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Abstract. The reliable fuzzy controller design problem of T-S fuzzy de-
scriptor systems with time-varying delay is introduced. Based on linear
matrix inequality approach, a less conservative reliable controller design
method is presented. The resulting fuzzy control systems are reliable in
the sense that asymptotic stability is achieved not only when all control
components are operating well, but also in the presence of some compo-
nent failures. Moreover, the result is extended to the case of observer-
based reliable fuzzy control.Two numerical examples are also given to
illustrate the design procedures and their effectiveness.

1 Introduction

Reliable control is an effective approach to improve system reliability. The kernel
idea of this approach is to design a fixed controller such that the closed-loop can
maintain stability and performance, not only when all control components are
operational, but also in the case of some admissible control component outages.
In the past two decades, reliable control problems have been extensively studied
by many researchers [1, 2, 3, 4].

On the other hand, many complex nonlinear systems can be expressed in a
certain form of mathematical models locally. Takagi and Sugeno have proposed
a fuzzy model to describe the complex systems [5]. In this T-S fuzzy model,
local dynamics in different state space regions are represented by local linear
systems. The overall model is obtained by ’blending’ these linear models through
membership functions. As a common belief, the control technique based on the
T-S fuzzy model is conceptually simple and effective for the control of complex
systems.

As to reliable control of T-S fuzzy systems, progress has been made in most
recent years too [6, 7, 8]. In literature [6, 7], reliable controller design are based
on a assumption that control component failures are modeled as outages, i.e.,
when a failure occurs, the signal (in the case of sensors) or the control action (in
the case of actuators) simply becomes zero. In [8], a more general failure model

� Supported by Natural Science Foundation of Liaoning Province (No.20042001).

L. Wang et al. (Eds.): FSKD 2006, LNAI 4223, pp. 169–178, 2006.
c© Springer-Verlag Berlin Heidelberg 2006



170 Y. Yuan et al.

is adopted for actuator failures, which studied problem that control components
being failure to some extent, i.e., the failure coefficients take value in the interval
[0, 1]. When the actuator is invalid but kept in the admissible area, the controller
will stabilizes the system.

In 1999, Tanniguchi and Tanaka et al extended the T-S fuzzy model to de-
scriptor nonlinear systems [9, 10]. They brought the concept of T-S fuzzy de-
scriptor systems forward. But so far, the reliable control problems for T-S fuzzy
descriptor system has scarcely been studied.

Time-delays often occur in many dynamic systems, it has been shown that
the existence of delays usually becomes the source of instability and deteriorates
performance of systems. So, it is worth to study a system with time-delay both
theoretically and practicality.

In practical situations, failure of actuators often occurs. Thus, from a safety
point as well as a performance point of view, an important requirement is to
have a reliable control such that the stability and performance of the closed-
loop system can tolerate actuator failures. In this paper, we will consider the
reliable control problem of T-S fuzzy descriptor systems with time-delay.

The paper is organized as follows. Firstly, the problem is formulated. In sec-
tion 3, based on the solvability of LMIs, taking account of affects of all subsys-
tems, which gives the design method of the reliable state feedback controller. In
section 4, the result obtained in section 3 is extended to the case of observer-
based reliable fuzzy control. In section 5, numerical examples are used to illus-
trate the results. Finally, concluding remarks are made in section 6.

Notations : Matrix X > 0 (X ≥ 0) denotes thatX is a positive (semi-positive)
definite matirx, A > (≥)B denotes A − B > (≥)0. Symbol I stands for the unit
matrix with appropriate dimensions.

2 Problem Formulation and Failure Model

In this section, if the uncertain system parameter information is considered, the
nonlinear descriptor system can be presented as an uncertain fuzzy descriptor
model with time-varying delay. The ith fuzzy rule is of the following form:

Ri : IF z1 is Ni1 and · · · zp is Nip , THEN
Eẋ (t) = (Ai + ΔAi (t))x (t) + (A1i + ΔA1i (t))x (t − τ (t))

+ (Bi + ΔBi (t))u (t) , (1)
y (t) = Cix (t) ,

x (t) = ϕ (t) , t ∈ [−τ0, 0] . i = 1, 2, . . . , r .

