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+is paper puts forward a method to design the H∞ filter for networked control systems (NCSs) with time delay and data packet
loss. Based on the properties of Markovian jump system, the packet loss is treated as a constant probability independent and
identically distributed Bernoulli random process. +us, the stochastic stability condition can be acquired for the filtering error
system, which meets anH∞ performance index level c. It is shown that, by introducing a special structure of the relaxationmatrix,
a linear representation of the filter meeting an H∞ performance index level for NCSs with time delay and packet loss can be
obtained, which uses linear matrix inequalities (LMIs). Finally, numerical simulation examples demonstrate the effectiveness of
the proposed method.

1. Introduction

As a new generation of control systems, NCSs [1–10] have
attracted more and more researchers’ attention because of
their extensive application. Compared with the traditional
control system, NCSs have some advantages, such as easy
wiring, installation, maintenance, expansion, reliability, and
flexibility, so that resource sharing is achieved in such
systems. However, the network also brought some new
problems, in which time delay and packet dropout are two
main aspects, which will not only make a negative impact on
system but also may even lead to the instability of system.
Recently, the problem of NCSs with time delay and packet
dropout phenomenon has become a hot topic in the control
field [11–13].

+e Markovian jump system (MJS) refers to a stochastic
system with multiple model states and the system transitions
between modes in accordance with the properties of the
Markov chain due to the multimode transition character-
istics of the Markovian jump system in the actual engi-
neering. It can be used to simulate many systems with abrupt
characteristics, such as manufacturing systems and fault-
tolerant systems [14–24]. In [25], the exponential L2–L∞

filter problem of the linear system is explored, and the
system has both distributed delay, Markovian jump pa-
rameter, and norm bounded parameter uncertainty. In [26],
the H∞ filtering design about a continuous MJS in dis-
tributed sampled-data asynchronous is involved; in addi-
tion, the system’s mode jumping instants and filter are
asynchronous. In [27], the design of a sampled system H∞
filter is studied. However, many conclusions only consider
time delay or packet loss separately, which is not very
consistent with the actual situation of network application.
In addition, theH∞ filter design of NCSs with time delay and
packet dropout has not yet been considered widely.

Based on this, this paper studies the stability of net-
worked control systems considering both time delay and
packet loss. Although the analysis process is more com-
plicated than considering time delay or packet loss alone,
however the conclusion is more general and universal, and
then the existence conditions of system filters are given. +e
effectiveness of the proposed method is verified by simu-
lation, and the relevant conclusions are more practical. In
Section 2, NCSs with time delay are present by a Markov
model. +e two probabilities of packet dropout in the
Bernoulli random process is designed. In Section 3,
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according to Lyapunov’s stability theorem, the H∞ per-
formance of system is proven. In Section 4, a H∞ filter for
NCSs with time delay and packet loss is designed. In Section
5, numerical simulation examples are given to verify the
result of this paper. In Section 6, we make a conclusion.

Notation: here are some of the symbols in the paper. +e
superscript “T” means the matrix transposition, and Rnx

shows the nx-dimensional Euclidean space. I denotes the
unit matrix of adaptive dimension, and 0 refers to the zero
matrix of adaptive dimension. P > 0 indicates P is real
symmetric and positive matrix, and the notation stands for
the norm of matrix ‖A‖ that is defined according to
‖A‖ �

�������
tr(ATA)


, where “tr” denotes the trace operator. ‖·‖2

indicates the usual Euclidean vector norm. Prob ·{ } stands
for the occurrence probability of the event “·”. E{x} and
E x | y  represent the expectation of event x and the ex-
pectation of x conditional on y, respectively.

2. Problem Formulation

First, consider the following kind of discrete-time linear
systems [28] with time delay as

x(k + 1) � A(r(k))x(k) + B(r(k))w(k),

z(k) � L(r(k))x(k) + D(r(k))w(k),

y(k) � C(r(k))x(k).

