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Finite-Time H, Filtering for Nonlinear Singular
Systems With Nonhomogeneous Markov Jumps

Jimin Wang

Abstract—This paper addresses the finite-time Ho, filtering
for a class of nonlinear singular nonhomogeneous Markov jump
systems by T-S fuzzy approximation approach, where the tran-
sition probabilities (TPs) are time-varying and unknown. First,
by considering a stochastic Lyapunov functional and rendering
the time-varying TPs inside a polytope, a sufficient condition on
singular stochastic Hy, finite-time boundedness (SSH~oFTB) for
the filtering error systems is given. Then, by using the matrix
inequality decoupling technique, a novel linear matrix inequality
(LMI) condition on the existence of the finite-time Ho, fuzzy fil-
ter is presented. The fuzzy filter is developed in terms of LMIs
ensuring the filtering error system is SSH o FTB. Compared with
the previous ones, the proposed design method in this paper has
more freedom, leading to less conservative results. A tunnel diode
circuit is provided to illustrate the effectiveness and advantage
of the design approach proposed in this paper.

Index Terms—Nonhomogeneous Markov chain, singular
stochastic H finite-time boundedness (SSH~FTB), singular T-S
fuzzy systems.

I. INTRODUCTION

ARKOV jump systems (MJSs) are commonly used
Mto characterize and model many types of practical
systems, such as communication systems, networked con-
trol systems, economics systems, and so on. MIJSs have
drawn much attention from diverse fields due to its successful
description for practical systems with abrupt changes in their
structures [1]. So far, under the assumption that the transition
probabilities (TPs) are homogeneous, the problem of stability
analysis, the design of controller and filter for MJSs have
been extensively investigated in [2]-[5]. For example, when
the TPs are homogeneous, the necessary and sufficient criteria
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of stability and stabilization for MJSs were obtained in [2], and
the adaptive sliding mode control problem of nonlinear MJSs
was concerned in [3]. However, the assumption that the TPs
are homogeneous is not realistic in many situations. For exam-
ple, when the evolution between the operating modes of the dc
motor device is determined by time-varying TPs, the authors
studied finite-time stabilization for nonlinear discrete-time sin-
gular MJSs in [6]. In this case, the nonhomogeneous Markov
chain or process is more suited for describing the practical
systems. Another example of nonhomogeneous MJSs (NMJSs)
arises in networked control systems [7], as packet losses
and stochastic delays in networked control systems can be
described by Markov process. But in practice, delays or packet
losses are changing over time, which leads to the time-varying
TPs, so it is meaningful to study NMJSs. For NMIJSs, the prob-
lems of stability analysis and design are given in [8]-[13].
The filter design issue for NMJSs is studied in [13], where a
slack matrix X (i) is introduced to avoid the cross-coupling of
matrix product terms. However, the structure of matrix X(i)
R(G@) Y() .
ZG) Y ]), which
brings a conservative result. It is noted that all the scenar-
ios are established in the normal NMJSs. These results in
those papers are not applicable when the considered system is
singular.

Singular systems, also referred to as descriptor systems,
differential-algebraic systems, generalized state-space systems
or semi-state systems, have a strong ability to describe many
practical systems, such as biological systems, network control
systems, economic systems, power systems, and so on [14],
[15]. The problem of mixed Hy and passive filtering for
singular time-delay systems is studied in [16]. When abrupt
changes occur to singular systems, we naturally model them
as singular MJSs (SMJSs) [15]. Recently, many elegant results
for SMJSs have been presented [17]-[25]. For example, the
problem of stability and stabilization for SMJSs was con-
cerned in [17]-[20]. By using the replacement of matrix
variables, the sliding mode control problem for SMJSs was
investigated in [21]. Wu et al. [22], Ma and Boukas [23],
Li and Zhong [24], and Shen et al. [25] considered the
problem of filter synthesis for a class of discrete-time SMJSs.
To obtain the filter parameters, some matrix inequalities
in [23] and special constraints on freedom matrix are used
in [24] and [25]. Note that all these constraints will increase
the conservatism of the designed results. How to over-
come these constraints is one of the main concerns in this

paper.

is constrained (i.e., setting X(i) =
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On another research front, the T-S fuzzy model is recog-
nized as an effective tool in approximating or describing a
complex nonlinear system, which was first introduced in [26].
In the last several years, the fuzzy-model-based technique
has been widely and successfully used in the modeling and
control of nonlinear systems [27]-[31]. Recently, based on
the T-S fuzzy model, the dissipativity analysis and filter-
ing problem for nonlinear MJSs were discussed in [32]-[34].
For NMISs, the filtering issue via fuzzy approach has been
presented in [35]-[38]. Note that in order to design the fil-
ter parameters in terms of linear matrix inequalities (LMlIs),
Yin et al. [35], [36] and Sathishkumar et al. [38] imposed the
restrictions on free matrices. Singular T-S fuzzy systems are
more sophisticated since regularity and causality (or impulse-
free for continuous-time systems) should be considered simul-
taneously, which is a distinguishing feature of normal T-S
fuzzy systems [39]. Recently, based on the hypothesis that
the TPs are homogeneous, the controller design problem of
continuous-time singular T-S fuzzy MJSs has been addressed
in [40]-[44]. To the author’s knowledge, the issue of finite-
time Hoo filter design for discrete-time singular T-S fuzzy
MJSs has not been addressed, especially when the TPs are
nonhomogeneous. Thus from the point of the theory and prac-
tical applications, it deserves to be studied, which motives this
paper.

In this paper, we study the finite-time H, filtering problem
for a type of nonlinear discrete-time singular NMIJSs, where
the nonlinearity is described by the T-S fuzzy approximation
approach. First, based on a stochastic Lyapunov functional, a
sufficient condition on singular stochastic finite-time bound-
edness (SSFTB) for T-S fuzzy singular NMJSs (FSNMJSs)
is given. Then, a finite-time Hy, fuzzy filter for discrete-
time FSNMJSs is designed from a new perspective. With
the fuzzy filter, the filter error system is singular stochas-
tic Hyo finite-time bounded. The main contributions are as
follows.

1) A unified framework, which takes NMIJSs, T-S fuzzy
model and singular systems into account, is presented
for designing the finite-time H, filter for the first time.

2) Compared with [24], [25], [35], [36], and [38], a
less conservative method is proposed by avoiding the
restrictions on free matrices.

3) As a practical example, a tunnel diode circuit is applied
to illustrate the validness and superiority of the proposed
methods in this paper.