Where Nij are the fuzzy sets, z1, z2, · · · , zp are premise variables. Scalar r is
the number of IF-THEN rules. E ∈ Rn×n may be singular. x (t) ∈ Rn is the
state, u (t) ∈ Rm is the control input and y(t) ∈ Rl is the output. Ai, A1i ∈
Rn×n, Bi ∈ Rn×m, Ci ∈ Rl×n, i = 1, 2, · · · , r. The τ (t) is the time-varying delay
and satisfies 0 < τ (t) ≤ τ0 < ∞, τ0 is the upper bound of the delay. It is
further assumed that τ̇ (t) ≤ β < 1 and β is a known constant. ϕ (t) is initial
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vector. ΔAi (t) , ΔA1i (t) , ΔBi (t) denote the uncertainties and take the form
of [ΔAi (t) ΔA1i (t) ΔBi (t)] = MF (t) [Ei E1i Ebi] , where M, Ei, E1i, Ebi

are known constant matrices and F (t) is an unknown matrix function, F (t)
satisfying F (t)T F (t) ≤ I. The fuzzy descriptor model is assumed to be locally
regular, i.e., exist si ∈ C, such that det (siE − Ai − ΔAi (t)) �= 0(i = 1, 2, · · · , r).

By taking a standard fuzzy inference strategy, that is, using a singleton fuzzi-
fier, procedure fuzzy inference and center average defuzzifier, the final fuzzy
model of the systems is inferred as follows

Eẋ(t) =
r∑

i=1

λi (z) [(Ai + ΔAi(t))x(t) + (A1i + ΔA1i(t))x(t − τ(t))

+(Bi + ΔBi(t))u(t)] , (2)

where λi (z) =
p∏

j=1
Nij (zj) /

r∑
i=1

p∏
j=1

Nij (zj),
r∑

i=1
λi (z) = 1. Nij (zj) is the grade of

membership of zj in Nij . For simplicity, x, xτ , u, λi, ΔAi, ΔA1i, ΔBi will be used
instead of x (t) , x (t − τ (t)) , u (t) , λi (z),ΔAi (t) , ΔA1i (t) , ΔBi (t), respectively.

Consider a nonlinear descriptor system Eẋ = f(x, u), where E ∈ Rn×n, x ∈
Rn, u ∈ Rm, det (E) = 0. The following definition regarding the solvability of
the nonlinear descriptor system was given in [11].

Definition 1. If for any piecewise continuous input u and initial state x0, there
always exists a unique differentiable solution x with x (0) = x0, then system
Eẋ = f(x, u) is called solvable.

The purpose of this paper is to design a reliable controller. The analysis is
developed under the assumption that the T-S fuzzy descriptor system is solvable.

Lemma 1. [12] Let M, E, F (t) be real matrices of appropriate dimensions with
FT (t)F (t) ≤ I. Then for any scalar ε > 0,

MF (t)E + ET FT (t)MT ≤ εMMT + ε−1ET E .

3 Reliable Control Via State Feedback for T-S Model

First, the reliable fuzzy controller will be designed to stabilize system (2). The
fuzzy controller shares the same fuzzy sets with the fuzzy model in the premise
parts and has local linear controller in the consequent parts. The ith fuzzy rule
of the fuzzy controller is of the following form

Ri : IF z1 is Ni1 and · · · zp is Nip , THEN

u = Kix , i = 1, 2, · · · , r .

For fuzzy reliable control problems, the following actuator fault model is used.

Ri : IF z1 is Ni1 and · · · zp is Nip , THEN



172 Y. Yuan et al.

u = ΦωiKix , i = 1, 2, · · · , r .