⎧⎪⎪⎨

⎪⎪⎩
(1)

where x(k) ∈ Rn refers to the state vector in the plant;
w(k) ∈ Rh belongs to l2[0,∞), which indicates the measured
output; z(k) ∈ Rm shows the estimating intended signal; and
A(r(k)) indicates system parameters depend on r(k). B(r(k)),
C(r(k)), D(r(k)), and L(r(k)) have a similar situation. R(k) is
assumed to a discrete Markov chain, and the values of it are
in a finite set h≜ 1, . . . , N{ } with a transition probabilities
matrix ∧ � (πij); set rk � i and rk+1 � j, such that system
mode variable r(k) satisfies Pr(rk+1 � j | rk � i) � πij, where
πij ≥ 0 and 

N
j�1 πij � 1; h has N Markov modes, and for

rk � i, A(r(k)) are denoted by Ai with appropriate dimen-
sions. Bi, Ci, Di, and Li also have the same situation. β ∈ R

shows a Bernoulli-distributed sequence with relationship as
follows:

Prob β � 1  � E β ≜ β,

Prob β � 0  � 1 − E β ≜ 1 − β.

⎧⎨

⎩ (2)

After calculations, another important expectation can be
shown as follows:

var E(β − β)
2

  � (1 − β)β � σ. (3)

Remark 1. For network packet loss, both Bernoulli distri-
bution and Poisson distribution have been considered.
According to the network protocols adopted in actual sys-
tems, such as industrial Ethernet and profibus, it is more
practical to model network packet loss with Bernoulli dis-
tribution in this paper.

Mathematical model description of filtering is in the
following formula:

x(k + 1) � Afix(k) + Bfiy(k),

z(k) � Cfix(k) + Dfi y(k),

y(k) � βy(k) +(1 − β)y(k + 1),

⎧⎪⎪⎨

⎪⎪⎩
(4)

where x(k) ∈ Rn and y(k) ∈ Rm are the state vector of filter
mode estimator and z(k) ∈ Rp indicates the output vector of
the estimator. Af i, Bf i, Cf i, and Df i are real matrices to be
determined with compatible dimensions. Combining (4)
and (1), a filter error system with Markov chain can be
shown as

x(k + 1) � Aix(k) + Aix(k − 1) + Biω(k)

z(k) � Cix(k) + Cix(k − 1) + Diω(k)

⎧⎨

⎩ , (5)

where

Ai � A1i +(β − β)A2i �
Ai 0

βBfiCi Afi

⎡⎣ ⎤⎦ �
Ai 0

βBfiCi Afi

⎡⎣ ⎤⎦

+(β − β)
0 0

BfiCi 0
⎡⎣ ⎤⎦,

Ai � A1i − (β − β)A2i �
0 0

(1 − β)BfiCi 0
⎡⎣ ⎤⎦

�
0 0

(1 − β)BfiCi 0
⎡⎣ ⎤⎦ − (β − β)

0 0

BfiCi 0
⎡⎣ ⎤⎦,

Ci � C1i − (β − β)C2i � Li − βDfiCi − Cfi 

� Li − βDfiCi − Cfi  − (β − β) DfiCi 0 ,

Ci � C1i − (β − β)C2i � − (1 − β)DfiCi 0 

� − (1 − β)DfiCi 0  +(β − β) DfiCi 0 ,

Bi �
Bi

0
 ,

Di � Di.

(6)

Obviously, a filter error system (5) is a Markovian jump
system with packet loss. We will use some important def-
initions in the following for essential later steps.

Definition 1 (see [29]). A filter error system (5) is sto-
chastically stable when ω(k)� 0.+ere x0 ∈ R and r0 ∈ l, and
the following inequality exists:

E 
∞

k�0
‖x(k)‖ x0, r0


⎧⎨

⎩

⎫⎬

⎭ <∞. (7)

Definition 2 (see [29]). Give a scalar c> 0, assume that
system (5) is stochastically stable, and (5) also can meet an
H∞ performance index level γ under zero conditions for all
nonzero ω(k) ∈ L2[0,∞) if it satisfies

E 
∞

k�0
‖z(k)‖

2⎧⎨

⎩

⎫⎬

⎭ < c
2
‖ω(k)‖

2
. (8)
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3. Main Results and Proofs

Based on the previous known conditions, a stochastically
stable condition meets an H∞ performance index level c for
NCSs with the development of time delay and packet loss.