Notations: Throughout this paper, R = {I,2,..., v} with

v being the number of fuzzy IF-THEN rules. X > 0
(X > 0) means that the symmetric matrix X is semi-
positive definite (positive definite). / and O represent, respec-
tively, the identity matrix and zero matrix with appropriate
dimensions. The superscript “T” denotes the transpose of
a matrix. diag{---} represents a block-diagonal matrix. |x||
refers to Euclidean norm of the vector x. E[ - ] stands
for the mathematical expectation. In addition, in symmet-
ric block matrices, * represents as an ellipsis for the terms
that are introduced by symmetry, and sym {X} represents
X+ XT. % represents matrices that are not relevant in the
discussion.
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II. PRELIMINARIES

Consider a general nonlinear dynamic system as follows:

Ex(k+ 1) = f (1, x(k), w(k))
(k) = g(tx, x(k), w(k))
z2(k) = l(tk, x(k), w(k))

where f(-), g(-), and I(-) are the vector function of system
nonlinearity. x(k) € R”, y(k) € R/, and z(k) € RP are the
system state, the measurement output, and the signal to be
estimated, respectively. The matrix E € R™" is singular with
rank(E) = r, < n. In addition, the noise signal w(k) € R?
satisfies

N
E{Za)T(k)a)(k)} <d* d>0. (1)

k=0

In this paper, the switching law {7z, k > 0} is a discrete-time
Markov stochastic process taking values in a finite state space
S =1{1,2,...,8}, the evolution of {rx, kK > 0} is governed by
the following TPs:

Tm (k) = Pr{tip1 = m|te =71}

with 7 (k) > 0 and an: 1 Trm (k) = 1. i, (k) are the entries
of the TP matrix IT1(k). I1(k) is a time-varying matrix that
resides in a polytope

Mk) eco{Il’ : s=1,2,..., M} 2)

where IT° : s = 1,2, ..., M are given constant TP matrices
that are the vertices of the polytope and co stands for convex
hull, namely

M
(k) = a(k)IT° 3)
s=1

where a;(k) € [0, 11,5 =1,2,..., M and M, as(k) = 1.

Remark 1: Tt should be pointed out that (3) expresses a time-
dependent stochastic process, and this class of Markov chain is
called a nonhomogeneous Markov process. When I1(k) = II
for some constant matrix IT, it will be reduced to a so-called
homogeneous one.

We use the following T-S fuzzy model to approximate the
nonlinearities.

Plant Rule i:

IF &1 (k) is Mj1,. .., &y(k) is M;,, THEN

Ex(k+ 1) = Ai(t)x(k) + Fi(t)w (k)
y(k) = Hi(t)x(k) + Di(ti)w (k) “4)
z(k) = Ci(mp)x(k)
where ¢,(k) denotes the premise variable and M; (1 =
1,2,...,p,i € R) is the fuzzy set. The fuzzy basis functions
are given by
T Mi(e,(k))
Zl")zl le M; (e,(k))
with M, (¢,(k)) being the grade of membership of ¢, (k)
in M;,. Therefore, for all k, we have h;(e(k)) > 0 and
Yo hi(e(k)) = 1.

hi(e(k)) =
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By using the “fuzzy blending” method [26], a more compact
presentation of discrete-time FSNMISs is inferred as follows:

Ex(k+1) = Zl hi(e (k)[Ai(t)x(k) + Fi(m)w (k)]

y(k) = 3 hi(e () Hi(t)x(k) + Di(mi)e (k)] (5)

=

20 = 3 hi(e (k) Ci(mx (k).
=1

=

For simplicity, we denote 1y = r, Aj(tx) = Ai(r), Fi(tx) =
Fi(r), Hi(ty) = H;(r), Ci(ty) = Ci(r), Di(tx) = Di(r), ¥ t €
S. Ai(r), Fi(r), Hi(r), Ci(r), D;i(r) are known compatible
dimension constant matrices.

Remark 2: If E = I, system (5) reduces to T-S fuzzy NMJSs
studied in [35]-[38]. Thus, the situation considered in this
paper is general.

In this paper, we consider the following fuzzy filter for
system (5), its ith rule is given by:

IF g1 (k) is M;1,..., &y(k) is M;,, THEN

{Y(k + 1) = Ap(nix(k) + B(r)y(k)
2(k) = Ca(Nx(k).

Through the parallel distributed compensation, the overall
dynamical fuzzy filter model can be constructed as

(6)

Xk+1) = Zl hi(e (k) [Ap(nx (k) + Ba(r)y(k)]
v T (7
z2(k) = Zl hi(e (k) C(r)x(k)

where x(k) € R™ and z(k) € R" are, respectively, the state and
the output signal of the filter. Ag;(r), Bfi(r), and Cj;(r) are the
filter parameters to be designed later.

Define

n) =["l) Th], et =z -2k  ®)

then, the filtering error system formed by system (5) and filter
(7) can be written as

{Emk + 1) = A (k) + Fhok) ©
e(k) = C(hyn(k)
where
—~ E 0
il
Aty = Y e k) th(s(k))[ B0 Aﬁf’(r)]
i=1 j=1

o~ _ . . - i Fl(r)
Plhy = le hi(e (k) 21: hj(e(k)) [ Byi(nD;(r) ]
i= J=

v v
Chy =Y " hi(e(0) Y e[ Ci(r)  —Cy(r) ). (10)
i=1 j=1
Definition 1 [15]: System (9) with w(k) = 0 is said to be:
1) regular if det(sE —A(h)) 20 for V r € S;
2) causal if degree {det(sE—Z(h))}= rank(f) forVreS.
Definition 2 (SSFTB) [19]: System (9) is said to be SSFTB
with respect to (cy, ca, G(r),N,d), where 0 < ¢; < ¢,
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G(r) > 0 and N € Z, if system (9) is regular and causal,
and satisfies

E{nT(OETGMEn)} < ¢}

= E{nTWE"GMEn(k)} <3, Vke 1,2,...,N. (11

Definition 3 (Singular Stochastic Hs, Finite-Time
Boundedness (SSH-FTB)) [19]: System (9) is said to
be SSHFTB with respect to (c1, c2, G(r), N, d,y), where Y
is a prescribed positive scalar. If system (9) is SSFTB with
respect to (c1, ¢, G(r), N, d) and under zero initial condition,
the filtering error e(k) satisfies

N N
E[ > eT(k)e(k)] <7 o' Rok).

k=0 k=0

(12)

The purpose of this paper is to design the finite-time Hyo
fuzzy filter in the form of (7) for system (5) such that system
(9) is SSHoFTB with respect to (c1, ¢2, G(r), N,d,y).

In the following, we introduce a useful lemma for deriving
our main results.

Lemma 1 [27]: Given matrices A, M and a symmetric matrix
T of appropriate dimensions. The inequality

T+AT™™MT +MA <0

is fulfilled if there exist matrix N and a scalar 8 such that the
following holds:

T BM+ATNT
[* —ﬁN—,BNT} <0

III. MAIN RESULTS

In this section, the finite-time Hy, filtering problem for
FSNMISs is investigated. To this end, we first provide a novel
synthesis approach for SSFTB of FSNMISs, which is the
foundation of the subsequent theorems.

