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This paper investigates the reliable control design for networked control system under
event-triggered scheme. The key idea is that only the newly sampled sensor measurements
that violate specified triggering condition will be transmitted to the controller, and the
main attribute of our approach is that the proposed event-triggered scheme only needs a
supervision of the system state in discrete instants and there is no need to retrofit the
existing system. Considering the effect of the network transmission delay, event-triggered
scheme and probabilistic sensor or actuator fault with different failure rates, a new fault
model is proposed. Based on the newly built model, criteria for the exponential stability
and criteria for co-designing both the feedback and the trigger parameters are derived
by using Lyapunov functional. These criteria are obtained in the form of linear matrix
inequalities. A simulation example is employed to show the effectiveness of the proposed
method.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Nowadays, networked control systems (NCSs) have recently received considerable research attention because of the rapid
development of network technologies and their successful industrial applications [29,30,36,11,1]. The insertion of the net-
work offers advantages including simplicity, scalability and cost-effectiveness. However, implementing a control network
over a communication network induces packet dropout, multiple channel transmission and so on. The problem of stability
analysis and control design for NCSs have been investigated and lots of outstanding results have been obtained [32,3,25,17].
However, only a few of them consider sensor failures, actuator failures and data distortion, which may inevitably degrade the
performance and could be a source of instability [20,6,8,2,21]. Therefore, it is necessary and important to design a reliable
controller which can tolerate actuator or sensor failures, data distortion and network-induced delay.

On the other hand, much attention has been paid to the issue that how to use the limited network bandwidth available for
transmitting state information more effectively. Researchers have proposed different methods to deal with the problem. For
example, in [5], a periodic triggered method for system modeling and analysis is used due to the easy implementation and
analysis. In this triggered method, in order to guarantee a desired performance, a fixed sampling interval should be selected
under worst conditions such as external disturbances and time delay. However, the worst cases are seldom occur in practical
systems, which will result in transmitting many unnecessary sampling signals and cause high utilization of the communi-
cation bandwidth. Under a event triggered scheme which needed continuous supervision of the system state, the authors in
[19] derived the methods for design and implementation of controllers. But if we implement such a kind of event triggered
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method, the existing system should be retrofitted. In [23], a self-triggered method was proposed, which can save energy for
the sensor and be less complexity in implementation compared with the event-triggered scheme in [19]. Because the release
period is often smaller than the event-triggered scheme in [19], more constraints are needed for design or implementation of
controllers under self-triggered scheme. In [9], the authors firstly proposed a event-triggered method which only needs
supervision of the system state in discrete instants, and in [10], the authors proposed a novel event-triggering scheme to
discussed the problem of event-based H1 filtering for networked systems with communication delay. However, they did
not consider the case of sensor failures.

Considerable efforts have been invested toward the problem of stability analysis and control design for time delay sys-
tems and NCSs, see [21,9,19,13,12,4,16]. In [21], the reliable control design is considered for networked control systems
(NCSs) against probabilistic actuator fault with different failure rates, measurements distortion,random network-induced
delay and packet dropout, but they did not consider the insertion of the event-trigger scheme which used to reduce the com-
munication load. In [9], the authors firstly proposed a event-triggered method, but they did not take sensor fault into con-
sideration. Motivated by the literatures above, we focus on the reliable control for event-triggered networked control
systems with probabilistic sensor and actuator faults in this paper. To reduce the computation load or to reduce the ex-
change of information between the control agents (sensors, controller, actuator), we firstly proposed a event-triggering sam-
pling mechanism, which takes the probabilistic sensor and actuator faults in consideration. Under the proposed scheme, the
sensor measurement is transmitted only when the expectation of a certain function of the current sensor value and the
expectation of the previously transmitted one exceeds a threshold value. Unlike the cases in [19,9,10], considering the sensor
faults, the key attribute of our approach is that the proposed event-triggered scheme only needs a supervision of the system
state in discrete instants and there is no need to retrofit the existing system. The implementation of our event-triggering
sampling scheme only monitors the system state in discrete instants.

This paper is organized as follows. In Section 2, under the proposed event-triggered scheme, a new fault model is pro-
posed, which includes both sensor and actuator faults, network-induced delay, data distortion and so on. Based on the mod-
el, new criteria for the exponentially mean square stability and criteria for co-designing both the feedback and the trigger
parameters are obtained in the form of linear matrix inequality in Section 3. In Section 4, a simulation example is given
to illustrate the effectiveness of the proposed design procedures. The paper is concluded in Section 5.

Notation: Rn and Rn�m denote the n-dimensional Eculidean space, and the set of n �m real matrices; the superscript ‘‘T’’
stands for matrix transposition; I is the identity matrix of appropriate dimension; k�k stands for the Euclidean vector norm or
the induced matrix 2-norm as appropriate; the notation X > 0 (respectively, X P 0), for X 2 Rn�n means that the matrix X is
real symmetric positive definite (respectively,positive semi-definite). When x is a stochastic variable, Efxg stands for the

expectation of x. For a matrix B and two symmetric matrices A and C, A �
B C

� �
denotes a symmetric matrix, where � denotes

the entries implied by symmetry.
2. System description

In this paper, we consider the following system:
_xðtÞ ¼ AxðtÞ þ BuðtÞ ð1Þ
where xðtÞ 2 Rn and uðtÞ 2 Rm denote the state vector and control vector, respectively; A, and B are parameter matrices with
appropriate dimensions.

Throughout this paper, we assume the system (1) is controlled though an unreliable network which has probabilistic sen-
sor and actuator faults.

As is well known, periodic sampling mechanism has been widely used in practical systems, however, it may often lead to
transmitting many unnecessary signals through the network, which in turn will increase the load of network transmission
and wastes the network bandwidth. Therefore, for the control of networked control systems shown in Fig. 1, in order to save
network resources such as network bandwidth, it is significant to introduce an event triggered mechanism which decides
whether the newly sampled state should be send out to the controller. As is shown in Fig. 1, an event generator is constructed
between the sensor and the controller which decides when to transmit the state to the controller via a network medium by a
specified trigger condition, the state are sampled regularly by the sampler of the smart sensor with period h and feeds into
the Event Generator, which will be given in sequel. The following function of network architecture in Fig. 1 is expected:

1. The state are sampled at time kh by sampler with a given period h. The next state is at time (k + 1)h.
2. As shown in Fig. 1, the event generator is constructed between the sensor and the controller which uses the sampled state

to determine whether the newly sampled state will be sent out to the controller. Considering the unreliable network
which has probabilistic sensor faults, we adopt the following judgement algorithm:
½EfNxððkþ jÞhÞg � EfNxðkhÞg�TX½EfNxððkþ jÞhÞg � EfNxðkhÞg� 6 q½EfNxððkþ jÞhÞg�TXE½fNxððkþ jÞhÞg� ð2Þ
where X is a symmetric positive definite matrix, j = 1, 2, . . . , q 2 [0,1) and N = diag{N1, N2, . . . , Nn} with Ni(i = 1, 2, . . . , n)
being n unrelated random variables taking values on the interval [0,h], h P 1.