Where Ki, i = 1, 2, · · · , r are the local linear feedback gains. Hence, the overall
fuzzy controller is given by

uω =
r∑

i=1

λiΦωiKix , (3)

where Φωi = diag [δωi (1) , δωi (2) , · · · , δωi (m)], δωi (j) ∈ [0, 1], i = 1, 2, · · · , r,
j = 1, 2, · · · , m. Matrix Φωi describes the fault extent. δωi(j) = 0 means that
the j th component in the ith local actuator is invalid, δωi (j) ∈ (0, 1) implies
that the j th component is at fault in some extent and δωi(j) = 1 denotes that
the j th component operates properly. Thus, for a given diagonal matrix ΦΩi, i =
1, 2, · · · , m. the set Ω = {uω =

∑r
i=1 λiΦωiKix, and Φωi ≥ ΦΩi, i = 1, 2, · · · , m}

is called an admissible set of actuator fault. Namely, symbol ΦΩi, i = 1, 2, · · · , m
in set Ω describes the worst status of the scaling factor Φωi, i = 1, 2, · · ·m. Once
the scaling factor extent become smaller than ΦΩi, the reliable controller can not
work properly anymore .

Remark 1. It is obvious that when Φωi = Φω, i = 1, 2, · · · , r, and δω (j) takes
only the values of 0 and 1, the actuator failure model is just the same as that
in [6,7] and the references cited therein.From this point,the problem to be solved
here is more general.

For the case of uω ∈ Ω, the closed-loop system is given by

Eẋ =
r∑

i=1

r∑

j=1

λiλj [(Ai + ΔAi) x + (A1i + ΔA1i) xτ + (Bi + ΔBi)ΦωjKjx] .

(4)

Theorem 1. Consider system (4), if there exist nonsingular matrices P, S >
0, Ki, Xij , where Xii = XT

ii , Xij = XT
ji, i �= j, (i, j = 1, 2, · · · , r), such that

ET P = PT E ≥ 0 , (5)

Ψii =
[

Θii PT (A1i + ΔA1i)
∗ −S

]
< Xii , (6)

Ψij =
[
Θij + Θji PT (A1i + ΔA1i + A1j + ΔA1j)

∗ −2S

]
≤ Xij + XT

ij , i < j, (7)

X = (Xij)r×r =

⎡

⎢⎣
X11 · · · X1r

...
. . .

...
Xr1 · · · Xrr

⎤

⎥⎦ < 0 . (8)

Where Θij = PT [(Ai + ΔAi) + (Bi + ΔBi)ΦωjKj ] + [(Ai + ΔAi) + (Bi +
ΔBi)ΦωjKj ]T P + 1

1−β S and ”∗” denotes the transposed elements in the symmet-
ric positions. Then the resultant closed-loop system (4) is asymptotically stable
for any uω ∈ Ω.
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Proof. Construct a Lyapunov function as

V (t) = xT ET Px +
1

1 − β

∫ t

t−τ(t)
xT (s)Sx (s) ds ,

where ET P = PT E ≥ 0, S > 0. Differentiating V (t) along the trajectory of
system (4) gives

V̇ ≤
r∑

i=1

λ2
i ξ

T Ψiiξ +
r∑

i=1

r∑

i<j

λiλjξ
T Ψijξ ≤

⎡

⎢⎣
λ1ξ
...

λrξ

⎤

⎥⎦

T ⎡

⎢⎣
X11 · · · X1r

... · · ·
...

Xr1 · · · Xrr

⎤

⎥⎦

⎡

⎢⎣
λ1ξ
...

λrξ

⎤

⎥⎦ < 0 ,

where ξ =
[

x
xτ

]
, This completes the proof. �	

Remark 2. It is worthwhile to be pointed out that for a system with large di-
mension, more than two subsystems are often activated at the same time. So,
the interactions of subsystems are taken into account in Theorem 1. The method
to do this is to introduce the relaxation matrix X into Theorem 1, which was
firstly utilized in [13] and improved by [14] .

We will give out the scheme of how to design the reliable controller. The main
idea is to convert conditions in Theorem 1 into LMI conditions.