Theorem 1. If there exists symmetric matrices Pi and Ri> 0,
consider NCSs with filter in (5); when ω(k)� 0, system (5) will
be stochastically stable such that

Qi − Pi ∗ ∗ ∗

0 − Qi ∗ ∗
A1i

A1i − P
− 1
i ∗

δA2i δA2i 0 − δP
− 1
i

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0, (9)

where Qi ≜ 
N
j�1 πijQj andPi ≜ 

N
j�1 πijPj.

Proof. Consider a Lyapunov functional candidate as follows:

V(k) � x
T
(k)Pix(k) + x

T
(k − 1)Qix(k − 1), (10)

and next

E ΔV(k){ } � E x
T
(k + 1)Pix(k + 1)  + x

T
(k)Qix(k)

− x
T
(k)Pix(k) − x

T
(k − 1)Qix(k − 1)

� E x
T
(k)A

T

1i +(β − β)x
T
(k)A

T

2i + x
T
(k − 1)A

T

1i

− (β − β)x
T
(k − 1)A

T

2i
T

Pi
A1ix(k) +(β − β)A2ix(k)

+ A1ix(k − 1) − (β − β)A2ix(k − 1)

+ x
T
(k)Qix(k) − x

T
(k)Pix(k)

− x
T
(k − 1)Qix(k − 1)

� ηT
(k) ∧ η(k),

(11)

where η(k) � x(k)T x(k − 1)T 
T
and

Λ �
A

T

1i
Pi

A1i + δA
T

2i
Pi

A2i + Qi − Pi
A

T

1iPi
A1i − δA

T

2iPi
A2i

A
T

1iPi
A1i − δA

T

2iPi
A2i

A
T

1iPi
A1i + δA

T

2iPi
A2i − Qi

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦. (12)

Applying Schur complement theorem to the above Λ,

Λ �

Qi − Pi ∗ ∗ ∗

0 − Qi ∗ ∗
A1i

A1i − P
− 1
i ∗

δA2i − δA2i 0 − δP
− 1
i

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (13)

From +eorem 3, we can get

E ΔV(k){ }< 0⇒E V(x(k + 1), r(k + 1)) | x(k), r(k + 1){ }

− V(x(k), r(k))

≤ − λmin(− Λ)≤ − εxT
(k)x(k),

(14)

where λmin (-Λ) indicates the minimum value of the ei-
genvalue for -Λ and ε� inf {λmin (-Λ)} is the lower bound of
λmin (-Λ); for any M≥ 1, we can obtain

E V(x(M + 1), r(M + 1)){ } − E V(x(0), r(0)){ }

≤ − ε 
M

k�0
E x

T
(k)x(k) .

(15)

+us, we can get



M

k�0
E x

T
(k)x(k) ≤

1
ε

E V(x(0), r(0)){ }<∞. (16)

As a result, it can be proved that system (5) will be
stochastically stable. +e proof is completed. □

Theorem 2. For NCSs (5), give a scalar c> 0. For all ω(k)
≠ 0, if there are symmetric matrices Pi, Ri> 0 satisfied the
following matrix inequalities, and the system (5) will be
stochastically stable, which meets the H∞ norm performance
level c:

Qi − Pi ∗ ∗ ∗ ∗ ∗ ∗

0 − Qi ∗ ∗ ∗ ∗ ∗

0 0 − c2I ∗ ∗ ∗ ∗
A1i

A1i
Bi − P

− 1
i ∗ ∗ ∗

δA2i − δA2i 0 0 − δP
− 1
i ∗ ∗

C1i
C1i

Di 0 0 − I ∗

δC2i − δC2i δ Di 0 0 0 − δI

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0. (17)