Theorem 1: For given scalars § > 1,¢; >0,N>0,d >0
and matrices G(r) > 0, system (9) is SSFTB with respect to
(c1,c2,G(r), N, d), if there exist constants ¢co > 0, A, > 0,
a set of positive definite symmetric matrices ﬁs(r) and P(r),
matrices U(r), V(r), Q(r), T(r), R, Yr € S, such that

W) W) UNFEM)
* w2 V@HFEGh) | <0 (13)
* * —R
G(r) < Py(r) < }aG(r) (14)
red +8d* < g7V (15)

where
#'(r) = sym{U((A(h) — E)} + ETP(NE
— BE'P,(nE
72 = —U@) + @A) —E) V() +ETP()
+ Q' (DR (r)
Wn(r) =sym{—V(r) + R(NT ()} + P(r)

o~ M o~
Py(r) =Y as()P°(r)

s=1
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as (k)& (k) s, Pl(m).

ME
M=

S
P(r) =Z

R(r) e RUmWx0=re) g the arbitrary matrix satisfying
ETR(r) = 0 and rank (R(r)) = n — re.
Proof: First, we prove that system (9) is regular and causal.
From (13), it follows that:

w1y w2
[ % 7/22(r)]<0

I
-
~
I

1s 1

(16)

then (16) can be equivalently rewritten as

ATHX () A@) + sym{ AT(NS(H O} — BETP(HNE < 0

(17)
where
~ [E o E I
E= K } Alr) = [Z(h)—ﬁ —1}
~ [Py 0] = T
o= o eo=[ &0 A
S = Rg) ﬂ X(r) = [P(()r) 8].
From (17), it follows that:
sym{ A0SO} — BETP(HE < 0. (18)

Since rank(E) = m + r, there exist two nonsingular matrices
P, G e REm+m)xQ2m+m) gych that

PEG = _’"’Jf 8}
s =[50 i)
R ]
ral
7750 = 20 |
0ng =0 Q0] (19)

From ETﬁ(r) = 0, it follows that 3! (r) = 0 and §2(r) €

R(n42n=r)x(m+2n=r) hag full rank, namely:
~ 0 ~
-T | - 2 (m+2n—r)x (m+2n—r)
P8(r) = [Sz(r)i|’ S“(r) e R

rank(TSQ(r)> =m+2n—r. (20)

Pre- and post-multiplying (18) by #T and #, along with (19)
and (20), it is obtained that

* * 0

*x sym{(40) B 00] | =
which further implies that sym{(A“(r))Tg2 (r) éz (r)} <0, then
.A4(r) is nonsingular. From Definition 1, it follows that the pair
(E A(r)) is regular and causal. Further, based on the fact that

det(zE A(h)) det (zE A(r)) for every r € S, it is obtained
that system (9) is regular and causal.
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Next, we prove that system (9) is SSFTB, i.e., (11) holds.
To this end, we assume that the left hand side of (11) holds
for the given c¢; > 0. We construct the Lyapunov functional as

Vn(k), w, ax) = n (ETP(rEn(k)

M
=n'(OE" (Z m(k)ﬁ%r)) En(ky (21

s=1
where ﬁs(r) > 0. Then it is obtained that

E[V(nk+ 1), Ty, org )| o]
S

=n"(k+ DE" Y st (@) P (e DEn(k + 1)

m=1

=n"(k+ DE"P(HEnk + 1)

where

M
T (Qg) = Zas(k)nrsm
s=1
Pu(arin) = Y ask+ DPm) =Y &(k)P'(m)
s=1 =1
s M M

Y 0T, P ).

m=1 s=1 I=1

= Er}(k—i— 1) —En(k), one has

P(r) =

Let y(k)
E[V(nk+ 1), Tert, aren)| T, o]
= (En(k) +y(®)) " P(r) (Entk) + y(K)).

Using the equations y(k) = En(k+1)—En(k) and En(k+1) =
A(h)n(k) + F(h)w(k), it is obtained that

(An) — E)n(k) — y(k) + F(yeo (k) = 0

then it follows that:

(22)

(23)

0=290(M | A0 - E)nk) — y(k) + F(ho (k)
(24)
where
vl ="k Yk k]
M) =[UTr) Vi) 0]
For any matrix Q(r),T(r) € ROTIxmdm Ry ¢

RmHMx(=re) s any full column rank matrix satisfying
ETR(r) = 0, along with y(k) = En(k + 1) — En(k), one has

0 =2y (DR[O (k) + Ty (K)]. (25)
Adding (24) and (25) into (22), it is obtained that
E[V(n(k+ 1), Tirt, e )6, o] = 2RO DT (k) (26)

where
1 #R2r)  UWFMH)
Q@) = * W2(r)  V@)EHh)
* * 0
©1(r) = sym{U(r)(A(h) — E)} + E"P("E.
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From (13), it follows that:
E[V(n(k+ 1), Trg1, o )|k, k]
< BV k), T, @) + " ()R (k)
which is equivalent to

E[V(n(k+ 1), Tet1, orr1) ]
< BEIV(n(k). T, )] + E[o" ()R (k)].
Based on (2) and (27), it is obtained that
E[V(n(k), T, ar)]
< BE[V(n(k — 1), 11, ax—1) ]
+ E[o"(k — DRw(k — 1)]

27

k—1
< B*EIV(n(0), 10, 0)] + aE[Z ﬂ"_l_”wT(n)w(n)}

n=0

< BYE[V(1(0), 10, 20)] + 88*d? (28)

where § = max,cs Omax K-
Define I_JS(V)A: G~ YD H)Py(r)G~ /2 (r), then based on
E{nT(0)E"G(rEn(0)} < ¢} and (14), it follows that:

E[V(1(0). 0. o0)]
= E[n"(0)E"Py(nEn(0)]
= E[1"OE"G* (0P,(nG* (NENO)]
< max Amas (Ps () E{ (TG En(0)}
< Joct. (29)
On the other hand, from (14), we have

E[V(n(k), t, ax)]
=E[n"(0E"P(nEn(b)]

= E[1WE'G} (P0G (En (k)|
> E{n"(OE"G(rEn(k)}.
From (28) to (30), it follows that:
E{n"(WE"G(rEn(k)}
< ,8k<)\2c% + 8d2> < ﬂN<)\zc% + 8d2>.

(30)

Then, from (15), it follows that E{nT()ETG(rEn(k)} <
¢35, Vke{l,2,...,N}. Therefore, system (9) is SSFTB with
respect to (c1, c2, G(r), N, d). The proof is completed. |
Remark 3: A sufficient condition on SSFTB for a class of
FSNMIJSs is presented in Theorem 1 for the first time. It is
noted that two zero equations (24) and (25) have been added
to prove the SSFTB of FSNMISs, which can increase the
freedom of the finite-time fuzzy filter design in the sequel.
Based on the obtained results in Theorem 1, we now in the
position to derive the sufficient condition on SSH.FTB of
system (9), which is given in the following theorem.
Theorem 2: For given scalars 8 > 1, ¢y > 0, N > 0,
d > 0 and matrices G(r) > 0, system (9) is SSHoFTB with
respect to (cy, ¢z, G(r), N,d, ), where ¥ = /ypBYN, if there
exist constants ¢ > 0, A > 0, y > 0, a set of positive
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definite symmetric matrices lﬁs(r) and P(r), matrices U(r),
V(r), Q(r), T(r), Vr € S, such that (14) and

P #2) UWFHR)  Clh
* W2 V()E(h) 0
* * —yl 0 <0 (3D
* * * —I
rct+yd> < NG (32)

where # 1 (r), W '2(r), #?2(r), P(r), R(r) are the same as
Theorem 1.
Proof: In view of (31), it is obtained that

vy w20 UWEH)
* w2y V@FGh) | <0
* * —yl

by setting R(r) = yI, from (31) and (13), according to
Theorem 1, we have system (9) is SSFTB with respect to
(c1,¢2,G(r), N, d).