Theorem 2. Consider system (4), if there exist εi > 0, εij > 0, nonsingular
matrix X, Y > 0, Zij, where Zii = ZT

ii , Zij = ZT
ji, i �= j, i, j = 1, 2, · · · , r such

that the following LMIs are satisfied:

XT ET = EX ≥ 0 , (9)
⎡

⎢⎢⎢⎢⎢⎢⎣

AiX + XT AT
i − BiΦΩiB

T
i

−Zii1 + εiMMT A1iY − Zii2 0 XT ET
i XT

∗ −Y − Zii3 0 Y ET
1i 0

∗ ∗ −I ET
bi 0

∗ ∗ ∗ −εiI 0
∗ ∗ ∗ ∗ − (1 − β)Y

⎤

⎥⎥⎥⎥⎥⎥⎦
< 0 , (10)

⎡

⎢⎢⎢⎢⎢⎣

Ω (A1i + A1j)Y − Zij2 − ZT
ij3 0 XT (Ei + Ej)

T XT

∗ −2Y − Zij4 − ZT
ij4 0 Y (E1i + E1j)

T 0
∗ ∗ −I [Ebi Ebj ]

T 0
∗ ∗ ∗ −εijI 0
∗ ∗ ∗ ∗ − (1−β)

2 Y

⎤

⎥⎥⎥⎥⎥⎦
< 0 , (11)

⎡

⎢⎣
Z11 · · · Z1r

...
. . .

...
Zr1 · · · Zrr

⎤

⎥⎦ < 0 . (12)
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Where Ω = (Ai + Aj)X+XT (Ai + Aj)
T +2 (Bi − Bj) (Bi − Bj)

T −BiΦΩjB
T
i −

BjΦΩiB
T
j −Zij1−ZT

ij1+εijMMT . Zijs are partitioned as Zii =
[
Zii1 Zii2
∗ Zii3

]
,Zij=

[
Zij1 Zij2
Zij3 Zij4

]
. Then, the control gains are given by Ki = −BT

i X−1, i = 1, 2, · · · , r.

and the resultant closed-loop system (4) is asymptotically stable for any uω ∈ Ω.

Proof. The proof is omitted because of the limited space. �	

4 Observer-Based Reliable Control for T–S Model

In many cases, states are unknown or partly detected. Therefore, it is needed
to estimate states. If the controller is designed with the effect of time-delay, the
delay must be known exactly. But it is usually impossible to know the delay
exactly. Here, we manage to design the state-observer not affected by the delay.

We consider system (2) without uncertainties. Construct the fuzzy observer

E ˙̂x =
r∑

i=1
λi [(Aix̂ + Biu) + Li (y − ŷ)] ,

ŷ =
r∑

i=1
λiCix̂ .

(13)

where Li is the observer gain. Define the estimation error as e = x − x̂, then

Eė = Eẋ − E ˙̂x =
r∑

i=1

r∑

j=1

λiλj [ (Ai − LiCj) e + A1ixτ ] .

Consider the following fuzzy controller u =
∑r

i=1 λiKix̂. For any actuator
failures uω ∈ Ω, the system can be expressed as follows:

Ē ˙̄x =
r∑

i=1

r∑

j=1

λiλj [Āij x̄ + Ā1ix̄τ + B̄iΦωjK̄jx̄] , (14)

where Ē =
[

E 0
0 E

]
, Āij =

[
Ai 0
0 Ai − LiCj

]
, Ā1i =

[
A1i 0
A1i 0

]
, B̄i =

[
Bi

0

]
, K̄j =

[
Kj −Kj

]
, x̄ =

[
x
e

]
.

