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Abstract1 

This paper deals with the stabilization of uncertain 
nonlinear time-delay systems subject to input satura-
tion. A nonlinear time-delay system is first repre-
sented by Takagi-Sugeno (T-S) fuzzy model, a set of 
fuzzy implications which are used to characterize 
local dynamics with actuator saturation. Based on a 
delay independent stability analysis, a domain of at-
traction in which the admissible initial states are en-
sured to converge asymptotically to the origin is de-
termined. The fuzzy control law is then developed to 
maximize the estimation of this domain. The derived 
conditions are formulated in terms of linear matrix 
inequalities (LMIs) so that the synthesis of fuzzy 
controller and the estimation of stability domain can 
be carried out efficiently. Moreover, a robust stabili-
zation for systems with parameter uncertainties, 
which are time-varying and norm-bounded, is dis-
cussed. Numerical examples of truck-trailer control 
are provided to demonstrate the effectiveness of the 
design. 

 
Keywords: T-S fuzzy model, robust fuzzy control, do-
main of attraction.  

 
1. Introduction 

 
The PID controllers have been widely used in the in-

dustry because of their simple structures and inexpen-
sive cost on design. Given the three-term functionality, 
PID control covers treatment to both transient and 
steady-state responses of practical engineering processes. 
More than 90% of industrial controllers are of PID type, 
appeared in a continuous-time or a discrete-time version.  
In spite of their extensive applications, PID controllers 
may suffer considerable loss of performance due to in-
tegrator windup when used in a system with actuator 
saturation [1].  The actuator saturation is very common 
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because the actuator cannot deliver unlimited energy to 
physical plants. The effect of this saturation can range 
from degradation of system performance to closed-loop 
instability.  

Stabilization of systems with input saturation has 
drawn much research attention in the past years. Gener-
ally, a low gain control strategy is implemented to de-
crease the output of controller. However, the low-gain 
controller usually has low levels of performance. The 
analysis and synthesis of control systems with actuator 
saturation nonlinearity can be classified into two main 
approaches. The first one is directly to take the effect of 
nonlinear saturation in designing controller [2-4]. The 
second method is developed on the assumption that a 
controller has been previously designed to satisfy some 
specifications. Then, an anti-windup loop is included to 
mitigate the influence of saturation on the system stabil-
ity and performance [5-7].  

When designing controller for the system with input 
saturation, global stability is of main concern. Several 
results are given in [8, 9]. However, the stability in their 
studies is valid only for open-loop stable systems [5]. 
Instead, local stability of closed-loop saturated system is 
investigated. That is, a region of attraction, in which the 
admissible initial states will converge asymptotically to 
the origin in the presence of saturated input, is deter-
mined using designed control strategy. 

In [2], the domain of attraction is verified by applying 
the conventional circle and Popov criteria. Burgat and 
Tarbouriech [6] introduced an intelligent anti-windup 
compensator, a linear system with particular saturating 
control law, for estimation of region of local stability. 
Moreover, they extended this notion to synthesize a 
nonlinear state feedback controller to deal with output 
tracking problems [7], where an anti-windup gain is de-
vised to maximize the region of attraction [5]. Another 
approach for estimating the domain of attraction is given 
by Hu et al. [3], where an auxiliary feedback matrix is 
utilized to relax the conservatism in the estimation. 
Similar works based on Hu’s method are addressed in 
[10, 11]. Notably, the plant in the aforementioned litera-
tures is linear. As to stabilization of nonlinear systems 
with constrained input, the existing studies devoted to 
this subject are very limited. In [12], based on in-
put-output linearization technique, an approach inte-
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grating nonlinear internal model control with 
anti-windup loop is developed for uncertain nonlinear 
systems with input saturation. Moreover, Su [13] em-
ployed sliding mode control method with an anti-windup 
compensation to stabilize a class of nonlinear cascade 
systems. 