In addition, from (31), we have

E[V((k+1), Ths1, g ]
< BV (1K), T, ax) + yo' (Dw k) — €' (ke(k).

Based on this, we have the following iteration process:

E[V(n(k), w, ar)]

< BE[Vitk—1), 51, ax—1)]
+ yE[0"(k — Dok — )] —E[e" (k — De(k — 1)]

(33)

k—1
< BEIV(1(0), 10, @0)] + yE[Z ﬂk‘l‘”wT(mw(n)}

n=0

(34)

k—1
— E[Z ﬂklneT(n)e(n):|.
n=0

Then under zero initial condition, since V(n(k), tx, ax) > 0, it
is obtained that

k—1 T
)’E|:Z B o e (n)

n=0 i

k—1
> E{Z ﬁk‘l‘"eT(n)e(n)}

n=0
when B > 1, it implies that

k-1 rk—1
E|:Z eT(n)e(n):| <E Z,Bk_l_"eT(n)e(n)]

n=0 Ln=0

k—1
< yE[Z ﬂk—l—"wT<n)w<n)]

n=0

k—1
< Vﬂ"‘lE[Z w%n)w(n)} (35)

n=0
which further implies that

N N
E |:Z eT(n)e(n):| < 72E |:Z a)T(n)a)(n):|

n=0 n=0

with ¥ = \/yBY. Thus, according to Definition 3, system (9)
is SSHFTB with respect to (c1, ¢2, G(r), N, d, y). The proof
is completed. |
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Remark 4: It is worth mentioning that the conditions in
Theorem 2 are nonlinear matrix inequalities with respect
to the freedom matrices U(r), V(r) and the desired finite-
time Hs fuzzy filter parameter matrices since some product
terms of these parameters to be determined appear in a
Ui 0 i| and
Ux(r)  Y(r)

V() = [V] (r) 0 J by using the method of [24], where

nonlinear fashion. If we set U(r) =

Vo(r) aY(r)
a is a given scalar, the finite-time Ho, fuzzy filter parameters
can be designed using LMIs directly. Alternatively, the param-

eters can be designed when setting U(r) = g;g:; II;Eg]
and V(r) = [“28’; ?Eg by using the method of [25].

However, it should be pointed out that the result obtained is
conservative due to the fact that the block structures of U(r)
and V(r) are constrained. Then a new design method is given
to design a finite-time Hy, fuzzy filter for FSNMJSs, which
is less conservative and more general than the existing ones.

In order to take the advantage of the existing LMI toolbox
in MATLAB [28], an alternative theorem is presented by strict
LMI conditions in the following statement.

Theorem 3: For given scalars § > 1,¢; >0, N > 0,d > 0,
k(r) and matrices G(r) > 0, system (9) is SSHFTB with
respect to (cy, ¢, G(r),N,d,y), where y = \/y,BN, if there
exist constants ¢ > 0, A, > 0, y > 0, matrices PS (r), PS (r),
P§(r), Ui(r), Ua(r), Us(r), Us(r), Vi(r), Va(r), V%(F) V4(r)
Ql(”) 02(r), T1(r), Ta(r), L(r), Ap(r), Bi(r), Ci(r), Vr € S,
such that (32) and

Aii(}’)<0, i=1,2,...,\1 (36)
Aij(r) + Aji(r) <0, j<i=1,2,...,v (37)
P P5(n)
G(r) < |: 8 Pé(r)i| < M G(r) (38)
where
AF ) AR ARG AP ARD)
¥ iz(r) 53(r) 0 is(r)
Ayj(r) = s —yI 0 {S(r)
* * -1 0
* * * A?js(r)
AG ) Ag(r) = Ua(r)
11 i
Ay )= Swn{[Aﬁu3m A5(r) — Ua(r)
|:ET7>1(r)E BEPS (rE ET772(r) ﬂETﬁ;(r)]
* Pa(r) — BP(r)
A2(r) = [ A1) . A@r) R
v _A%%)Aﬂﬂ—WV%me+%m
AB(r) [ Ui (nFi(r) + Eﬂ(r)Di(r):I
| Us(nFi(r) + B(r)Di(r)
cr
A4 = i
ij () I —C;(r)i|
A @) = KOﬁabU)—l(0)+fﬁEQF;O)
i (r)(Us(r) — L(r)) + Ag(r)
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n. . [A%21r) A22(2r) }
AT = [ 5 —Va() = VI + Py(r)
AB() = [Vl(V)Fi(r) +§ﬁ(”)Di(r)i|

v V3(r)Fi(r) + Bg(r)D;(r)

o=l ]

AP () = DI (B

A () = =k (L) — k(ML (r)

A (1r) = Ui(N(Ai(r) — E) + Bg(nHi(r)

A 3r) = Us(n(Ai(r) — E) + B(rn)Hi(r)

AR = W) - BV + H (0By() — Ui()
+E"Pi(r) + 0] (ST (r)

AR@r) = (i) = B'VI() + HI (0B (r) — Ua(r)
+ E"Pa(r)

ARGR =450 = VI — Us() + PR ()
+0;(NST ()

AP (1r) = sym{=Vi(r) + SOT1 (")} + P (r)

AP (2r) = —v2(r) — Vi) + Pa(r) + S(T2(r)

Pe(r) = Z T PL(m), ¢ =1,2,3.

S(r) € R™(1=7¢) ig the arbitrary matrix satisfying ETS(r) = 0
and rank (S(r)) = n — r.. Then the parameters of the desired
mode-dependent finite-time Hy, fuzzy filter can be obtained by

As(r) = L™ (DAx(r), Bs(r) = L~ (1 Bs(r)

Csi(r) = Cs(r). (39)
Proof: First, let

REAGCER%ZG! IRAAGERZIG)
VO =1 t30) U4(r)}’ ve = [vam vm]
[P Par) [Py Pan)
RO=1 ﬁasm]’ P(”‘[ - Pa(r)]
o =[0i(n G®]. T=[Ti() Txr]
R(r) = Sg)]. (40)

Then we substitute (10) and (40) into (31), it follows that:

D hi(e () Y hi(e (k) y(r) < 0

41)
i=1 j=1
where

Eil'l (I") 2112(’.) 2113 (r) Ei1.4(r)

P 52(r) 53(r) o
Xii(r) =
/ * * —yI 0

* * * -1

£l = Sym{ [ 5,110 V(@) =D } ]