Theorem 3. Consider system (14), if in Step 1 there exist nonsingular matrix
X1, P2, Y1 > 0, Y2 > 0, Mi, Z̄ii11 < 0, Z̃ii13 < 0, Z̄ii31 < 0, Z̄ii33 < 0, Z̄ii21,
Z̃ii24, Z̄ij11, Z̃ij14, Z̄ij21,, Z̃ij24, Z̄T

ij31, Z̃T
ij34, Z̄ij41, Z̄ij44, such that

XT
1 ET = EX1 ≥ 0 , ET P2 = PT

2 E ≥ 0 , (15)
⎡

⎢⎢⎣

AiX1 + XT
1 AT

i

−2BiΦΩiB
T
i − Z̄ii11

A1iY1 − Z̄ii21 XT
1

∗ −Y1 − Z̄ii31 0
∗ ∗ −(1 − β)Y1

⎤

⎥⎥⎦ < 0 , (16)
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⎡

⎢⎢⎢⎢⎢⎢⎢⎣

(Ai + Aj) X1 + XT
1 (Ai + Aj)

T

+2 (Bi − Bj) (Bi − Bj)
T

−BiΦΩjB
T
i − BjΦΩiB

T
j

−Z̄ij11 − Z̄T
ij11

(A1i + A1j)Y1 − Z̄ij21 − Z̄T
ij31 XT

1

∗ −2Y1 − Z̄ij41 − Z̄T
ij41 0

∗ ∗ − (1−β)
2 Y1

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

<0

(17)
⎡

⎢⎢⎣

PT
2 Ai − MiCi

+
(
PT

2 Ai − MiCi

)T − Z̃ii13
−Z̃ii24 I

∗ −Y2 − Z̄ii33 0
∗ ∗ −(1 − β)Y2

⎤

⎥⎥⎦ < 0 , (18)

⎡

⎢⎢⎢⎢⎣

PT
2 (Ai + Aj) − (MiCj + MjCi)

+ (Ai + Aj)
T P2 − (MiCj + MjCi)

T

−Z̃ij14 − Z̃T
ij14

−Z̃ij24 − Z̃T
ij34 I

∗ −2Y2 − Z̄ij44 − Z̄T
ij44 0

∗ ∗ − (1−β)
2 Y2

⎤

⎥⎥⎥⎥⎦
< 0 .

(19)
By computation,Z̄ii13 = P−T

2 Z̃ii13P
−1
2 , Z̄ii24 = P−T

2 Z̃ii24. Z̄ij14 = P−T
2 Z̃ij14P

−1
2 ,

Z̄ij24 = P−T
2 Z̃ij24, Z̄ij34 = P−T

2 Z̃T
ij34. And (after solving the LMIs in Step 1) in

Step 2 there exist matrices Z̄ii12, Z̄ii22, Z̄ii23, Z̄ii32, Z̄ij12, Z̄ij13, Z̄ij22, Z̄ij23,
Z̄ij32, Z̄ij33, Z̄ij42, Z̄ij43, satisfying the following LMIs:

Z = [Z̄ij ]r×r =

⎡

⎢⎣
Z̄11 · · · Z̄1r

...
. . .

...
Z̄r1 · · · Z̄rr

⎤

⎥⎦ < 0 , (20)

where

Z̄ii =

⎡

⎢⎢⎣

[
Z̄ii11 Z̄ii12

∗ Z̄ii13

] [
Z̄ii21 Z̄ii22
Z̄ii23 Z̄ii24

]

∗ ∗
∗ ∗

[
Z̄ii31 Z̄ii32

∗ Z̄ii33

]

⎤

⎥⎥⎦ , Z̄ij =

⎡

⎢⎢⎣

[
Z̄ij11 Z̄ij12
Z̄ij13 Z̄ij14

] [
Z̄ij21 Z̄ij22
Z̄ij23 Z̄ij24

]

[
Z̄ij31 Z̄ij32
Z̄ij33 Z̄ij34

] [
Z̄ij41 Z̄ij42
Z̄ij43 Z̄ij44

]

⎤

⎥⎥⎦ .

Then control gains are Ki = −BT
i X−1

1 , observer gains are Li = P−T
2 Mi, i =

1, 2, · · · , r. and the system (14) is asymptotically stable for any uω ∈ Ω.

