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a b s t r a c t

This paper investigates the problem of robust reliable passive control for a class of uncer-
tain stochastic switched time-delay systems with actuator failures. The multiple Lyapunov
functions (MLFs) technique is exploited to derive a delay-dependent sufficient condition
for the stochastic switched time-delay systems to be passive and exponentially stable
under a state-based switching law. Moreover, the proposed approach is extended to inves-
tigate stochastic switched systems with structured uncertainties. Finally, two numerical
examples are presented to illustrate the effectiveness of the proposed method.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Switched systems are often encountered in many modern systems and engineering technologies, such as automotive
engine control systems, chemical process, power systems and power electronics, robot manufacture and so on (see
[1–4]). Besides, switching strategy based on controllers often bring better system properties and operating performance
(see [5,6]). Therefore switched systems have gained extensive attention from several scientists in the last decade (see [7–
12]). A variety of methods have been used to study switched systems. The multiple Lyapunov functions (MLFs) approach
which is aimed at the stability problem under some designed switching laws has been shown to be an effective tool (see
[9]). On the basis of the stability study, considering the uncertainty of system parameters, actuator failure, the influence
of external disturbances on the system performance and other factors, many scholars have deeply researched on robust con-
trol, reliable control, filter design, H1 performance analysis, see for instance the references [13–17] and the references there-
in. In addition, many engineering systems always involve time-delay phenomenon, which is frequently a source of instability
of systems. Therefore many valuable results have been obtained for switched systems with time-delay (see [18,19]). Re-
cently, there have been some results on stability analysis and stabilization for stochastic switched systems (see [20–22]).

Passivity, as a particular case of dissipativity, is described by the storage function and the supply rate in terms of the input
and output of systems. Over the past years, passivity has attracted much attention in analysis and controller design of linear
or nonlinear systems (see [23–26]). From the perspective of the supply of energy, the application of passivity presents a new
method to analysis the stability, and the storage function of passive systems can be used as a Lyapunov function candidate of
complex systems. Therefore, the method of passive analysis can be utilized to investigate the stability of switched systems
(see [27–30]). On the other hand, due to the growing demands of system reliability in aerospace and industrial process, the
study of reliable control which can guarantee the system stability and other properties has drawn considerable attention
(see [31–33]). Recently, the reliable design methods have been extended to research stochastic systems (see [34–36]) and
switched systems (see [36–39]). In particular, the reliable H1 control problem for nonlinear switched systems with actuator
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failures was solved by using the MLFs approach in [36]. In [37], the reliable control for continuous linear switched systems
with sensor failures was studied by using the dwell time approach. Reliable stabilization and H1 control for Lipschitz non-
linear switched systems in the presence of faulty actuators were discussed in [39]. However, to the best of the authors’
knowledge, few results have been reported on robust reliable passive control for uncertain stochastic switched time-delay
systems.

In this paper, we introduce a switching strategy to solve the robust reliable passive control problem for uncertain stochas-
tic switched time-delay systems. Based on the MLFs, a delay-dependent condition for stochastic switched time-delay sys-
tems to be passive and exponentially stable is proposed in terms of LMIs. Then, a solvability condition for the
passification is developed. By solving the LMIs, a reliable controller and a state-based switching law are obtained.

The remainder of the paper is organized as follows. The robust reliable passive control problem for a class of stochastic
switched time-delay systems is formulated in Section 2. In Section 3, the main results are presented. Section 4 gives two
numerical examples to illustrate the effectiveness of the proposed approach. Finally, conclusions are provided in Section 5.

Notation: The notations throughout this paper are quite standard. Rn denotes the n-dimensional Euclidean space. AT and
A�1 denote, respectively, the transpose and the inverse of any square matrix A. The notation A > 0 means the matrix is
positive definite and symmetric. I is an identity matrix with an appropriate dimension. k � k refers to the Euclidean norm.
The symmetric term in a matrix is denoted by ‘�’. Ef�g is the expectation operator. diagf�g denotes a block diagonal matrix.
kmaxðPÞ and kminðPÞ denote the maximum and minimum eigenvalues of matrix P, respectively. L2½t0;1Þ is the space of square
integrable functions on ½t0;1Þ. Cn;s denotes the set of all Rn-valued continuous functions defined on the interval ½�s;0Þ.
uk kc ¼ sup�s6t60 uk k stands for the norm of a function u 2 Cn;s.