Proof. When ω(k)≠ 0 is similar to +eorem 3 proof process,
we obtain the following equation:

E ΔV(k){ } + E z
T
(k)z(k)  − c

2
E ωT

(k)ω(k)  � ηT∧1η,

(18)

where η � xT(k) xT(k − 1) ωT(k)( 
T,

Λ1 �

Λ11 Λ12 A
T

1iPi
Bi + C

T

1i
Di

Λ21 Λ13 A
T

1iPi
Bi + C

T

1i
Di

B
T

i Pi
A1i + D

T

i
C1i

B
T

i Pi
A1i + D

T

i
C1i

B
T

i Pi
Bi + D

T

i
Di

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

(19)

in which
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Λ11 � A
T

1iPi
A1i + δA

T

2iPi
A2i + Qi − Pi + C

T

1i
C1i + δC

T

2i
C2i,

Λ21 � A
T
1iPi

A1i − δA
T

2iPi
A2i + C

T

1i
C1i − δC

T

2i
C2i,

Λ12 � A
T

1iPi
A1i − δA

T

2iPi
A2i + C

T

1i
C1i − δC

T

2i
C2i,

Λ11 � A
T

1iPi
A1i + δA

T

2iPi
A2i − Qi + C

T

1i
C1i + δC

T

2i
C2i.

(20)

By Schur complement, (19) is equivalent to the following
formula:

Qi − Pi ∗ ∗ ∗ ∗ ∗ ∗

0 − Qi ∗ ∗ ∗ ∗ ∗

0 0 − c2I ∗ ∗ ∗ ∗
A1i

A1i
Bi − P

− 1
i ∗ ∗ ∗

δA2i − δA2i 0 0 − δP
− 1
i ∗ ∗

C1i
C1i

Di 0 0 − I ∗

δC2i − δC2i δ Di 0 0 0 − δI

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0, (21)

where ηTΛη< 0, and it can obtain that

E ΔV(k){ } + E z
T
(k)z(k)  − c

2
E ωT

(k)ω(k) < 0,



∞

k�0
E ‖z(k)‖

2
 < c

2
E ‖ω(k)‖

2
  + E V(0){ } − E V(∞){ },

(22)

initial conditions V(0)� 0 and E{V(∞)}≥ 0; system (5)
meets H∞ norm performance level c, and it can clearly see
that

E 
∞

k�0
‖z(k)‖

2⎧⎨

⎩

⎫⎬

⎭ < c
2
‖ω(k)‖

2
. (23)

+e proof is over. □

4. Filter Design

Here, we will go to solve the system filter.

Theorem 3. Consider NCSs (5) with a scalar c> 0. If
symmetric matrix P1i> 0, P3i> 0, Q1i> 0, Q3i> 0, Xi> 0, and
Yi> 0 and P2i, Q2i, Zi, AFi, BFi, CFi, and DFi satisfied the
following matrix inequalities, then

ψ11 ∗ ∗ ∗ ∗ ∗

0 ψ22 ∗ ∗ ∗ ∗

0 0 − c2I ∗ ∗ ∗

ψ41 ψ42 ψ43 ψ44 ∗ ∗

ψ51 ψ52 0 0 ψ55 ∗

ψ61 ψ62 ψ63 0 0 ψ66

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0, (24)