53 Us(n@Ag(n) =1
+ ®(r)
211 =122
12 _ L L
Xy (= [z}j?m) 2};2(40
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s = [ Ui(nFi(r) + UZ(”)Bﬁ(”)Di(”)]

v | Us(nFi(r) + Us(r)Bg(r)D;(r)

[ ¢l

14 _ i
>y ()= _—c;m}

». . [ 220 >22(2r)
= | % —Va(r) — Vi) + P3(r)
£B() = [ Vi Fi(r) + VZ(”)Bﬁ(”)Di(”)]

u | Va(r)Fi(r) + Va(r)Bg(r)D;(r)

%' (1) = Ui (N(Ai(r) — E) + Ua(r)Bg(r) Hi(r)
2 (3r) = Us()(Ai(r) — E) + Us(r)B(r) Hi(r)
T Tp,
s [(1 PR
®1(r) = EVP\(nE — BETP1,(PE
=20 = W) - EVI0) + BT (0B VE (1)
— Ui() + E"P(r) + QT (1ST (r)
=2@n = @) - BVI0) + H (0B (V@)
— Ua(N +E"P2(r)
=26n = (4500 — DVE() - Us() + PT ()
+ 0 (NS (")
2@ = (Ag() = 1)'VI0) — Us(r) + P3(r)
22(1r) = sym{—V(r) + S(")T1 ()} + P1(r)
222r) = —Va(r) — Vi (1) + Pa(r) + S Ta(r)

then, decoupling some product terms in (41), (41) is equivalent
to

> hi(e(k) Y hi(e(k)Wi(r) <0

i=1 j=1

(42)

where
il W2 wPn  ZE0)
Wii(r) =

Wi (r) =

* ng(r) ‘-1123(1') 0
+ sym{H" (0" ()}
=Uz(r) } }
—Uy(r)
+ ®(r)
WP = [ Ui (r)F,-(r)}
| V3(n)Fi(r)

* —yl 0
* * * —1I

M, 8 Ui(r)(Ai(r) — E)
vl =sm{ [ 00 6

[ wl2(1r) w22

| WG Vi) = Us(n) + P3(n)

| Us(DFi(r)
w2 () = _Vl(r)Fi(”):|

[ [ H 0BL0) | ]
AG(r)

wo- [}

D} (B (r)
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Uy =t [V vie] o 0]
W) = A — BV ) — Ui() + E'Pi(r)
+ 0 (ST ()
Wit 2r) = (Ai(r) — E)'V3 (r) — Ua(r) + E" Pa(r)
WFQG3r) = =V3(r) — Us(r) + Py (r) + Q3 (ST ()
U@ =[Uirn Uim].
Further, (42) is equivalent to
> hie(0) Y hilek)M(r) <0 (43)
i=1 j=1
where
;' (r) n;(r) 1'[;(;’) it
mn=| * T 0 0G0 0
v * —ylI 0
* * * i
+ sym{H"(n LT (r)}
oy L(r)By(r)Hi(r) L(V)Aﬁ(r)“
M () = Sym{ [L(r)B,i(r)Hi(r) L(r)Ag(r)
+ vl ()
[ HT()BL(HL () HY()BL(HLT(r)
12 _ i i i p
T = At ATOLT()
+ W)
B30 = [ V1 OF) + L(V)Bﬁ(”)Di(”)i|
i | Us(r)Fi(r) + L(r)B;(r)Di(r)
M2 (r) = [ VI(Fi(r) + L(V)Bﬁ(")Di(r)}
i | V3(r)Fi(r) + L(r)B5(r)Di(r)
LT =[Li()  La2) 0 0]
Li(n=[Uy(r)—L"r) Uf(r) =LY ]
Lo(r)=[Vi() —=LT(r) Vi —LT("]
On the other hand, it follows from (39) that:
As(r) = L(NAs(r), Bg(r) = L(r)Bs(r)
Ci(r) = Cp(r). (44)

Substituting (44) into (36), (37), and considering the nature of
the convex combination, it is obtained that

D hi(ek) Y hi(e(k)Y(r) <0

(45)
i=1 j=1
where
[Ny TR TP e 10
* T2 M7 0 A?.S(r)
T =]« A
L * * AP (r)
0150y — [ () (Ua(r) = L(r) + HI (NBL(OLT (1)
PNk MUa(r) = L) + AF(ILT ()

M35() = DT BLALT ().
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Applying Lemma 1 to (45), then it is obtained that (43)
holds, which further implies (31) holds. Therefore, based
on Theorem 2, if (32) and (36)—(38) hold, system (9) is
SSH«FTB with respect to (c1, c2, G(r), N, d, y). [ |
Remark 5: In Theorem 3, a novel sufficient condition on
SSH-FTB of system (9) is obtained in terms of LMIs.
When E = I, Theorem 3 degenerates to finite-time Ho
fuzzy filter design results for T-S fuzzy NMIJSs. A similar
problem has been studied in [38], where the freedom matrix
S(r)  Y(r)

VO =120 v
straints on the freedom matrix variables have been relaxed in
this paper. Further, if we set 8 = 1 without conditions (32)
and (38), the problem studied in this paper reduces to the Hy,
fuzzy filter design for T-S fuzzy NMIJSs, which has been stud-
ied in [35] and [36]. It should be noted that the authors set

is used. However, the structural con-

| R Y| .
X(r) = |:Z(r) Y(r) in [35] and [36]. All these hard con-
straints on slack variables have been dealt with in this paper.

Thus, the method proposed in this paper is less conservative
and more general.

Remark 6: By using the T-S fuzzy approximation approach,
the SSH,FTB for a type of nonlinear SNMIJSs has been inves-
tigated. In fact, in practical systems, the ideal assumption of
complete availability of the stochastic modes can be limited by
several factors such as cost, physical constraints or difficulty of
measuring. Thus, it is appropriate to design mode-independent
filters for such practical systems. When we set L(r) = L,
Aji(r) = Aygi, Bi(r) = By, Cji(r) = Cp in (36) and (37), the
desired fuzzy filter will become the mode-independent ones.
Thus, from the practical point of view, the results in this paper
are more powerful and desirable.

Remark 7: Note that the proposed main results are based on
the LMI approach. One of the main problems while using the
LMI approach is the computational issue especially if the size
of LMI becomes large. Fortunately, all the computations of
main results are off-line and so with the help of the MATLAB
LMI toolbox, solving the LMIs (32), (36)—(38) will not be a
big deal. When the LMIs (32), (36)—(38) have a solution, the
filter gains are obtained directly and the filter to the estimation
system is implemented.

Remark 8: From Theorem 3, a minimum H, performance
Y can be obtained by solving the following optimization
problem:

Minimize y
Subject to LMIs (32) and (36)-(38) Vre S.

IV. EXAMPLES

In this section, a numerical example is given to show
the advantage and applicability of the proposed theoretical
methods.