Fig. 1. The structure of an event-triggered networked control system.
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3. Under the event triggered scheme (2), the release times are assumed to be t0h, t1h, t2h, . . ., where t0 is the initial time.
sih = ti+1h � tih denotes the release period of event generator in (2). Considering the effect of the transmission delay on
the network system, we suppose the time-varying delay in the network communication is sk and sk 2 ½0; �sÞ, where
�s is a positive real number. Therefore, the states x(t0h), x(t1h), x(t2h), . . . will arrive at the controller side at the instants
t0h + s0, t1h + s1, t2h + s2, . . ., respectively.
Remark 1. Notice that the sensor measurement is transmitted only when the expectation of a certain function of the current
sensor value and the expectation of the previously transmitted one exceeds the threshold in (2), that is, only some of the
sampled sensor measurements that violate (2) can be sent out to the controller.
Remark 2. It is worth noting that the set of the release instants, i.e. {t0, t1, t2, . . .} is a subset of {0, 1, 2, . . .} in event-triggering
(2). The amount of {t0, t1, t2, . . .} depends on not only the value of q, but also the variation of the state. When q = 0, {t0, t1, -
t2, . . .} = {0, 1, 2, . . .}, the event-triggered scheme reduces to periodic time-triggered scheme.
Remark 3. The similar event-triggering scheme was firstly proposed in [34,35], however, [34,35] only considered the con-
troller design problem and did not discuss the case when the sensor and actuator have faults. we update the event-triggering
scheme and investigate the above problem in this paper.

If we consider the case of sensor and actuator both in good condition and the effect of the transmission delay, under the
event generator with (2), the controller of the system model (1) can be described as
uðtÞ ¼ KxðtkhÞ; t 2 ½tkhþ sk; tkþ1hþ skþ1Þ ð3Þ
Considering the unreliable channel from controller to actuator (3) can be rewritten as
u1ðtÞ ¼ N1KxðtkhÞ; t 2 ½tkhþ sk; tkþ1hþ skþ1Þ ð4Þ
where N1 = diag{N11, N12, . . . , N1m} with N1i(i = 1, 2, . . . , m) being m unrelated random variables taking values on the interval
[0,h1], where h1 P 1. The mathematical expectation and variance of N1i(i = 1, 2, . . . , m) are bi and d2

i , respectively.
Based on (4), if we consider the unreliable channel from sensor to controller, (4) can be described as
u2ðtÞ ¼ N1KN2xðtkhÞ; t 2 ½tkhþ sk; tkþ1hþ skþ1Þ ð5Þ
where N2 = diag{N21, N22, . . . , N2n}, N2i(i = 1, 2, . . . , n) are n unrelated random variables taking values on the interval [0,h2],
where h2 P 1. Also, N2i(i = 1, 2, . . . , n) are unrelated with N1i(i = 1, 2, . . . , m). The mathematical expectation and variance of
N2i(i = 1, 2, . . . , n) are ai and c2

i , respectively.

Remark 4. It should be pointed out that bi = 1 does not mean the ith sensor is always in good condition, it represent the
expectation of N2j is 1. when N1 = I and N2 = I, (5) degenerates into the general controller [18,26–28].
Remark 5. When sensors or actuators have faults, the output signal may be larger or smaller than what it should be. Con-
sidering this case, we assume the variables N1i and N2i take values in the interval [0,h1] and [0,h2], where hi P 1(i = 1, 2). If
N1i and N2i taking values in {0,1}, it means the sensor and actuator have completely failure or not. If 0 < N1i < 1, 0 < N2j < 1
and N1i > 1, N2j > 1, it means the case of data distortion happen.

Under the control (5), for t 2 [tkh + sk, tk+1h + sk+1), (1) can be rewritten as:
_xðtÞ ¼ AxðtÞ þ BN1KN2xðtkhÞ ¼ AxðtÞ þ BN1KN2xðtkhÞ þ VxðtkhÞ ð6Þ
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where
V ¼ BN1KðN2 � N2Þ þ BðN1 � N1ÞKN2 þ BðN1 � N1ÞKðN2 � N2Þ ð7Þ

N1 ¼ diagfb1;b2; . . . ;bmg ¼
Xm

i¼1

biL
i
1; N2 ¼ diagfa1;a2; . . . ;ang ¼

Xn

i¼1

aiL
j
2

EfðN1 � N1Þ2g ¼ diagfd2
1; . . . ; d2

mg; EfðN2 � N2Þ2g ¼ diagfc2
1; . . . ; c2

mg
Li

1 ¼ diagf0; . . . ;0|fflfflfflffl{zfflfflfflffl}
i�1

;1;0; . . . ;0|fflfflfflffl{zfflfflfflffl}
m�i

g; Lj
2 ¼ diagf0; . . . ;0|fflfflfflffl{zfflfflfflffl}

j�1

;1;0; . . . ;0|fflfflfflffl{zfflfflfflffl}
n�j

g

For technical convenience, consider the following two cases:
Case 1: If tkhþ hþ �s P tkþ1hþ skþ1, where �s ¼maxsk, define a function s(t) as
sðtÞ ¼ t � tkh; t 2 ½tkhþ sk; tkþ1hþ skþ1Þ ð8Þ
Clearly
tk 6 sðtÞ 6 ðtkþ1 � tkÞhþ skþ1 6 hþ �s ð9Þ
Case 2: If tkhþ hþ �s < tkþ1hþ skþ1, consider the following two intervals:
½tkhþ sk; tkhþ hþ �sÞ; ½tkhþ ihþ �s; tkhþ ihþ hþ �sÞ
Since sk 6 �s, it can be easily shown that there exists dM such that
tkhþ dMhþ �s < tkþ1hþ skþ1 6 tkhþ dMhþ hþ �s
Moreover, x(tkh) and tkh + ih with i = 1, 2, . . . , dM satisfy (2). Let
I0 ¼ ½tkhþ sk; tkhþ hþ �sÞ
Ii ¼ ½tkhþ ihþ �s; tkhþ ihþ hþ �sÞ
IdM
¼ ½tkhþ dMhþ �s; tkþ1hþ skþ1Þ