2. Problem formulation and preliminaries

Consider a stochastic switched system with time-varying delay as follows:

dxðtÞ ¼ ½ÂrðtÞxðtÞ þ ÂdrðtÞxðt � dðtÞÞ þ BrðtÞuf ðtÞ þ BvrðtÞvðtÞ�dt

þ½ŜrðtÞxðtÞ þ ŜdrðtÞxðt � dðtÞÞ þ GrðtÞuf ðtÞ�dwðtÞ;
zðtÞ ¼ CrðtÞxðtÞ þ CdrðtÞxðt � dðtÞÞ þ DvrðtÞvðtÞ;
xðt0 þ hÞ ¼ uðhÞ; h 2 ½�s;0�;

8>>>><>>>>: ð1Þ

where xðtÞ 2 Rn is the state vector, uf ðtÞ 2 Rm is the control input of actuator fault, zðtÞ 2 Rq is the output vector, uðhÞ 2 Cn;s

represents the initial state function, vðtÞ 2 Rp is the disturbance input which belongs to L2½t0;1Þ;wðtÞ is a zero-mean Wiener
process on a probability space ðX; F;PÞ, where X is the sample space, F is r-algebras of subsets of the sample space and P is
the probability measure on F. rðtÞ 2 ½t0;1Þ ! N ¼ f1;2; . . . ;Ng is the switching law with deterministic, piecewise constant
and right continuous. The switching law rðtÞ discussed in this paper is state-dependent. Moreover rðtÞ ¼ i means that the ith
subsystem is active. For 8i 2 N; Bi, Bvi; Gi; Ci; Cdi and Di are real-valued matrices with appropriate dimensions, Âi; Âdi, Ŝi and
Ŝdi are uncertain real-valued matrices with appropriate dimensions, which are assumed to have the following form

Âi ¼ Ai þMiFiðtÞN1i; Âdi ¼ Adi þMiFiðtÞN2i; Ŝi ¼ Si þMiFiðtÞN3i; Ŝdi ¼ Sdi þMiFiðtÞN4i; ð2Þ

where Ai; Adi; Si; Sdi; Mi; N1i, N2i; N3i and N4i are known real constant matrices with proper dimensions, and FiðtÞ is an
unknown time-varying matrix which satisfies

FT
i ðtÞFiðtÞ 6 I: ð3Þ

Moreover, dðtÞ is the time-varying delay satisfying

0 6 dðtÞ 6 s; 0 6 _dðtÞ 6 l <1; ð4Þ

where s and l are known constants.
When the uncertainties are ignored, system (1) can be represented as

dxðtÞ ¼ ArðtÞxðtÞ þ AdrðtÞxðt � dðtÞÞ þ BrðtÞuf ðtÞ þ BvrðtÞvðtÞ
� �

dt

þ SrðtÞxðtÞ þ SdrðtÞxðt � dðtÞÞ þ GrðtÞuf ðtÞ
� �

dwðtÞ;
zðtÞ ¼ CrðtÞxðtÞ þ CdrðtÞxðt � dðtÞÞ þ DvrðtÞvðtÞ;
xðt0 þ hÞ ¼ uðhÞ; h 2 ½�s;0�:

8>>><>>>: ð5Þ

The control input of actuator fault uf ðtÞ can be described as

uf ðtÞ ¼ HrðtÞuðtÞ; ð6Þ

where uðtÞ ¼ KrðtÞxðtÞ is the switching controller which will be designed, Hi ði 2 NÞ are the actuator fault matrices of the
following form

Hi ¼ diag hi1; hi2; . . . ;himf g; ð7Þ
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