We consider a tunnel diode circuit modified from [28],
which is shown in Fig. 1. The tunnel diode is subject to abrupt
failures, and the equipment is altered to take these failures
into account according to the stochastic switching. In the cir-
cuit, the switch of “S” occupies two positions in a random
way. The switching mode is known to be cumbersome in
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R1 D1 R2 D2
! '

Ve

Fig. 1. Tunnel diode circuit.

some circumstances but is assumed in [29] to be precisely
known. In this paper, we assume that the switching mode
is not precisely known, which follows a nonhomogeneous
Markov chain. C is a capacitor, R1 and R2 are resistors, D1
and D2 are tunnel diodes. The tunnel diodes and resistors are
characterized by

e (1) = Mvp(®) + Ny if =1

Dt = MQ@vp () + N () if 1, =2
(Rl if =1

R(’f)—{Rz it 7 =2

Based on Kirchhoff’s laws, then the nonlinear differential-
algebraic equations for the tunnel diode circuit are given as

Cvc(t) = ipy, (1) + ir(1)

0 = —vc(®) — R(t)ir(1) + (1)
Y(1) = Lipg, (1) + w (1)

z(1) = Hvp(1) (46)
where L and H are system parameters. Denote
X = [vg(t) i%(t) ]T, we can transform system (46)
into

c 0 M) 1
[o } @) = [ 0 —R(r,)}x(’)
N [Ngz) 8}(3(0 n [?}w(t)
y(@) = L[M(z) 0]x(t)

+L[N@) 0]F0) +w®)
2 =[H 0]x@.

By setting a certain sampling time, such as Ty, =
T/10, we can discretize the obtained continuous-time sin-
gular nonlinear NMIJSs. The system parameters are as
follows.

1) Mode 1

1 113
Arl) = [0 ]AZ(D:[Oﬂ 0.5]
—0.1
A= [025]’5(1)—[0.32}
[0.5 —04], Hy(1) =[0.25
=[03 -02], G(H=[1 O]
0.3, Dy(1) =0.

~0.2]
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2) Mode 2
41@) = [01 } A2(2)=[0.125 —%.6:|
Fi2) = [ “ } F22) = [50225 }
Hi(2)=[03 —0.1], H2)=[0.15 -0.3]
Ci2)=[02 =-02], G;2=[0 15]

D1(2) = —0.2, D(2) =0.1.

The TP matrix is assumed to be time-varying in a polytope
defined by its vertices

0.7

0.65 |

1|06 04 2> |03
= [0.5 05| ™ =1{o03s
. S 0 0 .
The singular matrix is given by E = 0 11 setting S(1) =
[(l)i|,S(2) = |:_01:| Gl)=G2)=14,c1=01,d=2,N =
7, B = 1.16, k(1) = k(2) = 0.1. According to Theorem 3,
solving the LMIs (32), (36)—(38), the optimal performance

index, ¥, is calculated as y = 1.2159, the optimal value for
¢y is ¢ = 2.5571 and the associated fuzzy filters are given by

[0.0670  0.0116] [0.0405
A =100124  0.0660 | B =| _0.0397 |
Cri(1) = [0.0444  0.0048 ]

[0.0779  0.0018 ] [ —0.2268 ]
A =100001 00682 B2 = 01909 |
Cpa(1) = [—0.1228  0.0803]

[0.0708  0.0077 ] [0.0364
An@=100082 00701 " B1@ = | _0.1500 |
Cri1(2) = [0.0219  —0.0152]

[0.0693 0 ] [0.0711
422 =100003 00792 | 2@ = _0.0368}
Cp(2) = [-0.0691  —0.0368].

It should be noted that if we use the method given
in [25] [i.e., restraining the structure of U(r) and V(r)],
it is obtained that the optimal performance index is
Yy = 4.0490 and the optimal value for ¢y is ¢ =
8.6315. Thus, the methods proposed in this paper are less
conservative.

For simulation, we choose the fuzzy weighting func-
tions to be hj(xa(k)) = [(1 + sin(x2(k)))/2], ha(x2(k)) =
[(1 — sin(xa(k)))/2], and the disturbance input as w(k) =
0.5exp(—0.1k)sin(k). Fig. 2 shows the response of the filtering
error system. From Figs. 2 and 3, it can be seen that system
(9) is SSHFTB with respect to (0.1, 2.5571, 14, 7, 2, 1.2159).

Remark 9: When setting system matrix £ = [ and matri-
ces S(I) = S(2) = 0, the problem studied in this paper
reduces to finite-time H, filtering problem for fuzzy NMIJSs.
In contrast to the method proposed in [38], where the optimal
performance index ¥ = 8.1948 and the optimal ¢, = 17.3657
are obtained, the optimal performance index y = 5.6537 and
the optimal ¢ = 12.0031 are given in this paper. Further,
if we set § = 1, the problem studied in this paper reduces
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Fig. 2. State responses of the filtering error system (9).
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0.05
0
-0.05
0.1
-0.15
0.2
-0.25
03
0 5 10 15

Fig. 3. Curve of the filtering error e(k).

to the Hy, filtering problem for fuzzy NMJSs. In this case,
the optimal performance index ¥ = 2.7906 and the optimal
¢y = 6.0866 are obtained in this paper. However, if we use
the method proposed in [35] and [36], it is obtained that the
optimal performance index is y = 5.7211 and the optimal
value for ¢ is ¢» = 12.3611. Furthermore, the results given
in [35], [36], and [38] are invalid for this example since the
matrix E is singular. Based on the above discussion, the
methods proposed in this paper are less conservative.

V. CONCLUSION

In this paper, the finite-time Hy, filtering problem for a
type of FSNMIJSs has been investigated. Based on a stochastic
Lyapunov functional and considering the time-varying tran-
sition probabilities inside a polytope, a sufficient condition
on SSFTB for the underlying systems is presented. Then a
novel sufficient condition on SSHFTB of the filtering error
system is obtained in the frame of strict LMIs. Meanwhile,
the desired filter parameters are developed by solving a con-
vex optimization problem. The new design methods in this
paper improve some existing literatures by using the matrix
inequality decoupling technique. In our further research, the
extensions of the proposed approaches to the analysis and
synthesis of FSNMIJSs in the networked environment will
be considered. In addition, applying the proposed theoreti-
cal results to bio-economic systems is also part of our future
research efforts.



2142

[1]
[2]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]
[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

REFERENCES

0. L. V. Costa, M. D. Fragoso, and R. P. Marques, Discrete-Time Markov
Jump Linear Systems. London, U.K.: Springer, 2005.

L. Zhang and J. Lam, “Necessary and sufficient conditions for anal-
ysis and synthesis of Markov jump linear systems with incomplete
transition descriptions,” IEEE Trans. Autom. Control, vol. 55, no. 7,
pp. 1695-1701, Jul. 2010.

H. Li, P. Shi, D. Yao, and L. Wu, “Observer-based adaptive sliding mode
control for nonlinear Markovian jump systems,” Automatica, vol. 64,
pp. 133-142, Feb. 2016.

C. Han, H. Zhang, and M. Fu, “Optimal filtering for networked systems
with Markovian communication delays,” Automatica, vol. 49, no. 10,
pp- 3097-3104, Oct. 2013.