8><>: ð10Þ
where i = 1, 2, . . . , dM � 1. One can see that
½tkhþ sk; tkþ1hþ skþ1Þ ¼
[i¼dM

i¼0

Ii ð11Þ
Define 8

sðtÞ ¼

t � tkh; t 2 I0

t � tkh� ih; t 2 Ii; i ¼ 1;2; . . . ; dM � 1
t � tkh� dMh; t 2 IdM

><>: ð12Þ
Then, we have8

tk 6 sðtÞ < hþ �s; t 2 I0

tk 6 �s 6 sðtÞ < hþ �s; t 2 Ii; i ¼ 1;2; . . . ; dM � 1
tk 6 �s 6 sðtÞ < hþ �s; t 2 IdM

><>: ð13Þ
where the third row in (10) holds because tkþ1hþ skþ1 6 tkhþ ðdM þ 1Þhþ �s. Obviously,
0 6 sk 6 sðtÞ 6 hþ �s , sM; t 2 ½tkhþ sk; tkþ1hþ skþ1Þ ð14Þ
In Case 1, for t 2 [tkh + sk, tk+1h + sk+1), define ek(t) = 0. In Case 2, define
N2ekðtÞ ¼
0; t 2 I0

N2xðtkhÞ � N2xðtkhþ ihÞ; t 2 Ii; i ¼ 1;2; . . . ;dM � 1
N2xðtkhÞ � N2xðtkhþ dMhÞ; t 2 IdM

8><>: ð15Þ
From the definition of N2ekðtÞ and the triggering algorithm (2), it can be easily seen that for t 2 [tkh + sk, tk+1h + sk+1)
eT
kðtÞNT

2XN2ekðtÞ 6 qxTðt � sðtÞÞNT
2XN2xðt � sðtÞÞ; ð16Þ
Remark 6. From (15), we can deduce that
ekðtÞ ¼
0; t 2 I0

xðtkhÞ � xðtkhþ ihÞ; t 2 Ii; i ¼ 1;2; . . . ;dM � 1
xðtkhÞ � xðtkhþ dMhÞ; t 2 IdM

8><>: ð17Þ
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Utilizing s(t) and ek(t), (6) can be rewritten as
_xðtÞ ¼ AxðtÞ þ BN1KN2½xðt � sðtÞÞ þ ekðtÞ� þ V½xðt � sðtÞÞ þ ekðtÞ� ð18Þ
where t 2 [tkh + sk, tk+1h + sk+1). For the system (14), we supplement the initial condition of the state x(t) on [�sM,0] as
xðtÞ ¼ /ðtÞ; t 2 ½�sM;0� ð19Þ
where /(t) is a continuous function on [�sM,0].

Remark 7. The model (18) can describe a large number of well-known dynamical systems with time-delays, such as
unmanned aerial vehicles, vehicular control networks, power systems and teleoperation systems. The proposed event-
triggered scheme (2), which can reduce the communication load, can deal with the case when the sensor and actuator have
probability failures.
Remark 8. If sk = 0, it means no transmission delay exists or transmission delay can be ignored, the maximum sampling per-
iod is sM. Note that sM ¼ hþ �s, If sk > 0, the selecting sampling period h < sM, �s ¼ sM � h is the allowable maximum transmis-
sion delay.
Remark 9. When formulating the system (18) and (19), the signal transmission delay and event triggering condition (2) are
taken into consideration. If the event-triggering scheme is not considered, that is N2ekðtÞ ¼ 0, then the system (18) and (19)
reduces to the case in [21], where the reliable controller design for networked control system against both probabilistic sen-
sor and actuator faults are studied.

In the following, we need to introduce the notion of the infinitesimal operator Lð�Þ, stochastic stability in the mean-square
sense and two lemmas, which will help us in deriving the main results.

Definition 1 [15]. For a given function V : Cb
F0
ð½�sM;0�;RnÞ � S, its infinitesimal operator L is defined as
LðVgðtÞÞ ¼ lim
D!0þ

1
D
½EðVðgt þ DÞjgtÞ � VðgtÞ� ð20Þ
Definition 2 [14]. System (18) and (19) is said to be exponentially mean square stability (EMSS) if there exist constants
a > 0 and b > 0 such that for t P 0
EðkxðtÞk2Þ 6 ae�btEf sup
�sM6s60

k/ðsÞk2g ð21Þ
Lemma 1 [24]. For any vectors x, y 2 Rn, and positive definite matrix Q 2 Rn�n, the following inequality holds:
2xT y 6 xT Qxþ yT Q�1y ð22Þ
Lemma 2 [22]. N1, N2 and X are matrices with appropriate dimensions, s(t) is a function of t and 0 6 s(t) 6 sM, then
sðtÞN1 þ ðsM � sðtÞÞN2 þX < 0 ð23Þ
if and only if
sMN1 þX < 0 ð24Þ
sMN2 þX < 0 ð25Þ
3. Main results

In this section, we will give the EMSS criteria for system (18), (19) with the reliable controller (5) under the event trigger
(2).

Theorem 1. For given parameters sM, ai(i = 1, . . . , n), bj(j = 1, . . . , m), ci (i = 1, . . . , n), dj (j = 1, . . . , m), q 2 [0,1) and feedback gain
K, the system described by (18) is EMSS, if there exists matrices P > 0, Q > 0, R > 0, X > 0, N and M with appropriate dimensions such
that for s = 1,2
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RðsÞ ,