Time delay is often encountered in many practical 
systems such as chemical processes, rolling mill, and 
long transmission lines in pneumatic or hydraulic. Time 
delay usually is a source of instability and can decrease 
system performance. Therefore, designing control sys-
tems with time-delays is very challenging. To deal with 
the stabilization of linear time-delay systems with input 
saturation, an anti-windup control approach based on a 
modified sector condition is proposed in [14]. The larg-
est stability region can be estimated via the anti-windup 
controller.  

The objective of this paper is to design a fuzzy con-
trol law for stabilization of nonlinear time-delay systems 
with saturating actuators. The nonlinear system is first 
expressed as Takagi-Sugeno (T-S) fuzzy model [15]. 
Given a properly chosen Lyapunov-Krasovskii func-
tional candidate, sufficient conditions for ensuring as-
ymptotic stability of closed-loop system in a region are 
derived. In addition, the fuzzy controller is developed to 
maximize the region of attraction. The obtained result is 
then transformed into a convex problem that can be effi-
ciently solved by using the linear matrix inequality (LMI) 
technique. Extending the design principle, we consider 
the problem of stabilization of uncertain nonlinear sys-
tems with time delay and input saturation, where the 
uncertainties are assumed to be time-varying and 
norm-bounded. Finally, computer simulations on 
truck-trailer control are implemented to demonstrate the 
effectiveness of proposed method. 

Notations: nI denotes the identity matrix in nnR × . 
)(min Pλ  and )(max Pλ stand for the maximal and mini-

mal eigenvalues of matrix P, respectively. 
) ],0,[( nRbb ττ −= denotes the Banach space of continu-

ous vector functions mapping the interval ]0 ,[ τ− to 
nR with topology of uniform convergence.  

)(0sup ttc φτφ ≤≤−=  presents norm value of a func-

tion .τφ b∈  vbτ  denotes a set defined 
by }0 , ;{ ><∈= vvbb c

v φφ ττ . 
 

2. Preliminary 
    

Consider a nonlinear time-delay system described by 
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where nRtx ∈)( is the state vector, mRtv ∈)( is the con-
strained control input, for a given 0tt ≥ , )(⋅tx denotes 
the restriction of )(⋅x to the interval ],[ tt τ− translated 
to ]0,[ τ− , i.e.  )()( θθ += txxt ]0,[for τθ −∈ , )(tτ is a 
time-varying delay and satisfies 0)( ττ ≤t , and 0τ is a 
real positive constant presenting the upper bound of 
time-varying delay. It is further assumed 
that 1)( <≤ βτ tD  , and β is a known constant. The con-
strained input )(tv is expressed as ))(()( tutv σ= , where 

)(tu is the designed controller and mm RR →:σ denotes 
a standard saturation function as 

T
muuuu ])()()([)( 21 σσσσ l=      

with ).,1min{)()( iii uusignu =σ Notably, the notation 
σ  is slightly abused for representing both a scalar func-
tion and a vector function. Also, without loss of general-
ity, this study assumes that the saturation level is equal to 
one. For a non-unity saturation, the level of saturation 
can be absorbed into the input, uUuvUv 1ˆ ,ˆ −== , where 

)( max,iudiagU =  and iumax, is the saturation amplitude 
of the ith input.  

The stability analysis for time-delay systems is gener-
ally classified into two categories, namely, de-
lay-independent criteria and delay-dependent criteria. 
The delay-independent criteria allow a large time delay 
and apply to the systems in which no a priori knowledge 
of delay time is available [16]. In contrast, the de-
lay-dependent criteria include information on the delay 
and can handle the system whose stability depends on 
the size of the time delay [17, 18]. This investigation is 
devoted to the delay-independent stabilization. 

To describe nonlinear systems, the T-S fuzzy model 
[15] is regarded as an effective tool because it can ap-
proximate a complex or ill defined system on a compact 
set to arbitrary accuracy. Based on this approach, the T-S 
fuzzy model for nonlinear time-delay system (1) is ex-
pressed as 
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where ,, 21 ii AA and iB are system matrices of compatible 
dimensions, i

jM is the fuzzy set, )(tzi is the premise 
variable of fuzzy implication, r is the number of the 
fuzzy rules. It is assumed that the premise variables do 
not depend on the input )(tv . 