K. You, M. Fu, and L. Xie, “Mean square stability for Kalman fil-
tering with Markovian packet losses,” Automatica, vol. 47, no. 12,
pp. 2647-2657, Dec. 2011.

J. Wang, S. Ma, and C. Zhang, “Finite-time stabilization for
nonlinear discrete-time singular Markov jump systems with
piecewise-constant  transition probabilities subject to average
dwell time,” J. Frankl. Inst., vol. 354, no. 5, pp.2102-2124,
Mar. 2017.

Y. Yin and Z. Lin, “Constrained control of uncertain nonhomogeneous
Markovian jump systems,” Int. J. Robust Nonlin. Control, vol. 27, no. 17,
pp- 3937-3950, Mar. 2017, doi: 10.1002/rnc.3774.

S. Aberkane, “Stochastic stabilization of a class of nonhomogeneous
Markovian jump linear systems,” Syst. Control Lett., vol. 60, no. 3,
pp. 156-160, Mar. 2011.

Z.-X. Li, J. H. Park, and Z.-G. Wu, “Synchronization of complex
networks with nonhomogeneous Markov jump topology,” Nonlin. Dyn.,
vol. 74, nos. 1-2, pp. 65-75, Oct. 2013.

Y. Yin, P. Shi, F. Liu, and K. L. Teo, “Observer-based Hy, con-
trol on nonhomogeneous Markov jump systems with nonlinear input,”
Int. J. Robust Nonlin. Control, vol. 24, no. 13, pp. 1903-1924,
Sep. 2014.

J. Cheng, J. H. Park, H. R. Karimi, and X. Zhao, “Static out-
put feedback control of nonhomogeneous Markovian jump systems
with asynchronous time delays,” Inf. Sci., vol. 399, pp. 219-238,
Aug. 2017.

J. Wen, S. K. Nguang, P. Shi, and A. Nasiri, “Robust Hxo control of
discrete-time nonhomogenous Markovian jump systems via multistep
Lyapunov function approach,” IEEE Trans. Syst., Man, Cybern., Syst.,
vol. 47, no. 7, pp. 1439-1450, Jul. 2017.

Y. Yin, P. Shi, F. Liu, and K. L. Teo, “Filtering for discrete-time nonho-
mogeneous Markov jump systems with uncertainties,” Inf. Sci., vol. 259,
pp. 118-127, Feb. 2014.

L. Dai, Singular Control Systems. New York, NY, USA: Springer-Verlag,
1989.

S. Xu and J. Lam, Robust Control and Filtering of Singular Systems.
Berlin, Germany: Springer, 2006.

Z.-G. Wu, J. H. Park, H. Y. Su, B. Song, and J. Chu, “Mixed Hyo and
passive filtering for singular systems with time delays,” Signal Process.,
vol. 93, no. 7, pp. 1705-1711, Jul. 2013.

Y. Xia, J. Zhang, and E.-K. Boukas, “Control for discrete singu-
lar hybrid systems,” Automatica, vol. 44, no. 10, pp. 2635-2641,
Oct. 2008.

S. Song, S. Ma, and C. Zhang, “Stability and robust stabilisation for
a class of non-linear uncertain discrete-time descriptor Markov jump
systems,” IET Control Theory Appl., vol. 6, no. 16, pp. 2518-2527,
Nov. 2012.

Y. Zhang, P. Shi, and S. K. Nguang, “Observer-based finite-time Hno
control for discrete singular stochastic systems,” Appl. Math. Lett.,
vol. 38, pp. 115-121, Dec. 2014.

Z. Feng and P. Shi, “Two equivalent sets: Application to singular
systems,” Automatica, vol. 77, pp. 198-205, Mar. 2017.

Z. Feng and P. Shi, “Sliding mode control of singular stochastic
Markov jump systems,” IEEE Trans. Autom. Control, vol. 62, no. 8,
pp. 42664273, Aug. 2017.

Z.-G. Wu, P. Shi, H. Su, and J. Chu, “bL-ln filter design
for discrete-time singular Markovian jump systems with time-
varying delays,” Inf. Sci., vol. 181, no. 24, pp. 5534-5547,

Dec. 2011.

S. Ma and E. K. Boukas, “Robust Hx filtering for uncertain discrete
Markov jump singular systems with mode-dependent time delay,” IET
Control Theory Appl., vol. 3, no. 3, pp. 351-361, Mar. 2009.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 49, NO. 6, JUNE 2019

L. Li and L. Zhong, “Generalised nonlinear />-l filtering of discrete-
time Markov jump descriptor systems,” Int. J. Control, vol. 87, no. 3,
pp. 653-664, 2014.

H. Shen, L. Su, and J. H. Park, “Extended passive filtering for discrete-
time singular Markov jump systems with time-varying delays,” Signal
Process., vol. 128, pp. 68-77, Nov. 2016.

T. Takagi and M. Sugeno, “Fuzzy identification of systems and its appli-
cations to modeling and control,” IEEE Trans. Syst., Man, Cybern.,
vol. SMC-15, no. 1, pp. 116-132, Jan./Feb. 1985.

X.-H. Chang, L. Zhang, and J. H. Park, “Robust static output feedback
Hxo control for uncertain fuzzy systems,” Fuzzy Sets Syst., vol. 273,
pp. 87-104, Aug. 2015.

S. K. Nguang and W. Assawinchaichote, “Hy filtering for fuzzy
dynamical systems with D stability constraints,” [EEE Trans. Circuits
Syst. I, Fundam. Theory Appl., vol. 50, no. 11, pp. 1503-1508,
Nov. 2003.

S. Dong, H. Su, P. Shi, R. Lu, and Z.-G. Wu, “Filtering
for discrete-time switched fuzzy systems with quantization,” [EEE
Trans. Fuzzy Syst., vol. 25, no. 6, pp. 1616-1628, Dec. 2017,
doi: 10.1109/TFUZZ.2016.2612699.

Y. J. Liu, J. H. Park, B.-Z. Guo, and Y. Shu, “Further results on stabiliza-
tion of chaotic systems based on fuzzy memory sampled-data control,”
IEEE Trans. Fuzzy Syst., vol. 26, no. 2, pp. 1040-1045, Apr. 2018,
doi: 10.1109/TFUZZ.2017.2686364.

Y. J. Liu, B.-Z. Guo, J. H. Park, and S. M. Lee, “Event-based
reliable dissipative filtering for T-S fuzzy systems with asyn-
chronous constraints,” IEEE Trans. Fuzzy Syst., to be published,
doi: 10.1109/TFUZZ.2017.2762633.

Y. Zhang, P. Shi, R. K. Agarwal, and Y. Shi, “Dissipativity analysis
for discrete time-delay fuzzy neural networks with Markovian jumps,”
IEEE Trans. Fuzzy Syst., vol. 24, no. 2, pp. 432-443, Apr. 2016.

P. Shi, Y. Zhang, M. Chadli, and R. K. Agarwal, “Mixed H-infinity and
passive filtering for discrete fuzzy neural networks with stochastic jumps
and time delays,” IEEE Trans. Neural Netw. Learn. Syst., vol. 27, no. 4,
pp- 903-909, Apr. 2016.