R11 þ Cþ CT Rs
12

ffiffiffiffiffiffi
sM
p AT R14 R15

� �R 0 0 0
� � �R�1 0 0
� � � R44 0
� � � 0 R55

26666664

37777775 < 0; s ¼ 1;2: ð26Þ
where
R11 ¼

PAþ AT P þ Q � � �

N2KTN1BT P
Xn

i¼1

qa2
i ðL

i
2Þ

TXLi
2 � �

0 0 �Q �

N2KTN1BT P 0 0 �
Xn

i¼1

a2
i ðL

i
2Þ

TXLi
2

26666666664

37777777775
R1

12 ¼
ffiffiffiffiffiffi
sM
p

N; R2
12 ¼

ffiffiffiffiffiffi
sM
p

M

C ¼ N �N þM �M 0½ �
A ¼ A BN1KN2 0 BN1KN2

� �
wij ¼ 2sM b2

i c
2
j þ d2

i a
2
j þ d2

i c
2
j

� 	
R14 ¼ K1 K2 � � � Kn½ �
Ki ¼ KT

i1 KT
i2 � � � KT

in

� �
; i ¼ 1; � � � ;m

Kij ¼
ffiffiffiffiffiffi
wij

p
0 BLi

1KLj
2 0 0

h i
R15 ¼ � 1 � 2 � � � � n½ �
� i ¼ � T

i1 � T
i2 � � � � T

in

� �
; i ¼ 1; � � � ;m

� ij ¼
ffiffiffiffiffiffi
wij

p
0 0 0 BLi

1KLj
2

h i
R44 ¼ diagf�R�1;�R�1; � � � ;�R�1g
R55 ¼ diagf�R�1;�R�1; � � � ;�R�1g
Proof. Choose the following Lyapunov functional candidate asZ Z Z

VðxtÞ ¼ xTðtÞPxðtÞ þ

t

t�sM

xTðsÞQxðsÞdsþ
t

t�sM

t

s

_xTðvÞR _xðvÞdvds ð27Þ
in which P, Q and R are symmetric positive definite matrices.
Using the infinitesimal operator (20) for V(xt) and taking expectation on it, we obtain
EfLVðxtÞg ¼ 2xTðtÞP½AxðtÞ þ BN1KN2xðt � sðtÞÞ þ BN1KN2ekðtÞ� þ xTðtÞQxðtÞ � xTðt � sMÞQxðt � sMÞ

þ EfsM _xTðtÞR _xðtÞg �
Z t

t�sM

_xTðsÞR _xðsÞdsþ C1 þ C2 ð28Þ
where C1 and C2 are introduced by employing free weight matrix method [31,7]
C1 ¼ 2fTðtÞN½xðtÞ � xðt � sðtÞÞ �
Z t

t�sðtÞ
_xðsÞds� ¼ 0 ð29Þ

C2 ¼ 2gTðtÞM½xðt � sðtÞÞ � xðt � sMÞ �
Z t�sðtÞ

t�sM

_xðsÞds� ¼ 0 ð30Þ
where N and M are matrices with appropriate dimensions, and
fTðtÞ ¼ xTðtÞ xTðt � sðtÞÞ xTðt � sMÞ eT
kðtÞ

� �

By Lemma 1, we have
�2fTðtÞN
Z t

t�sðtÞ
_xðsÞds 6 sðtÞfTðtÞNR�1NTfðtÞ þ

Z t

t�sðtÞ
_xTðsÞR _xðsÞds ð31Þ

�2fTðtÞM
Z t�sðtÞ

t�sM

_xðsÞds 6 ðsM � sðtÞÞfTðtÞMR�1MTfðtÞ þ
Z t�sðtÞ

t�sM

_xTðsÞR _xðsÞds ð32Þ
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Notice that
E½sM _xTðtÞR _xðtÞ� ¼ EfsM½AxðtÞ þ BN1KN2ðxðt� sðtÞÞ þ ekðtÞÞ þ Vðxðt� sðtÞÞ þ ekðtÞÞ�T R½AxðtÞ
þ BN1KN2ðxðt� sðtÞÞ þ ekðtÞÞ þ Vðxðt� sðtÞÞ þ ekðtÞÞ�g ¼ sM ½AxðtÞ þ BN1KN2xðt� sðtÞÞ
þ BN1KN2ekðtÞ�T R½AxðtÞ þ BN1KN2xðt� sðtÞÞ þ BN1KN2ekðtÞ� þ EfsMxTðt� sðtÞÞVT RVxðt� sðtÞÞg
þ Ef2sMxTðt� sðtÞÞVT RVekðtÞgþ EfsMeT

kðtÞVT RVekðtÞg

ð33Þ
in which there is a term of 2sMxTðt � sðtÞÞVT RVekðtÞ, by using Lemma 2, we have
2sMxTðt � sðtÞÞVT RVekðtÞ 6 sMxTðt � sðtÞÞVT RVxðt � sðtÞÞ þ sMeT
kðtÞVT RVekðtÞ ð34Þ
Then, we can obtain that
E½sM _xTðtÞR _xðtÞ� 6 sM½AxðtÞ þ BN1KN2xðt � sðtÞÞ þ BN1KN2ekðtÞ�T R½AxðtÞ þ BN1KN2xðt � sðtÞÞ þ BN1KN2ekðtÞ�
þ Ef2sMxTðt � sðtÞÞVT RVxðt � sðtÞÞg þ Ef2sMeT

kðtÞVT RVekðtÞg ð35Þ
Recalling (7), we obtain
Ef2sMxTðt � sðtÞÞVT RVxðt � sðtÞÞg ¼2sMEfxTðt � sðtÞÞ½BN1KðN2 � N2Þ þ BðN1 � N1ÞKN2

þ BðN1 � N1ÞKðN2 � N2Þ�T R½BN1KðN2 � N2Þ þ BðN1 � N1ÞKN2

þ BðN1 � N1ÞKðN2 � N2Þ�xðt � sðtÞÞg
¼ 2sMxTðt � sðtÞÞ½ðBN1KðN2 � N2ÞÞT RðBN1KðN2 � N2ÞÞ
þ ðBðN1 � N1ÞKN2ÞT RðBðN1 � N1ÞKN2Þ
þ ðBðN1 � N1ÞKðN2 � N2ÞÞT RðBðN1 � N1ÞKðN2 � N2ÞÞ�xðt � sðtÞÞ ð36Þ
Notice that
Ef2sMðBN1KðN2 � N2ÞÞT RðBN1KðN2 � N2ÞÞg ¼
Xm

i¼1

Xn

j¼1

2sMb2
i c

2
j ðBLi

1KLj
2Þ

T R BLi
1KLj

2

� 	
ð37Þ

Ef2sMðBðN1 � N1ÞKN2ÞT RðBðN1 � N1ÞKN2Þg ¼
Xm

i¼1

Xn

j¼1

2sMd2
i a

2
j BLi

1KLj
2

� 	T
R BLi

1KLj
2

� 	
ð38Þ

Ef2sMðBðN1 � N1ÞKðN2 � N2ÞÞT RðBðN1 � N1ÞKðN2 � N2ÞÞg ¼
Xm

i¼1

Xn

j¼1

2sMd2
i c

2
j BLi

1KLj
2

� 	T
R BLi

1KLj
2

� 	
ð39Þ
Combining (36)–(39), we have
Ef2sMxTðt � sðtÞÞVT RVxðt � sðtÞÞg ¼
Xm

i¼1

Xn

j¼1

wijxTðt � sðtÞÞ BLi
1KLj

2

� 	T
R BLi

1KLj
2

� 	
xðt � sðtÞÞ ð40Þ
where wij ¼ 2sM b2
i c2

j þ d2
i a2

j þ d2
i c2

j

� 	
.