The center of gravity defuzzification yields the output 
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of the fuzzy system 
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where )()( 1 l
j
l

i
li zMzw ∏= =  and )( l

i
l zM  denotes the 

grade of membership function i
lM corresponding 

to )(tzl . Let 
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Then the overall fuzzy system can be presented by 
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Notably, ∑ =
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i
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Moreover, the fuzzy controller, according to the parallel 
distributed compensation (PDC), is given by 
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or, equivalently 
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The global stability conditions of nonlinear 
time-delay system without actuator saturation are de-
rived in [16], which is based on the delay-independent 
analysis. In the presence of input saturation, the condi-
tions cannot be applied. The designing work is instead to 
consider the local stabilization. For the nonlinear 
time-delay system (4), given the assump-
tion ,)( vx ct <θ 0>v , the domain of attraction is de-
fined as the region containing all initial condi-
tions v

t bx τθ ∈)(  such that the corresponding state tra-
jectory will converge asymptotically to the origin. Since 
determination of the exact domain of attraction is prac-
tically impossible [14], a problem of interest is to esti-
mate a set of the admissible initial conditions, 

})(:{ 2
0 δθ <∈=Ω ct

v
tt xbx , such that the asymptotic 

stability is ensured. Therefore, the objective of this study 
is to design the fuzzy controller (5) to maximize the 
domain of attraction. Notably, similar studies in this 
field have been reported in [11, 12, 14, 19], where the 
analyzed system are linear time-invariant, out-
put-delayed, or in a T-S fuzzy model, respectively. The 

proposed method can be viewed as an extension of their 
works. 

 
3. Stability analysis and design of fuzzy sys-

tems 
 
Before proceeding the derivation, some issues related 

to the development of the proposed method need to be 
addressed.  

Let the ith row of a matrix mnRF ×∈ be if . Define the 
symmetric polyhedron 

}. ,,2 ,1 ,1:{)( mixfRxF i
n

m=≤∈=L  

It can be easily verified that )(
1

l

r

l
Fx L

=
∈ h im-

plies )~(Fx L∈ . In particular, )~(FL denotes the region 
where the control u does not saturate. That is, 
if )~(Fx L∈ , then the closed-loop dynamics of (4) be-
come 
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In this case, the stability can be ensured by a properly 
chosen control law [16]. 

Let M be the set of mm × diagonal matrices whose 
diagonal elements are either 1 or 0. For example, sup-
pose 2=m , then 
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Consequently there are m2 elements in M. Denote each 
element of M as miEi ,,1, m= . Let ii EIE −=− , obvi-
ously, M∈−

iE  
Lemma 1 [20]: Given mnRHF ×∈, and nRx ∈ , 

if )(Hx L∈ , 
then coFx ∈)(σ ,{ HxEFxE ii

−+ }2,,1 mi m= , where co 
denotes the convex hull. That is, )(Fxσ can be ex-
pressed as 

xHEFEFx ii
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r

l
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=1
µ , 

respectively. By Lemma 1, the fuzzy control law (5) can 
be written as  
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Notably, the condition )(
1

l

r

l
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∈ �  also im-

plies )~(Hx L∈ . Given a positive definite matrix 
nnRP ×∈ and a positive scalar ρ  , an ellipsoid is defined 

as }:{),( ρρ ≤∈= PxxRxP TnE . Moreover, ),( ρPE is 
inside )~(FL if and only if the following conditions are 
satisfied [19]:  

rlmifPf T
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where lif  is the ith row of lF . 
Lemma 2 [17]: For any nRyx ∈, and any positive 

definite matrix nnRS ×∈ , the following inequality holds: 

.2 1 SyyxSxxyyxyx TTTTT +≤+= −  

Lemma 3 [21]: Let A, D, E, and F be real matrices of 
appropriate dimensions with 1≤F . Then, for any posi-
tive definite matrix P and any scalar 0>ε  satisfying 

0>− TEPEIε the following inequalities hold: 

