02,
01 0 02 [0.1 03 02 01 0 -07 0 0.1 0.
H,=[-02 03 0 [\Hy=[02 01 0 [\K,=|0 -03 04 [K,,=|0 0.1 02}
| 02 0.1 03 103 02 0.1 01 0 -02 0 02 0.
[—0.1 0.1 02 -0.1
Kyp=| 02 —03 0.1 [\Kp=| 0 [ & =¢6y=6y3=009,
|01 0 -02 0.2
-6 0 0 09 03 0 02 0 0 0.1
A= 0 -4 0], 4;3=|-005 —0.65 -0.15|, 43=| 0 02 0 |,G;=|0.1|,G,;=-0.1,
0 0 -8 02 0 -1 0 0 02 0.2

G;=[08 0.6 05],Cp5=[02 02 03],Dy=[02 0.1 0.25],

0.1 -02 0 01 0 -02 02 0 0.6 02 01 O
Hy=|-03 01 0| \Hy={02 0 01| Ks= 0 -04 03 [Ky=01 01 02|
102 03 0.1 0.1 02 03 01 01 -02 0 -01 02
[—-02 0 0.1 -0.2 -09 04 05
831 = 832 :833 = 09, £=0.094
Kyu=| 01 0 02 [Kyu=| 01|, JT=| 03 —05 02 |.
F(0) = Fy(6) = Fy(t) = cost
| 0.1 0.1 02 0.1 04 04 -08

Letd =0.25,h=0.2,d =0.35,h =0.25, and using the parameters above to solve the linear
matrix inequalities (3.2.3)—(3.2.8) in Theorem 3, we obtain the / , performance levely,;, =0.9595

and mode-dependent filter parameters as follows:
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—1.4480
Apy =] —0.0538
—-0.2509
[—1.4099
Apy =] -0.0181
| —0.2149
[-1.1677
Apy =] -0.0079
| 0.1063

—-0.0417
—-1.2574
—-0.1464

—-0.0099
—-1.2337
—-0.1758
—-0.0078
—-1.1451
—-0.1062

-0.2536 -0.2019

-0.1550 |, By =| —0.0397 ,Cf1=[0.0092 0.0022 0.0104],
—-1.4312 —0.2269

—0.2306 | -0.3306

—0.1888 |, By, =| =0.0971 ,Cﬁ:[o.0045 0.0064 —0.0118],
—1.4363 | —-0.0911

0.1115 —-0.4528

-0.1149 |, B3 =| —0.3949 ,Cf3:[0.0012 -0.0103 —0.0167].
~1.4207 | —0.2829

The Markovian jump modes 7; for the initial mode 7, = 1 is shown in Figure 6. Choosing the initial

value x(to):[0.02 0.01 —O.OI]T , the time-varying delays are d(¢) = max{0.35sin(¢),0.25} and

h(t) = max {0.25sin(¢),0.2} , the disturbance input e (¢) = sin(¢)e "% , Figure 7 shows the PEEC model

system state x(¢) , Figure 8 shows the state estimation x,(¢), and Figure 9 shows the filtering error.

Markovian Jump modes 7,

35

0.03

0025 — ()

0.02

0.015

0.01

0005\(“/\

z(t)

-0.005 -
-0.01

-0.015

50

Time(s)

100

Figure 6. The operation modes
in Example 2.

0.08

0.06

0.04

zy(t)

Z(t)

-0.04
-0.06
-0.08

0.1

Figure 8. Trajectories of state estimation
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0.1

-0.02

Time(s)

Figure 7. Trajectories of system state
in Example 2.

X103

50

Time(s)

in Example 2.

100

150 0 50 100 150
Time(s)

Figure 9. Trajectory of filtering error
in Example 2.
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5. Conclusions

The problem of non-fragile A, filtering for uncertain neutral Markovian jump time-delay systems

with known transition jump rates is investigated in this paper. Using the Lyapunov-Krasovskii function
and integral inequality technique, a novel delay and mode dependent stability criterion was derived.
Using the linear matrix inequality method, a sufficient condition for the existence of the filter is given,
and a mode dependent non-fragile H , filter satisfying the H , performance level y was designed. Two

numerical examples have been provided to illustrate the effectiveness and usefulness of the results. In
the future, the non-fragile H  filtering and control problems for uncertain neutral type singular

Markovian jump systems with time-varying delays will be considered.
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