Using the same method as (40), we have
Ef2sMeT
kðtÞVT RVekðtÞg ¼

Xm

i¼1

Xn

j¼1

wijeT
kðtÞ BLi

1KLj
2

� 	T
R BLi

1KLj
2

� 	
ekðtÞ ð41Þ
Substituting (29)–(33) and (40) and (41) into (28) and combining (16), we can obtain that
EfLVðxtÞg 6 2xTðtÞP½AxðtÞ þ BN1KN2xðt � sðtÞÞ þ BN1KN2ekðtÞ� þ xTðtÞQxðtÞ � xTðt � sMÞQxðt � sMÞ þ sM ½AxðtÞ

þ BN1KN2xðt � sðtÞÞ þ BN1KN2ekðtÞ�T R½AxðtÞ þ BN1KN2xðt � sðtÞÞ þ BN1KN2ekðtÞ� þ
Xm

i¼1

Xn

j¼1

wijxTðt

� sðtÞÞ BLi
1KLj

2

� 	T
R BLi

1KLj
2

� 	
xðt � sðtÞÞ þ

Xm

i¼1

Xn

j¼1

wijeT
kðtÞ BLi

1KLj
2

� 	T
R BLi

1KLj
2

� 	
ekðtÞ þ 2fTðtÞN½xðtÞ

� xðt � sðtÞÞ� þ 2fTðtÞM½xðt � sðtÞÞ � xðt � sMÞ� þ sðtÞfTðtÞNR�1NTfðtÞ þ ðsM

� sðtÞÞfTðtÞMR�1MTfðtÞ þ q
Xn

i¼1

a2
i xTðt � sðtÞÞ Li

2

� 	T
XLi

2xðt � sðtÞÞ �
Xn

i¼1

a2
i eT

kðtÞðL
i
2Þ

TXLi
2ekðtÞ

¼ fTðtÞðPþ sðtÞNR�1NT þ ðsM � sðtÞÞMR�1MTÞfðtÞ ð42Þ
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where
P ¼ � 11 þ Cþ CT þ sMAT RA
with
� 11 ¼

PAþ AT P þ Q � � �

N2KTN1BT P Hþ
Xn

i¼1

qa2
i Li

2

� 	T
XLi

2 � �

0 0 �Q �

N2KTN1BT P 0 0 H�
Xn

i¼1

a2
i ðL

i
2Þ

TXLi
2

26666666664

37777777775
H ¼

Xm

i¼1

Xn

j¼1

wij BLi
1KLj

2

� 	T
R BLi

1KLj
2

� 	
;C ¼ N �N þM �M 0½ �
Recalling (26) and using Lemma 2, we can conclude from (26) that there exists a constant k such that
EfLVðxtÞg 6 �kEfkxðtÞk2g ð43Þ
where k = min{kminR(i)}(i = 1, 2). Define a new function as
WðxtÞ ¼ e�tVðxtÞ ð44Þ
Its infinitesimal operator L is given by
LWðxtÞ ¼ �e�tVðxtÞ þ e�tLVðxtÞ ð45Þ
From (45), we can obtain that
EWðxtÞ � EWðx0Þ ¼
Z t

0
�e�sEfVðxsÞgdsþ

Z t

0
e�sEfLVðxsÞgds ð46Þ
Then using the similar method of [33], we can observe that there exists a positive number a such that for t P 0
EfVðxtÞg 6 a sup
�sM6s60

e��sEfkwðsÞk2g ð47Þ
Since V(xt) P kmin(P)xT(t)x(t), it can be shown from (47) that for t P 0
EfxTðtÞxðtÞg 6 �ae��t sup
�sM6s60

EfkwðsÞk2g ð48Þ
where �a ¼ a
kminðPÞ

. Recalling Definition 2, the proof can be completed. h

Based on Theorem 1, we are in a position to design the reliable controller (5) under the event trigger (2). Select a constant
a to minimize

Pn
i¼1ðai � aÞ, the reliable controller (5) can be designed.

Theorem 2. For given parameters sM, ai(i = 1, . . . , n), bj (j = 1, . . . , m), ci (i = 1, . . . , n), dj (j = 1, . . . , m), e > 0 and q 2 [0,1), the
system described by (18) with controller gain K = YX�1 is EMSS, if there exists matrices X > 0; eQ > 0; eR > 0; eN; eM and Y with
appropriate dimensions such that for s = 1,2
eR11 þ eC þ eCT eRs
12

ffiffiffiffiffiffi
sM
p eAT 0 eR15 0 0 eR18

eR19

� �eR 0 0 0 0 0 0 0
� � �2eX þ e2eR 0 eR35 0 0 0 0
� � � eR44 0 eR46 0 0 0
� � � � eR55 0 eR57 0 0
� � � � � eR66 0 0 0
� � � � � � eR77 0 0
� � � � � � � eR88 0
� � � � � � � � eR99

2666666666666666664

3777777777777777775

< 0 ð49Þ
where
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eR11 ¼

AX þ XAT þ eQ aBN1Y 0 aBN1Y

� q~X 0 0

� � � eQ 0

� � � �eX

2666664

3777775
eR1

12 ¼
ffiffiffiffiffiffi
sM
p eN; eR2

12 ¼
ffiffiffiffiffiffi
sM
p eMeC ¼ eN �eN þ eM � eM 0

h i
eAT ¼ AX aBN1Y 0 aBN1Y

� �

eR15 ¼

BN1Y BN1Y 0 0

0 0 N2 � aI 0

0 0 0 0

0 0 0 N2 � aI

2666664

3777775

eR18 ¼

0 � � � 0
L1

2 � � � Ln
2

0 � � � 0
0 � � � 0

26664
37775; eR19 ¼

0 � � � 0
0 � � � 0
0 � � � 0
L1

2 � � � Ln
2

26664
37775

eR35 ¼
ffiffiffiffiffiffi
sM
p

BN1Y 0 0 0
� �

eR44 ¼ diagf�2eX þ e2eR; � � � ;�2eX þ e2eR|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
2mn