S. He and F. Liu, “Filtering-based robust fault detection of fuzzy
jump systems,” Fuzzy Sets Syst., vol. 185, no. 1, pp. 95-110,
Dec. 2011.

Y. Yin, P. Shi, F. Liu, and K. L. Teo, “Fuzzy model-based robust
Hso filtering for a class of nonlinear nonhomogeneous Markov
jump systems,” Signal Process., vol. 93, no. 9, pp.2381-2391,
Sep. 2013.

Y. Yin, P. Shi, F. Liu, K. L. Teo, and C.-C. Lim, “Robust filtering for
nonlinear nonhomogeneous Markov jump systems by fuzzy approxima-
tion approach,” IEEE Trans. Cybern., vol. 45, no. 9, pp. 1706-1716,
Sep. 2015.

F. Li, P. Shi, C.-C. Lim, and L. Wu, “Fault detection filtering for
nonhomogeneous Markovian jump systems via a fuzzy approach,”
IEEE Trans. Fuzzy Syst., vol. 26, no. 1, pp. 131-141, Feb. 2018,
doi: 10.1109/TFUZZ.2016.2641022.

M. Sathishkumar, R. Sakthivel, O. M. Kwon, and B. Kaviarasan,
“Finite-time mixed Hso and passive filtering for Takagi—Sugeno fuzzy
nonhomogeneous Markovian jump systems,” Int. J. Syst. Sci., vol. 48,
no. 7, pp. 1416-1427, 2017.

L. Qiao, Q. Zhang, and G. Zhang, “Admissibility analysis and control
synthesis for T-S fuzzy descriptor systems,” IEEE Trans. Fuzzy Syst.,
vol. 25, no. 4, pp. 729-740, Aug. 2017.

L. Li, Q. Zhang, and B. Zhu, “Hs fuzzy control for non-
linear time-delay singular Markovian jump systems with partly
unknown transition rates,” Fuzzy Sets Syst., vol. 254, pp. 106-125,
Nov. 2014.

L. Li, Q. Zhang, and B. Zhu, “Fuzzy stochastic optimal guar-
anteed cost control of bio-economic singular Markovian jump
systems,” IEEE Trans. Cybern., vol. 45, no. 11, pp. 2512-2521,
Nov. 2015.

Y. Ma, M. Chen, and Q. Zhang, “Non-fragile static output feedback
control for singular T-S fuzzy delay-dependent systems subject to
Markovian jump and actuator saturation,” J. Frankl. Inst., vol. 353,
no. 11, pp. 2373-2397, Jul. 2016.

W. Guan and F. Liu, “Finite-time dissipative control for singular
T-S fuzzy Markovian jump systems under actuator saturation with
partly unknown transition rates,” Neurocomputing, vol. 207, pp. 60-70,
Sep. 2016.

J. Li, Q. Zhang, X.-G. Yan, and S. K. Spurgeon, “Integral sliding mode
control for Markovian jump T-S fuzzy descriptor systems based on the
super-twisting algorithm,” IET Control Theory Appl., vol. 11, no. 8,
pp. 11341143, May 2017.


http://dx.doi.org/10.1002/rnc.3774
http://dx.doi.org/10.1109/TFUZZ.2016.2612699
http://dx.doi.org/10.1109/TFUZZ.2017.2686364
http://dx.doi.org/10.1109/TFUZZ.2017.2762633
http://dx.doi.org/10.1109/TFUZZ.2016.2641022

WANG et al.: FINITE-TIME Hoo FILTERING FOR NONLINEAR SINGULAR SYSTEMS WITH NONHOMOGENEOUS MARKOV JUMPS

Jimin Wang received the Ph.D. degree in opera-
tional research and control theory from Shandong
University, Jinan, China, in 2018.

From 2017 to 2018, he was a joint Ph.D. stu-
dent with the School of Electrical Engineering and
Computing, University of Newcastle, Callaghan,
NSW, Australia. He is currently a Post-Doctoral
Researcher with the Institute of Systems Science,
Chinese Academy of Sciences, Beijing, China. His
current research interests include singular systems,
stochastic systems, and networked control systems.

Shuping Ma was born in Rizhao, China, in 1970.
She received the B.S. degree in mathematics and the
M.S. and Ph.D. degrees in mathematics and system
science from Shandong University, Jinan, China, in
1992, 1997, and 2000, respectively.

She joined the School of Mathematics, Shandong
University in 2000, where she is currently a
Professor. Her current research interests include sin-
gular systems, time-delay systems, Markov jump
systems, robust control, and sliding mode control.

2143

Chenghui Zhang (SM’18) received the bachelor’s
and master’s degrees in automation engineering
from the Shandong University of Technology, Zibo,
China, in 1985 and 1988, respectively, and the Ph.D.
degree in operational research and control theory
from Shandong University, Jinan, China, in 2001.

In 1988, he joined Shandong University, where he
is currently a Professor with the School of Control
Science and Engineering, Shandong University, the
Chief Manager of Power Electronic Energy-Saving
Technology and Equipment Research Center of
Education Ministry, a Specially Invited Cheung Kong Scholars Professor
by China Ministry of Education, and a Taishan Scholar Special Adjunct
Professor. He is also one of State-level candidates of “the New Century
National Hundred, Thousand and Ten Thousand Talent Project,” the academic
leader of Innovation Team of Ministry of Education, and the Chief Expert of
the National “863” high technological planning. His current research interests
include optimal control of engineering, power electronics and motor drives,
and energy-saving techniques.

Minyue Fu (F’04) received the bachelor’s degree in
electrical engineering from the University of Science
and Technology of China, Hefei, China, in 1982,
and the M.S. and Ph.D. degrees in electrical engi-
neering from the University of Wisconsin—Madison,
Madison, WI, USA, in 1983 and 1987, respectively.

From 1983 to 1987, he held a teaching assis-
tantship and a research assistantship with the
University of Wisconsin—-Madison. From 1987 to
1989, he served as an Assistant Professor with the
Department of Electrical and Computer Engineering,
Wayne State University, Detroit, MI, USA. He joined the Department of
Electrical and Computer Engineering, University of Newcastle, Callaghan,
NSW, Australia, in 1989, where he is currently a Chair Professor in Electrical
Engineering and the Head of the School of Electrical Engineering and
Computer Science. He was a Visiting Associate Professor with the University
of Towa, Iowa City, IA, USA, from 1995 to 1996, and a Visiting Professor
with Nanyang Technological University, Singapore, in 2002, a Changjiang
Professor with Shandong University, Jinan, from 2007 to 2010, a Qian-
ren Scholar with Zhejiang University, Hangzhou, China, and the Guangdong
University of Technology, Guangzhou, China. His current research interests
include control systems, and signal processing and communications.

Dr. Fu has been an Associate Editor of the IEEE TRANSACTIONS
ON AUTOMATIC CONTROL, the IEEE TRANSACTIONS ON SIGNAL
PROCESSING, Automatica, and the Journal of Optimization and Engineering.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