in which

ψ11 �
Q1i − P1i ∗

Q2i − P2i Q3i − P3i

⎡⎣ ⎤⎦,

ψ22 �
− Q1i ∗

− Q2i − Q3i

⎡⎣ ⎤⎦,

ψ41 �
XT

i Ai + βBFiCFi AFi

ZT
i Ai + βBFiCFi AFi

⎡⎢⎣ ⎤⎥⎦,

ψ42 �
(1 − β)BFiCFi 0

(1 − β)BFiCFi 0
⎡⎢⎣ ⎤⎥⎦,

ψ43 �
XiBi

ZiBi

⎡⎣ ⎤⎦,

ψ44 �
P1i − XT

i − Xi ∗

P2i − YT
i − Zi P3i − YT

i − Yi

⎡⎣ ⎤⎦,

ψ51 �
δBFiCFi 0

δBFiCFi 0
⎡⎣ ⎤⎦,

ψ52 �
− δBFiCFi 0

− δBFiCFi 0
⎡⎣ ⎤⎦,

ψ61 �
Li − βDFiCFi − CFi

δDFiCFi 0
⎡⎢⎣ ⎤⎥⎦,

ψ55 �
δP1i − δXT

i − δXi ∗

δP2i − δYT
i − δZi δP3i − δYT

i − δYi

⎡⎣ ⎤⎦,

ψ62 �
− (1 − β)DFiCFi 0

− δDFiCFi 0
⎡⎢⎣ ⎤⎥⎦,

ψ63 �
DFi

0
⎡⎣ ⎤⎦,

ψ66 �
− I ∗

0 − δI
⎡⎣ ⎤⎦.

(25)

System (5) meetsH∞ norm performance level c, which is
stochastically stable. +en, the filter which is achieved by the
desired c is calculated by Afi � Y− 1

i AFi, Bfi � Y− 1
i BFi, Cfi �

CFi, andDfi � DFi.

Proof. Slack matrix approach can be used for (17) by setting

Pi �
P1i P2i

∗ P3i

 ,

Qi �
Q1i Q2i

∗ Q3i

 ,

Ri �
Xi Zi

Yi Yi

 > 0.

(26)

+en, we have following equation using (26):
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Qi − Pi �
Q1i − P1i ∗

Q2i − P2i Q3i − P3i

⎡⎣ ⎤⎦,

R
T
i

A1i �
(1 − β)YiBfiCi 0

(1 − β)YiBfiCi 0
⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦,

R
T
i

A1i �
YiBfiCi 0

YiBfiCi 0
⎡⎣ ⎤⎦,

R
T
i

A1i �
XT

i Ai + βYiBfiCi YiAfi

ZT
i Ai + βYiBfiCi YiAfi

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦,

R
T
i

B1i �
XT

i Bi

ZT
i Bi

⎡⎣ ⎤⎦,

Pi − R
T
i − Ri �

P1i − RT
i − Ri ∗

P2i − RT
i − Ri P3i − RT

i − Ri

⎡⎣ ⎤⎦,

R
T
i

A1i �
YiBfiCi 0

YiBfiCi 0
⎡⎣ ⎤⎦.

(27)

According to equations in (17) and (27), we can get

Q1i − P1i ∗ ∗ ∗ ∗

Q2i − P2i Q3i − P3i ∗ ∗ ∗

0 0 − Q1i ∗ ∗

0 0 − Q2i − Q3i ∗

0 0 0 0 − c2I

XT
i Ai + βYiBfiCi YiAfi (1 − β)YiBfiCfi 0 XiBi

ZT
i Ai + βYiBfiCi YiAfi (1 − β)YiBfiCfi 0 ZiBi

δYiBfiCfi 0 − δYiBfiCfi 0 0

δYiBfiCfi 0 − δYiBfiCfi 0 0

Li − βDfiCfi − CFi − (1 − β)DfiCfi 0 Dfi

δDfiCfi 0 − δDfiCfi 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∗ ∗ ∗ ∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗

P1i − XT
i − Xi ∗ ∗ ∗ ∗ ∗

P2i − YT
i − Zi P3i − YT

i − Yi ∗ ∗ ∗ ∗

0 0 δP1i − δXT
i − δXi ∗ ∗ ∗

0 0 δP2i − δYT
i − δZi δP3i − δYT

i − δYi ∗ ∗

0 0 0 0 − I ∗

0 0 0 0 0 − δI

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0.

(28)

+e proof is over. □
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5. Simulation Result

Consider system (5) with

A1 �
− 0.2 − 0.405

0 − 0.55
⎡⎣ ⎤⎦,

A2 �
− 0.2 − 2.673

0 − 0.230
⎡⎣ ⎤⎦,

B1 �
0.5 0

0 0.5
⎡⎣ ⎤⎦,

B2 �
0.5 0

0 0.5
⎡⎣ ⎤⎦,

C1 � 0.4 − 0.4 ,

C2 � 0.5 − 0.2 ,

D1 � 0.1 − 0.1 ,

D2 � 0.1 − 0.1 ,

L1 � 1 0 ,

L2 � 1 0 .