Proof. The proof is omitted because of the limited space. �	

Remark 3. It is involved to find the state observer of time delay systems. [15]
provided a one-step approach to design observer-based controller for T-S fuzzy
system without time delay. However, for a T-S fuzzy system with time-delay,
how to obtain a controller with less conservatism in one-step is still open.
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5 Numerical Examples

In this section, two examples are employed to illustrate the validity and the
effectiveness of the approaches proposed in this paper.

Example 1. Consider the following fuzzy model:

R1 : IF x1 is P1, THEN R2 : IF x1 is P2, THEN
Eẋ = (A1 + ΔA1)x + Eẋ = (A2 + ΔA2)x +
(A11 + ΔA11)xτ + B1u, (A12 + ΔA12)xτ + B2u.

Where the membership function of ′P1
′,′ P2

′ are given as following the effec-
tiveness of the method w1(x1) = 1 − 1

1+e−2x1 , w2(x1) = 1 − w1(x1). And

E =
[

1 0
0 0

]
, A1 =

[
3 1
1 −2

]
, A2 =

[
2 1

−2 −0.5

]
, A11 =

[
0 0

0.2 0.1

]
,

A12 =
[

0 0
0.1 0.5

]
, B1 =

[
3

0.1

]
, B2 =

[
5
0

]
, M =

[
0.1
0.2

]
, F (t) = sin (t) ,

E1 = E2 = [0.1 0 ], E11 = [1 0 ], E12 = [0.1 0 ], Eb1 = 0.1, Eb2 = 0.

Let τ (t) = 1 + 0.5 sin t. Consider Φω1 = 0.3 ∗ I, Φω2 = 0.01 ∗ I, if utilizing the
method proposed in [16] to solve the problem, it is no way to design the controller,
because the acurator failure was not taken into account in [16]. However, from

Theorem 2, we get P =
[
0.2842 0
0.3674 0.0281

]
, S =

[
0.0063 0

0 0.0001

]
, state feedback

gains are K1 = [−0.8893 − 0.0028], K2 = [−1.4210 0 ].

Example 2. Let us consider the following T-S fuzzy system:

R1 : IF x1 is N1, THEN R2 : IF x1 is N2, THEN
Eẋ = A1x + A11xτ + B1u, Eẋ = A2x + A12xτ + B2u,

y = C1x. y = C2x.

Where the membership function of ′N1
′,′ N2

′ are given as following the effec-
tiveness of the method w1 (x1) = 1 − 1

1+e−2x1 , w2 (x1) = 1 − w1 (x1). And

E =
[

1 0
0 0

]
, A1 =

[
−2 1
1 2

]
, A2 =

[
−2 2
1 2

]
, A11 = A12 =

[
2 3
0 0

]
,

B1 =
[
1
2

]
, B2 =

[
2
3

]
, C1 = [1 2], C2 = [0.5 1].

Firstly, assume that ΦΩ1 = ΦΩ2 = I, that is, there is no any actuator failures
occurring. Solving the LMIs (15)–(20) for a standard fuzzy controller produces

K1 = [0.0731 0.2175], K2 = [0.0094 0.2175],
L1 = [0.9198 − 0.1160]T , L2 = [1.0598 − 0.1325]T .
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Assume the admissible set of actuator failures is given by

Ω =

{
uω =

2∑

i=1

λiΦωiKix, and Φω1 ≥ 0.2 ∗ I, Φω2 ≥ 0.3 ∗ I

}
.

Solving the LMIs (15)–(20) for a reliable fuzzy controller, we get

K1 = [0.2320 0.7093], K2 = [0.0154 0.7093],
L1 = [3.1607 − 0.3990]T , L2 = [3.6418 − 0.4559]T .