g; eR55 ¼ diagf�X;�X;�X;�Xg

eR46 ¼ eK1
eK2 � � � eKn

� �
eKj ¼ 01�ðj�1Þm eCT

ij 0ðn�jÞm�1

h iT

eR57 ¼ ~� 1
e� 2 � � � e� n

� �
e� j ¼ 01�ðj�1Þm eCT

ij 0ðn�jÞm�1

h iT

eCT
ij ¼

ffiffiffiffiffiffi
wij

p
YT L1

1BT � � � YT Lm
1 BT

� �
eR66 ¼ P77 ¼ P88 ¼ P99 ¼ diagf�X; . . . ;�X|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

mn

g

Proof. Separating N2 with N2 � aI and aI and defining X = P�1, from (26), we can obtain that
R1ðsÞ þ

PBN1K

04�1ffiffiffiffiffiffi
sM
p

BN1K

02mn�1

2666664

3777775 0 N2 � aI 01�ð2mnþ4Þ
� �

þ

0

N2 � aI

0ð2mnþ4Þ�1

2664
3775 KTN1BT P 01�4

ffiffiffiffiffiffi
sM
p

KTN1BT 01�2mn

� �
þ

PBN1K

0ð2mnþ5Þ�1

" #

01�3 N2 � aI 01�ð2mnþ2Þ
� �

þ

03�1

N2 � aI

0ð2mnþ2Þ�1

2664
3775 KTN1BT P 01�ð2mnþ5Þ

h i
6

PBN1K

04�1ffiffiffiffiffiffi
sM
p

BN1K

02mn�1

2666664

3777775X

PBN1K

04�1ffiffiffiffiffiffi
sM
p

BN1K

02mn�1

2666664

3777775
T

þ

0

N2 � aI

0ð2mnþ4Þ�1

2664
3775X�1

0

N2 � aI

0ð2mnþ4Þ�1

2664
3775

T

þ
PBN1K

0ð2mnþ5Þ�1

" #
X

PBN1K

0ð2mnþ5Þ�1

" #T

þ

03�1

N2 � aI

0ð2mnþ2Þ�1

2664
3775X�1

03�1

N2 � aI

0ð2mnþ2Þ�1

2664
3775

T

ð50Þ
where R1(s) is obtained from R(s)(s = 1, 2) by replacing PBN1KN2;N2KTN1BT P,
ffiffiffiffiffiffi
sM
p

BN1KN2,
ffiffiffiffiffiffi
sM
p

N2KTN1BT by
aPBN1K;aKTN1BT P, a

ffiffiffiffiffiffi
sM
p

BN1K;a
ffiffiffiffiffiffi
sM
p

KTN1BT , respectively.
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R2ðsÞ þ
Xn

j¼1

0ð6þmnþðj�1ÞmÞ�1

Cij

0ðn�jÞm�1

24 35 01�3 Lj
2 01�ð2mnþ2Þ

h i
þ

03�1

Lj
2

0ð2mnþ2Þ�1

24 35 01�ð6þmnþðj�1ÞmÞ CT
ij 01�ðn�jÞm

h i8<:
9=;

þ
Xn

j¼1

0ð6þðj�1ÞmÞ�1

Cij

0ðmnþðn�jÞmÞ�1

24 35 0 Lj
2 01�ð4þ2mnÞ

h i
þ

0
Lj

2
0ð4þ2mnÞ�1

24 35 01�ð6þðj�1ÞmÞ CT
ij 01�ð2mn�jmÞ

h i8<:
9=;

6 R2ðsÞ þ
Xn

j¼1

0ð6þmnþðj�1ÞmÞ�1

Cij

0ðn�jÞm�1

24 35X
0ð6þmnþðj�1ÞmÞ�1

Cij

0ðn�jÞm�1

24 35T

þ
03�1

Lj
2

0ð2mnþ2Þ�1

24 35X�1
03�1

Lj
2

0ð2mnþ2Þ�1

24 35T
8><>:

9>=>;
þ
Xn

j¼1

0ð6þðj�1ÞmÞ�1

Cij

0ðmnþðn�jÞmÞ�1

24 35X
0ð6þðj�1ÞmÞ�1

Cij

0ðmnþðn�jÞmÞ�1

24 35T

þ
0
Lj

2
0ð4þ2mnÞ�1

24 35X�1
0
Lj

2
0ð4þ2mnÞ�1

24 35T
8><>:

9>=>; ð51Þ
where R2(s) is obtained from R1(s)(s = 1, 2) by deleting BLi
1KLj

2 and its transposes from the last mn columns and rows, and2 3

Cij ¼

ffiffiffiffiffiffi
wij

p BL1
1K

..

.

BLm
1 K

664 775

Combining (26), (50), and (51) and applying Schur complement, we can obtain2 3
P11 þ Cþ CT Rs
12

ffiffiffiffiffiffi
sM
p bAT 0 P15 0 0 P18 P19

� �R 0 0 0 0 0 0 0
� � �PR�1P 0 P35 0 0 0 0
� � � P44 0 P46 0 0 0
� � � � P55 0 P57 0 0
� � � � � P66 0 0 0
� � � � � � P77 0 0
� � � � � � � P88 0
� � � � � � � � P99

66666666666666664

77777777777777775
< 0; s ¼ 1;2 ð52Þ
where
P11 ¼

PAþ AT P þ Q aPBN1K 0 aPBN1K

� q
Xn

i¼1

a2
i Li

2

� 	T
XLi

2 0 0

� � �Q 0

� � �
Xn

i¼1

a2
i Li

2

� 	T
XLi

2

26666666664

37777777775
bA ¼ PA a

ffiffiffiffiffiffi
sM
p

PBN1K 0 a
ffiffiffiffiffiffi
sM
p

PBN1K
� �
P15 ¼

PBN1KX PBN1KX 0 0
0 0 N2 � aI 0
0 0 0 0
0 0 0 N2 � aI

26664
37775

P35 ¼
ffiffiffiffiffiffi
sM
p

BN1KX 0 0 0
� �

P44 ¼ diag f�PR�1P; � � � ;�PR�1P|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
2mn

g; P55 ¼ diagf�X;�X;�X;�Xg
P66 ¼ P77 ¼ P88 ¼ P99 ¼ diag�X; � � � ;�X|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
mn