(29)

Two models in the simulation are set as those data in
(29). In the model, the transition probabilities are

πij �
0.3 0.7
0.4 0.6 , the initial value of β is 0.5, and the initial

condition is set to zero. It is easily observed that the method
is feasible, and the system with time delay and packet loss
becomes stochastically stable, which meets H∞ norm per-
formance level c. Some simulation results are shown in
Figures 1–5.

Figure 1 shows the time response of r(t).
Figure 2 is the parameter change of the system error

e1(t). It can be seen from the figure that, with the passage of
time, e1(t) changes from a large fluctuation to a stable state
one.

Figure 3 shows the values of x1(t) and x2(t). It can be
seen from the figure that x1(t) and x2(t) remain stable after
about 20 seconds.

Figure 4 is the parameter change of the filter state x
⌢

1(t)

and x
⌢

2(t). From the figure, it can be seen that the value of
x
⌢

1(t) gradually becomes equal to the value of x
⌢

2(t) overtime
and finally both values remain stable.

Figure 5 is the parameter change of z1(t) and z1(t).
From the figure, it can be seen that the initial time of z1(t)

fluctuates greatly, and it tends to be consistent with z1(t) in
the end.

Remark 2. As can be seen from the ordinate of the system
state diagram of Figure 3 and the filter state diagram of
Figure 4, the difference between the two is 100 times, so the

 

r(t)
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Figure 1: Parameters change of r(t).
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Figure 2: Parameters change of e1(t).
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Figure 3: Parameters change of different x(t).
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change of z1(t) appears to be small in Figure 5. +is also
reflects from one side that the filter designed in this paper
has a smaller overshoot and more stable output.

6. Conclusion

+is paper has investigated the H∞ filtering problem about
NCSs with time delay and packet dropout phenomenon.
Packet dropout is treated as a constant probability inde-
pendent and identically distributed Bernoulli random
process. By the Lyapunov stability theory, system (5)

meeting H∞ norm performance level c is proven. By in-
troducing a special structure of the relaxation matrix, the
solution of filter which meets an H∞ performance index
level of NCSs with time delay and packet dropout is com-
pleted. Finally, a simulation result is given to prove the
validity of the new design scheme.
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ẑ1(t)

–0.07

–0.06

–0.05

–0.04

–0.03

–0.02

–0.01

0

0.01

0.02

20 40 60 80 1000
Time (sec.)

Figure 5: Parameters change of output parameters.

Discrete Dynamics in Nature and Society 7



[10] H. Zhang, X. Y. Zheng, H. C. Yan, C. Peng, Z. Wang, and
Q. Chen, “Codesign of event-triggered and distributed H∞
filtering for active semi-vehicle suspension systems,” IEEE
Transactions on Mechatronics, vol. 22, no. 2, pp. 1047–1058,
2017.

[11] Q. X. Zhu, K. H. Lu, and Y. Zhu, “Observer-based feedback
control of networked control systems with delays and packet
dropouts,” Journal of Dynamic Systems Measurement and
Control, vol. 138, no. 2, pp. 2–11, 2016.

[12] J. Wang, L. Shen, J. W. Xia, Z. Wang, and X. Chen, “Asyn-
chronous dissipative filtering for nonlinear jumping systems
subject to fading channels,” Journal of the Franklin Institute,
vol. 357, no. 1, pp. 589–605, 2020.

[13] Q. X. Zhu, K. H. Lu, and Y. Zhu, “H∞ guaranteed cost control
for networked control systems under scheduling policy based
on predicted error,” Mathematical Problems in Engineering,
vol. 2014, Article ID 586029, 12 pages, 2014.