(a) ,1 EEDDDFEDFE TTTTT εε +≤+ − for any scalar 
0>ε ; 
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Substituting (8) into (4) yields the closed-loop system 
dynamics 
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For notational convenience, in the following deriva-
tion a function of t will be succinctly expressed by drop-
ping its argument. The presented approach is derived as 
follows. 
Theorem 1. Consider the time-delay fuzzy system de-
scribed in (4). Suppose that the positive definite matrices 
P, S, auxiliary matrices ,,,1, riH i m= and a scalar 

0>ρ  exist, and the following conditions hold: 
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and )(),(
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⊂ �ρ . Then, for all initial state 
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the closed-loop system is guaranteed to be asymptoti-
cally stable by the fuzzy control law (8).  
Proof: Choose the Lyapunov-Krasovskii functional as 
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Substituting (10) into (15) gives 
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By Lemma 2, the following relations hold 
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If the conditions (11) and (12) are satisfied, 
then .0)( <txV>  This implies 

ρκ ≤≤≤≤ 2)()(
0 cttt

T xxVxVPxx  for a positive sca-
lar ρ  , where ).1/()()( 0maxmax βτλλκ −+= SP  Hence, it 
follows that κρδ =  as presented in (13). For 
any ]0,[ ,)( 00 τθθ −∈Ω∈tx , the trajectory is confined 
in ),( ρPE . Based on Krasovskii Theorem [22], one may 
conclude that for any initial condition belonging to 0Ω  
the system dynamics (10) is asymptotically stable. This 
completes the proof. □ 
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a basis for the stability analysis and the convex expres-
sion of )(uσ . When the input is unsaturated, 

)~(FL turns out to be a domain of attraction, given a 
properly designed control. This kind of estimation, 

)~(FL , is conservative, particularly for the saturating 
situation. To overcome the deficiency, a less conserva-
tive algorithm for estimation of the region of attraction 
is introduced in [3, 19], where an auxiliary matrix H is 

utilized to determine if the devised ellipsoid is contrac-
tive.  It is proved that the estimated region of attraction 
can be enlarged.  

In order to apply LMI optimization technique for 
synthesizing fuzzy controller, the stability constrains in 
Theorem 1 are transformed into a linear matrix inequal-
ity problem. By Schur complement, the conditions (11) 
and (12) are equivalent to the following forms: 
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,1−= PX XFM ii = , XHN ii = , 1−= SW , and * de-
notes the transposed elements in the symmetric positions. 
From the S-procedure, the condition that the ellip-
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where ,1−= ργ liZ  is the ith row of lZ and XHZ ll = . 
Recall that objective of this study is to design a fuzzy 
controller to maximize the domain of attraction. To this 
end, an optimization criterion is introduced in the con-
text of Theorem 1. Sinceδ presents a measured size of 
the domain of stability, smaller values of )(max Pλ and 

)(max Sλ will provide a larger value ofδ or, equivalently, 
a larger domain of attraction.  Hence, the optimization 
problem is stated as follows [14]: 
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where 1c and 2c are tuning factors. 
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Motivated by the result of Theorem 1, the design 
principle is extended to the T-S fuzzy system with un-
certainties. Consider the T-S fuzzy model 
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where ll AA 21  , ∆∆ , and lB∆ are corresponding uncer-
tainties that represent parameter variations. The dynam-
ics of the fuzzy system is expressed as 
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In addition, the uncertainties are expressed in the form 
of  
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where ,lD ,1lE ,2lE and blE are known real matrices of 
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With the fuzzy control law (8), the closed-loop system 
can be written as 
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where .isissi HEFEE +=  
Theorem 2. For the uncertain fuzzy system described in 
(23), suppose that positive definite matrices P, S, auxil-
iary matrices ,,,1, riiH m= and positive scalars 
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the asymptotic stability of the closed-loop system is 
guaranteed by the fuzzy control law (8) .  
Proof. The Lyapunov-Krasovskii functional candidate is 
chosen as 

( ).1)()()()()(
 

)( 
βσσσ

τ
−+= ∫ − dSxxtPxtxxV

t

tt

TT
t (28) 

Then 

).()()1/(2)( ττβ −−−−+≤ tSxtxSxxxPxxV TTT
t DD (29) 