Simulations were carried out for the delay τ (t) = 2 and the initial conditions[
x1 (0) x2 (0)

]
= [−1 0.5 ]. The responses of both design schemes of stan-

dard control design and reliable control design for the case without actuator
failures are shown in Fig.1. It is obvious that both standard controller and re-
liable controller guarantee the asymptotic stabilities of the closed-loop system.
When actuator failures with ΦΩ1 = 0.2 ∗ I, ΦΩ2 = 0.3 ∗ I occurred, the state
responses for the two cases are shown in Fig.2. It is observed that when actuator
failures occur, the closed-loop system with the standard fuzzy controller is not
even asymptotically stable, while the closed-loop system using the reliable fuzzy
controller still operates well and maintains an acceptable level of performance.
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Fig. 1. standard control without failure and reliable control without failure
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6 Conclusion

In this paper, we have considered the reliable fuzzy control design problem for
nonlinear uncertain descriptor systems with state-delay. The effect among the
subsystems are taken account of sufficiently. The less conservative reliable con-
troller design schemes via state feedback and estimated state feedback are pro-
posed.One of the future research topics is to extend the results developed in the
present paper to the nonlinear systems, with more complex faults of actuator
and sensor, to make the systems achieve appropriate performance.

References

1. R.J., V., Medanic, J., Perkins, W.: Design of reliable control systems. IEEE Trans.
Automat. Control 37 (1992) 290–304

2. R.J., V.: Reliable linear-quadratic state-feedback control. Int. J. Control 31 (1995)
137–143

3. Yang, G.H., Lam, J., Wang, J.: Reliable H∞ control for affine nonlinear systems.
IEEE Trans. Automat. Control 43 (1998) 1112–1117

4. Liang, Y.W., Liaw, D., Lee, T.: Reliable control of nonlinear systems. IEEE Trans.
Automat. Control 45 (2000) 706–710

5. Takagi, T., Sugeno, M.: Fuzzy identification of systems and its applications to
modeling and control. IEEE Transactions on Systems,Man, and Cybernetics 15
(1985) 116–132

6. Wu, H.: Reliable LQ fuzzy control for continuous-time nonlinear systems with
actuator faults. IEEE Transactions on Systems,Man, and Cybernetics 34 (2004)
1743–1752

7. Wu, H.: Reliable mixed L2/H∞ fuzzy static output feedback control for nonlinear
systems with sensor faults. Automatica 41 (2005) 1925–1932

8. Chen, B., Liu, X.P.: Reliable control design of fuzzy dynamic systems with time-
varying delay. Fuzzy Sets and Systems 146 (2004) 349–374

9. Taniguchi, T., Tanaka, K., Yamafuji, K., Wang, H.O.: Fuzzy descriptor systems:
stability analysis and design via LMIs, San Diego (1999) 1827–1831

10. Taniguchi, T., Tanaka, K., Wang, H.O.: Fuzzy descriptor systems and fuzzy con-
troller designs, Taipei, Taiwan (1999) 655–659

11. Liu, X.P.: Robust stabilization of nonlinear singular systems. (1995) 2375–2376
12. Wang, Y., Xie, L., De, S.: Robust control of a class of uncertain nonlinear systems.

Systems Control Letter 19 (1992) 139–149
13. Kim, E., Lee, H.: New approaches to relaxed quadratic stability condition of fuzzy

control systems. Control 8 (2000) 523–534
14. Liu, X.D., Zhang, Q.L.: New approaches to H∞ controller designs based on fuzzy

observers for T-S fuzzy systems via LMI. Automatica 39 (2003) 1571–1582
15. Lin, C., Wang, Q.G., Lee, T.H.: Improvement on observer-bsed H∞ control for

T-S fuzzy systems. Automatica 41 (2005) 1651–1656
16. Wang, Y., Sun, Z.Q., Sun, F.C.: Robust fuzzy control of a class of nonlinear descrip-

tor systems with time-varying delay. International Journal of Control, Automation
and Systems 2 (2004) 76–82


	Introduction
	Problem Formulation and Failure Model
	Reliable Control Via State Feedback for T-S Model
	Observer-Based Reliable Control for T--S Model
	Numerical Examples
	Conclusion