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

[15] G. Nagamani and S. Ramasamy, “Dissipativity and passivity
analysis for uncertain discrete-time stochastic Markovian
jump neural networks with additive time-varying delays,”
Neurocomputing, vol. 174, pp. 795–805, 2016.

[16] M. C. Dai, J. W. Xia, H. Xia, and H. Shen, “Event-triggered
passive synchronization for Markov jump neural networks
subject to randomly occurring gain variations,” Neuro-
computing, vol. 331, pp. 403–411, 2019.

[17] L. Shen, X. F. Yang, J. Wang, and J. Xia, “Passive gain-
scheduling filtering for jumping linear parameter varying
systems with fading channels based on the hidden Markov
model,” Proceedings of the Institution of Mechanical Engineers,
Part I: Journal of Systems and Control Engineering, vol. 233,
no. 1, pp. 67–79, 2019.

[18] X. Y. Yin, X. Zhang, L. Zhang, C. Wang, M. Al-Yami, and
T. Hayat, “H∞model approximation for discrete-time Takagi-
Sugeno fuzzy systems with Markovian jumping parameters,”
Neurocomputing, vol. 157, pp. 306–314, 2015.

[19] H. Y. Li, H. J. Gao, P. Shi, and X. Zhao, “Fault-tolerant control
of Markovian jump stochastic systems via the augmented
sliding mode observer approach,” Automatica, vol. 50, no. 7,
pp. 1825–1834, 2014.

[20] M. C. Dai, Z. G. Huang, J. W. Xia, B. Meng, J. Wang, and
H. Shen, “Non-fragile extended dissipativity-based state
feedback control for 2-D Markov jump delayed systems,”
Applied Mathematics and Computation, vol. 362, Article ID
124571, 2019.

[21] Y. C. Ma, M. H. Chen, and Q. L. Zhang, “Non-fragile static
output feedback control for singular TTS fuzzy delay-de-
pendent systems subject to Markovian jump and actuator
saturation,” Journal of the Franklin Institute, vol. 353, no. 11,
pp. 2373–2397, 2016.

[22] W. H. Qi and X. W. Gao, “State feedback controller design for
singular positive Markovian jump systems with partly known
transition rates,” Applied Mathematics Letters, vol. 46,
pp. 111–116, 2015.

[23] L. Qiu, B. Zhang, G. Xu, J. Pan, and F. Yao, “Mixed H2/H∞
control of Markovian jump time-delay systems with uncertain
transition probabilities,” Information Sciences, vol. 373,
pp. 539–556, 2016.

[24] B. P. Jiang, C. C. Gao, Y. G. Kao, and Z. Liu, “Sliding mode
control of Markovian jump systems with incomplete infor-
mation on time-varying delays and transition rates,” Applied
Mathematics and Computation, vol. 290, pp. 66–79, 2016.

[25] B. Y. Zhang and Y. M. Li, “Exponential L2–L∞ filtering for
distributed delay systems with Markovian jumping parame-
ters,” Signal Processing, vol. 93, no. 1, pp. 206–216, 2013.

[26] X. H. Ge and Q. L. Han, “Distributed sampled-data asyn-
chronousH∞ filtering of Markovian jump linear systems over
sensor networks,” Signal Processing, vol. 127, pp. 86–99, 2016.

[27] G. Mustafa and T. W. Chen, “H∞ filtering for nonuniformly
sampled systems: a Markovian jump systems approach,”
Systems & Control Letters, vol. 60, no. 10, pp. 871–876, 2011.

[28] N. Xu and L. K. Sun, “An improved H∞ filtering for Mar-
kovian jump system with time-varying delay based on finite
frequency domain,” Journal of the Franklin Institute, vol. 356,
no. 12, pp. 6724–6740, 2019.

[29] F. W. Li, P. Shi, X. C. Wang, and H. R. Kamiri, “Robust H∞
filtering for networked control systems withMarkovian jumps
and packet dropouts,” Modelling, Identification and Control,
vol. 35, no. 3, pp. 159–168, 2014.

8 Discrete Dynamics in Nature and Society