Using Lemma 2 and Lemma 3, one can verify the fol-
lowing relations: 

),()(  

 )()(2

,2

,2

0

22

1
22

11
1

111

ττε
τ

εε
εε

−−++Γ≤

−∆+

+≤∆

+≤∆
−

−

tSxtxPxDPDxPxPx

txAAPx

xEEEExPxDPDxxEBPx

xEExPxDPDxxAPx

TT
ii

T
ii

T
ii

T

sjbi
T
bi

T
sj

T
i

T
ii

T
isji

T
i

T
i

T
i

T
ii

T
ii

T

 

].,1[, rji ∈∀ Substituting (24) into (29) and applying the 
above relations give 

( )

( ) } .]12)(

)(

)()(

)[(]1

)( 

[)(

11
1

1

11
1

1
1

2

1
2210

210

1
2210

11
1

1
1

22

1

xSPPEE

EEEEEE

EEEEPDPD

PDPDGGP

PGGxxS

PPEEPDPD

EEPGPGxtxV

jij
T
jj

i
T
iisibj

T
bj

T
sij

sjbi
T
bi

T
sji

T
jjjjj

T
iiiiijisijs

T
jisijs

T
j

ji
i

isi
T
sii

T
iiiii

i
T
iiiis

T
iis

Tr

i
i

s
s

m

βε

εε

εεεε

εεε

µµβ
εεεε

εµη

−+Γ+Γ++

++

++++

+++++

+∑+−+

Γ+++++

++



∑∑≤

−

−−

−

<

−

−

==

D

 (30) 

If the conditions (25) and (26) are satisfied, 
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then 0)( <txVD . Therefore, )( txV is bounded and de-

creasing. That is, ρκ ≤≤≤≤ 2)()(
0 cttt

T xxVxVPxx , 
0>ρ .  Based on the Krasovskii Theorem [22], the 

asymptotic stability is guaranteed for any initial condi-
tion belonging to 0Ω . □ 

From Schur complement, the linear matrix inequali-
ties (25) and (26) can be transformed into the following 
forms: 
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Accordingly, the maximum domain of attraction is ob-
tained by a feasible solution of the optimization problem  

}min{ 2211 mcmc +  

subject to the constraints (21), (31), (32), 
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where 1c and 2c are tuning factors. 
 

4. Numerical example 
 

In this section, computer simulation on backing up 
control of a truck-trailer [17] is applied to demonstrate 
the effectiveness of the proposed algorithm.  

The time-delay truck-trailer model is described by  
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where ,7.0=a 0.1−=q , ,0.2=t ,5.00 =t ,5.5=L
,8.2=l ),2/sin(2757.00138.0)( ttL π+=∆

)2/sin(1404.0007.0)( ttl π+=∆ . The control input 
)(tv is assumed to be confined within unity saturation 

level, .1)( ≤tv From the given values of the uncertain-
ties, it is verified that 2895.0)(2619.0 ≤∆≤− tL  and 

1474.0)(1333.0 ≤∆≤− tl  or, equivalently, 
)/1(05.1))(/(1)/1(95.0 LtLLL ≤∆+≤  and  

))(/(1)/1(95.0 tlll ∆+≤ )/1(05.1 l≤ .  
The T-S fuzzy model for this system is [17]: 

Rule 1: IF 

)()2/)(1()()2/()()( 112 τθ −−++= txLtqatxLtqatxt  

is about 0, THEN 



C.-S. Ting: A robust fuzzy control approach to stabilization of nonlinear time-delay systems with saturating inputs        57  

).()(
)()()()()(

11

21211111

tvBB
txAAtxAAtx

∆++
−∆++∆+= τ�

  

Rule 2: IF  

)()2/)(1()()2/()()( 112 τθ −−++= txLtqatxLtqatxt  

is about π or π−  THEN 

).()(
)()()()()(

22

22221212

tvBB
txAAtxAAtx

∆++
−∆++∆+= τ�

                                                                 