g

P18 ¼

0 � � � 0
L1

2 � � � Ln
2

0 � � � 0
0 � � � 0

26664
37775; P19 ¼

0 � � � 0
0 � � � 0
0 � � � 0
L1

2 � � � Ln
2

26664
37775
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P46 ¼ bK1
bK2 � � � bKn

h i
bKj ¼ 01�ðj�1Þm XCT
ij 0ðn�jÞm�1

h iT
P57 ¼ b� 1
b� 2 � � � b� n

� �

b� j ¼ 01�ðj�1Þm XCT

ij 0ðn�jÞm�1

h iT
Due to (R � e�1P)R�1(R � e�1P) P 0, we have
�PR�1P 6 �2eP þ e2R ð53Þ
Substituting �PR�1P with �2eP + e2R into (52), we obtain
P11 þ Cþ CT Rs
12

ffiffiffiffiffiffi
sM
p bAT 0 P15 0 0 P18 P19

� �R 0 0 0 0 0 0 0
� � �2eP þ e2R 0 P35 0 0 0 0
� � � bP44 0 P46 0 0 0
� � � � P55 0 P57 0 0
� � � � � P66 0 0 0
� � � � � � P77 0 0
� � � � � � � P88 0
� � � � � � � � P99

266666666666666664

377777777777777775
< 0; s ¼ 1;2 ð54Þ
where
bP44 ¼ diagf�2eP þ e2R; � � � ;�2eP þ e2R|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
2mn

g

Denoting eX ¼ X½
Pn

i¼1a2
i ðL

i
2Þ

TXLi
2�X; eQ ¼ XQX; eR ¼ XRX, eN ¼ XNX; eM ¼ XMX and Y = KX, then pre- and post-multiplying

(54) with
diagfX; . . . ;X|fflfflfflfflffl{zfflfflfflfflffl}
2mnþ6

; I; I; . . . ; Ig
Eq. (49) can be obtained. h
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Fig. 2. The state responses under feedback gain (56) for Case 1.
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Fig. 3. The random delay s(t) in Case 1.
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Remark 10. From Theorem 2, we can obtain the admissible upper bounds sM of the time delay, the corresponding trigger
matrix X, and the controller gain K through solving the following procedure by using LMI SOLVER FEASP in MATLAB LMI tool
box:

1. If LMIs (49) for s = 1, 2 are feasible for matrix variables X; eQ ; eR; eN; eM;Y ;X, we can get the corresponding trigger matrix
X and the controller gain K = YX�1

2. By choosing different e, make sure that LMIs (49) for s = 1, 2 are feasible, we can derive the upper bound sM of the time
delay.

4. Simulation examples

In this section, an example is presented to illustrate the validity of proposed event-triggering communication scheme.

Example 1. Consider the system (1) is described as:
_xðtÞ ¼
�2 �0:1
�0:1 0:01

� �
xðtÞ þ

0:05
0:02

� �
uðtÞ ð55Þ
In the following, we will discuss the reliable controller design for system (55) under the following four cases
Case 1: Firstly, the system (55) is time-triggered, setting q = 0 in (2), and N1 ¼ 0:8; N2 ¼

diagf0:7;0:9g; d1 ¼ 0:2; c1 ¼ c2 ¼ 0:1; a ¼ 1:6, and e = 1, based on Matlab/LMIs toolbox and applying Theorem 2, we can
get the upper bound value sM = 1.9950. When sM = 1.5, the controller feedback gain K is
K ¼ 1:5999 �2:5873½ � ð56Þ
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Fig. 4. The state responses under feedback gain (58) for Case 2.
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Fig. 5. The probabilistic sensor faults in Case 2.

0 50 100 150 200 250 300
−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

Time (s)

St
at

e 
R

es
po

ns
e

Fig. 6. The state responses under feedback gain (60) for Case 3.

0 50 100 150 200 250 300
−0.5

0

0.5

1

1.5

2

Time(s)

Ac
tu

at
or

 fa
ul

t

Fig. 7. The probabilistic actuator faults in Case 3.
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When the initial condition is chosen as xð0Þ ¼ �0:3 0:3½ �T , the state responses and time-varying delays are shown in
Figs. 2 and 3, respectively.

Case 2: When the system (55) without actuators fault, by setting N1 ¼ 1; d1 ¼ 0; sM ¼ 1:5; N2 ¼
diagf0:7;0:9g; c1 ¼ c2 ¼ 0:1; a ¼ 1:6; e ¼ 1, and the corresponding trigger parameter q = 0.03, based on the Theorem 2,
the corresponding trigger matrix X is obtained by
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Fig. 8. The state responses under feedback gain (62) for Case 4.
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Fig. 9. The release instants and release interval with feedback gain (62) in Case 4.
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X ¼
23:0724 �1:5899
�1:5899 22:3669

� �
ð57Þ
and the controller feedback gain K is
K ¼ 1:3455 �2:2679½ � ð58Þ
When the initial condition is chosen as xð0Þ ¼ �0:3 0:3½ �T , the state responses and probabilistic sensor faults are shown
in Figs. 4 and 5, respectively.

Case 3: When the system (55) without sensors fault, by setting N1 ¼ 0:9; d1 ¼ 0:1; sM ¼ 1:5; N2 ¼
diagf1;1g; c1 ¼ c2 ¼ 0; a ¼ 2; e ¼ 1, and the corresponding trigger parameter q = 0.03, based on the Theorem 2, the
corresponding trigger matrix X is obtained by
X ¼
596:7646 �41:4499
�41:4499 578:0689

� �
ð59Þ
and the controller feedback gain K is
K ¼ 1:2804 �2:0322½ � ð60Þ
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When the initial condition is chosen as xð0Þ ¼ �0:3 0:3½ �T , the state responses and probabilistic actuator faults are
shown in Figs. 6 and 7, respectively.