The system matrices are given below: 
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where π/10 0td = and 1)( ≤tδ . The membership 
functions are characterized by 
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The fuzzy control law is given by ).()(
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In the nominal condition, the feasible solution of (22) 
is obtained as follows: 
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The initial state is set at 
[ ]Tx 175.045.10 −= ππ and .2252.50 =x   Hence, 

.00 Ω∈x  Moreover, the proposed controller is com-
pared with the fuzzy controller developed by Cao’s 
method [16], in which the feedback gains are 

[ ]57.04824.38686.01 −−=F  and 
[ ].2975.0808.14568.02 −−=F  Figures 1-4 show 

the closed-loop system performance; the solid lines pre-
sent the performance of the proposed approach and the 
dashed lines refer to the system response by using Cao’s 
method. The simulation results reveal that both control-
lers can stabilize the truck-trailer in backing up control. 
However, the controller based on Cao’s method does not 
include the effect of the input saturation, so its output 
reaches the saturation level, as indicated in Fig. 4. This 
condition is undesirable because the input saturation 
might degrade the system performance even cause the 
closed-loop system unstable. In contrast, the proposed 
controller renders a satisfactory performance and con-
fines its control value within the unity. The stability do-
main, as estimated, is ensured by the proposed control-
ler. 

The perturbed condition is then included in the simu-
lation. Solve the optimization problem (33) and yield the 
following results: 
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The simulation results regarding the initial 
state [ ]Tx 175.00 −= ππ  are plotted in Figs. 5-8, 
where the solid lines denote the system response of the 
proposed approach and the dashed lines indicate the 
system response based on Cao’s method. Obviously, the 
control value is still within the range of unity, and the 
asymptotic stability is guaranteed. The effectiveness and 
correctness of proposed method is demonstrated. 
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Figure 1. State response of )(1 tx . 
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Figure 2. State response of )(2 tx . 
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Figure 3. State response of )(3 tx . 
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Figure 4. Time response of the control input. 
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Figure 5. State response of )(1 tx under the perturbed condi-
tion. 

 

Figure 6. State response of )(2 tx under the perturbed condi-
tion. 

 

 

Figure 7. State response of )(3 tx under the perturbed condi-
tion. 

 
Figure 8. Time response of the control input under the per-

turbed condition. 
 

5. Conclusion 
 
This investigation presents a fuzzy control scheme for 

stabilization of nonlinear time-delay systems subject to 
input saturation. The controlled system is analyzed and 
designed based on the T-S fuzzy model. A convex ex-
pression for saturating input is formulated by introducing 
an auxiliary feedback matrix. Based on the proposed ap-
proach, sufficient conditions that ensure the closed-loop 
system to be asymptotical stable are derived through 
Lyapunov-Krasovskii functional analysis. Moreover, the 
problem of estimating the largest region of attraction 
over the designed control law is solved by using linear 
matrix inequality technique. Finally, the effectiveness of 
proposed method is demonstrated by computer simula-
tions on a truck-trailer control. 

 
References 

 
[1] A. S. Hodel and C. E. Hall, “Variable-structure PID 

to prevent integrator windup,” IEEE Trans. Indus-
trial Electronics, vol. 48, no.2, pp. 442-451, 2001. 

[2] C. Pittet, S. Tarbouriech, and C. Burgat, “Stability 
regions for linear systems with saturating controls 
via circle and Popov criteria,” In Proc. of 36th IEEE 
Conference on Decision and Control, pp. 
4518-4523, San Diego, CA, USA, 1997. 

[3] T. Hu, Z. Lin, and B. M. Chen, “An analysis and 
design method for linear systems subject to actua-
tor saturation and disturbance,” Automatica, vol. 38, 
no. 2, pp. 351-359, 2002. 

[4] T. Hu and Z. Lin, Control Systems with Actuator 
Saturation: Analysis and Design, Boston, MA: 
Birkhäuser, 2001. 

[5] J. M. Gomes Da Silva Jr and S. Tarbouriech, “An-
tiwindup design with guaranteed regions of stabil-



60 International Journal of Fuzzy Systems, Vol. 10, No. 1, March 2008 

ity: an LMI approach,” IEEE Trans. Automatic 
Control, vol. 50, no. 1, pp. 106-111, 2005. 

[6] C. Burgat and S. Tarbouriech, “Intelligent 
anti-windup for systems with input magnitude 
saturation,” Int. J. Robust Nonlinear Control, vol. 8, 
pp. 1085-1100, 1998. 

[7] S. Tarbouriech, C. Pittet, and C. Burgat, “Output 
tracking problem for systems with input saturations 
via nonlinear integrating actions,” Int. J. Robust 
Nonlinear Control, vol. 10, pp. 489-512, 2000. 

[8] N. Kapoor, A. R. Teel, and P. Doutidis, “An 
anti-windup design for linear systems with input 
saturation,” Automatica, vol. 34, no. 5, pp. 559-574, 
1998. 

[9] E. F. Mulder, M. V. Kothare, and M. Morari, “Mul-
tivariable anti-windup controller synthesis using 
linear matrix inequalities,” Automatica, vol. 37, pp. 
1407-1416, 2001. 

[10] Y. Y. Cao, Z. Lin, and D. G. Ward, “An antiwindup 
approach to enlarging domain of attraction for lin-
ear systems subject to actuator saturation,” IEEE 
Trans. Automatic Control, vol. 47, no. 1, pp. 
140-145, 2002. 

[11] Y. Y. Cao, Z. Lin, and D. G. Ward, “Anti-windup 
design of output tracking systems subject to actua-
tor saturation and constant disturbances,” Auto-
matica, vol. 40, pp. 1221-1228, 2004. 

[12] Q. Hu and G. P. Rangaiah, “Anti-windup schemes 
for uncertain nonlinear systems,” IEE Proc. Con-
trol Theory Appl., vol. 147, no. 3, pp. 321-329, 
2000. 

[13] J. P. Su, “Robust control of a class of nonlinear 
cascade systems: a novel sliding mode approach,” 
IEE Proc. Control Theory Appl., vol. 149, no. 2, pp. 
131-136, 2002. 

[14] S. Tarbouriech, J. M. Gomes Da Silva Jr, and G. 
Garcia, “Delay-dependent anti-windup strategy for 
linear systems with saturating inputs and delayed 
outputs,” Int. J. Robust Nonlinear Control, vol. 14, 
pp. 665-682, 2004. 

[15] K. Tanaka, T. Ikeda, and H. O. Wang,  “A unified 
approach to controlling chaos via an LMI-based 
fuzzy control system design,” IEEE Trans. Circuits 
and  Systems I, vol. 45, no. 10, pp. 1021-1040, 
1998. 

[16] Y. Y. Cao and P. M. Frank, “Analysis and synthesis 
of nonlinear time-delay systems via fuzzy control 
approach,” IEEE Trans. Fuzzy Systems, vol. 8, no. 
2, pp. 200-211, 2000. 

[17] B. Chen and X. Liu, “Delay-dependent robust H∞ 
control for T-S fuzzy systems with time delay,” 
IEEE Trans. Fuzzy Systems, vol. 13, no. 4, pp. 
544-556, 2005. 

[18] J. Yoneyama, “Robust stability and stabilization for 
uncertain Takagi-Sugeno fuzzy time-delay systems, 
Fuzzy Sets and Systems, vol. 158, pp. 115-134, 
2007. 

[19] Y. Y. Cao and Z. Lin, “Robust stability analysis and 
fuzzy-scheduling control for nonlinear systems 
subject to actuator saturation,” IEEE Trans. Fuzzy 
Systems, vol. 11, no. 1, pp. 57-67, 2003. 

[20] T. Hu, Z. Lin, and B. M. Chen, “Analysis and de-
sign for discrete time linear systems subject to ac-
tuator saturation,” Syst. Cont. Lett. , vol. 45, pp. 
97-112, 2002. 

[21] D. Yue, “Robust stabilization of uncertain systems 
with unknown input dealy,” Automatica, vol. 40, pp. 
331-336, 2004. 

[22] J. K. Hale, Theory of Functional Differential Equa-
tions, Springer, New York, 1977. 

 