Case 4: When the system (55) with actuators and sensors fault, setting q = 0.03 in (2), and
N1 ¼ 0:7; N2 ¼ diagf0:8;0:7g; d1 ¼ 0:2; c1 ¼ c2 ¼ 0:1; a ¼ 1:5, and e = 1, by using Theorem 2, we can get the upper bound
value sM = 1.9950. When sM = 1.5, the corresponding trigger matrix X is obtained by
X ¼
21:2240 �1:3545
�1:3545 20:0559

� �
ð61Þ
and the controller feedback gain K is
K ¼ 1:9813 �3:3253½ � ð62Þ
When the initial condition is chosen as xð0Þ ¼ �0:3 0:3½ �T , the state responses are shown in Fig. 8, and the Fig. 9
describes the release instants and release interval. From Fig. 9, it is easy to see that the max release interval is 9.4616 s.
5. Conclusion

In this paper, in order to reduce the computation load, we propose a event-triggering sampling strategy when we take
probabilistic sensor and actuator fault into consideration. Under the event-triggering scheme, the sampled sensor measure-
ments information will be transmitted to the controller only when it violates specified triggering condition. Secondly, based
on the proposed scheme, in terms of different failure rates and the measurements distortion of every sensor and actuator, a
new probabilistic sensor and actuator fault model for event-triggered networked control systems is proposed. By using
Lyapunov functional, criteria for the exponential stability and criteria for co-designing both the feedback and the trigger
parameters are derived in the form of linear matrix inequalities. A simulation example is given to illustrate the effectiveness
of the proposed method. Future research work will include the following: (1) extension of the proposed method to nonlinear
networked control systems, T-S fuzzy systems, and complex networks. (2) Apply our proposed event-triggered scheme in
fault estimation, sliding mode control, distributed state estimation, fault detection filters and reliable filtering design.
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[17] T. Quang, I. Holic, V. Veselỳ, Robust guaranteed cost controller design for networked control systems:discretized approach, International Journal of

Innovative Computing, Information and Control 7 (2011) 3533–3544.
[18] X. Su, P. Shi, L. Wu, Y. Song, A novel approach to filter design for ts fuzzy discrete-time systems with time-varying delay, IEEE Transactions on Fuzzy

Systems 20 (6) (2012) 1114–1129.

http://refhub.elsevier.com/S0020-0255(13)00256-9/h0005
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0005
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0010
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0010
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0010
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0015
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0015
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0020
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0020
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0020
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0025
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0030
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0035
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0035
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0040
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0040
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0045
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0050
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0050
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0055
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0055
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0055
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0060
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0060
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0060
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0065
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0065
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0065
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0070
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0070
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0075
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0075
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0080
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0080
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0085
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0085
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0090
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0090


160 J. Liu, D. Yue / Information Sciences 240 (2013) 145–160
[19] P. Tabuada, Event-triggered real-time scheduling of stabilizing control tasks, IEEE Transactions on Automatic Control 52 (9) (2007) 680–1685.
[20] E. Tian, D. Yue, C. Peng, Reliable control for networked control systems with probabilistic actuator fault and random delays, Journal of the Franklin

Institute 347 (10) (2010) 1907–1926.
[21] E. Tian, D. Yue, C. Peng, Reliable control for networked control systems with probabilistic sensors and actuators faults, IET Control Theory &

Applications 4 (8) (2010) 1478–1488.
[22] E. Tian, D. Yue, Y. Zhang, Delay-dependent robust H1 control for ts fuzzy system with interval time-varying delay, Fuzzy Sets and Systems 160 (12)

(2009) 1708–1719.
[23] X. Wang, M. Lemmon, Self-triggered feedback control systems with finite-gain L2stability, IEEE Transactions on Automatic Control 54 (3) (2009) 452–

467.
[24] Y. Wang, L. Xie, C. de Souza, Robust control of a class of uncertain nonlinear systems, Systems & Control Letters 19 (2) (1992) 139–149.
[25] Z. Wang, F. Yang, D. Ho, X. Liu, Robust H1 control for networked systems with random packet losses, IEEE Transactions on Systems Man Cybernetics. B:

Cybernetics 37 (4) (2007) 916–924.
[26] L. Wu, W. Zheng, Passivity-based sliding mode control of uncertain singular time-delay systems, Automatica 45 (9) (2009) 120–2127.
[27] L. Wu, D. Ho, Sliding mode control of singular stochastic hybrid systems, Automatica 46 (4) (2010) 779–783.
[28] L. Wu, X. Su, P. Shi, J. Qiu, A new approach to stability analysis and stabilization of discrete-time ts fuzzy time-varying delay systems, IEEE Transactions

on Systems, Man, and Cybernetics, Part B: Cybernetics 41 (1) (2011) 273–286.
[29] R. Yang, P. Shi, G. Liu, H. Gao, Network-based feedback control for systems with mixed delays based on quantization and dropout compensation,

Automatica 47 (12) (2011) 2805–2809.
[30] R. Yang, P. Shi, G. Liu, Filtering for discrete-time networked nonlinear systems with mixed random delays and packet dropouts, IEEE Transactions on

Automatic Control 56 (11) (2011) 2655–2660.
[31] D. Yue, Q. Han, J. Lam, Network-based robust H1 control of systems with uncertainty, Automatica 41 (6) (2005) 999–1007.
[32] D. Yue, Q. Han, C. Peng, State feedback controller design of networked control systems, IEEE Transactions on Circuits and Systems II 51 (11) (2004)

640–644.
[33] D. Yue, E. Tian, Y. Zhang, C. Peng, Delay-distribution-dependent robust stability of uncertain systems with time-varying delay, International Journal of

Robust and Nonlinear Control 19 (4) (2009) 377–393.
[34] D. Yue, E. Tian, Q. Han, A delay system method to design of event-triggered control of networked control systems, in: 50th IEEE Conference on Decision

and Control and European Control Conference (CDC-ECC), IEEE, 2011, pp. 1668–1673.
[35] D. Yue, E. Tian, Q. Han, A delay system method for designing event-triggered controllers of networked control systems, IEEE Transactions on Automatic

Control 58 (2) (2013) 475–481.
[36] Y. Zhao, Y. Kang, G. Liu, D. Rees, Stochastic stabilization of packet-based networked control systems, International Journal of Innovative Computing,

Information and Control 7 (5) (2011) 2441–2455.

http://refhub.elsevier.com/S0020-0255(13)00256-9/h0095
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0100
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0100
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0105
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0105
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0110
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0110
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0110
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0115
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0115
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0115
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0120
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0125
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0125
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0125
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0130
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0135
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0140
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0140
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0145
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0145
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0150
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0150
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0155
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0155
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0160
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0160
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0165
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0165
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0016
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0016
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0170
http://refhub.elsevier.com/S0020-0255(13)00256-9/h0170

	Event-triggering in networked systems with probabilistic  sensor and actuator faults
	1 Introduction
	2 System description
	3 Main results
	4 Simulation examples
	5 Conclusion
	Acknowledgements
	References


