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Sampled-Data Fuzzy Controller for Time-Delay
Nonlinear Systems: Fuzzy-Model-Based
LMI Approach
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Abstract—This paper presents the stability analysis and per-
formance design for a sampled-data fuzzy control system with
time delay, which is formed by a nonlinear plant with time delay
and a sampled-data fuzzy controller connected in a closed loop.
As the sampled-data fuzzy controller can be implemented by a
microcontroller or a digital computer, the implementation time
and cost can be reduced. However, the sampling activity and
time delay, which are potential causes of system instability, will
complicate the system dynamics and make the stability analysis
much more difficult than that for a pure continuous-time fuzzy
control system. In this paper, a sampled-data fuzzy controller with
enhanced nonlinearity compensation ability is proposed. Based on
the fuzzy-model-based control approach, linear matrix inequality
(LMI)-based stability conditions are derived to guarantee the sys-
tem stability. By using a descriptor representation, the complexity
of the sampled-data fuzzy control system with time delay can be
reduced to ease the stability analysis, which effectively leads to a
smaller number of LMI-stability conditions. Information of the
membership functions of both the fuzzy plant model and fuzzy
controller are considered, which allows arbitrary matrices to be
introduced, to ease the satisfaction of the stability conditions. An
application example will be given to show the merits and design
procedure of the proposed approach. Furthermore, LMI-based
performance conditions are derived to aid the design of a well-
performed sampled-data fuzzy controller.

Index Terms—Fuzzy control,
control, stability, time delay.

performance, sampled-data

I. INTRODUCTION

HE FUZZY control approach offers a systematic way to

deal with nonlinear systems. During the past two decades,
various fuzzy control approaches have been proposed and
fruitful results have been achieved, particularly in the issue of
system stability. To study the stability of fuzzy control systems,
the Takagi—Sugeno (T-S) fuzzy-model-based approach is most
commonly adopted. By employing a T-S fuzzy model [1], [2],
a nonlinear system can be represented as an averaged sum
of some weighted linear subsystems. The T-S fuzzy model
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effectively extracts the linear and nonlinear elements of the
nonlinear system. The semilinear characteristic of the T-S
fuzzy model allows some linear control approaches or theories
to be further developed to facilitate the stability analysis and
controller synthesis. In [3] and [4], basic stability conditions
were derived to guarantee the system stability. In [4], the par-
allel distribution compensation (PDC) technique was proposed
to design the feedback gains of the fuzzy controller. Based on
the PDC design, some relaxed stability results were obtained
[5]-[10]. In [5]-[10], linear matrix inequality (LMI)-based
controller design techniques were reported. The feedback gains
of the fuzzy controller are expressed as some decision vari-
ables of LMI-stability conditions [5]-[10] which can be solved
numerically and effectively using some convex programming
techniques [11].

In [3]-[10], LMI-based stability conditions for a continuous-
time fuzzy control system were reported. However, the time
delay, which appears in many real-life engineering processes,
was not considered. In other words, when a time delay is
present in the system, the theories reported in [3]-[10] cannot
be applied. More importantly, a time delay can be an element
to cause system instability. It is important to develop theories to
handle control problems with time delay and successfully put
the fuzzy controller into practice.

Recently, the stability of time-delay nonlinear systems has
been studied based on the fuzzy-model-based approach. A
modified T-S fuzzy model [12]-[19] was proposed to repre-
sent the nonlinear plant with time delay. To handle nonlinear
systems with time delay using the fuzzy control technique,
two approaches can be found in the literature, namely the
delay-independent [12]-[14] and delay-dependent approaches
[15]-[19]. Delay-independent stability conditions for time-
delay fuzzy control systems were derived in [12]-[14] based
on the Lyapunov—Krasovksii or Lyapunov—Razumikhin ap-
proaches. For the delay-independent approach, the stability
conditions are not related to the time-delay information. Once
the time-delay fuzzy control system is guaranteed to be stable,
it is stable for any value of time delay. As the information
of time delay is not considered during the stability analysis,
only conservative stability analysis results are usually obtained.
n [15]-[19], delay-dependent stability conditions were de-
rived based on the Lyapunov—Krasovksii approach. During the
stability analysis, the time-delay information is considered,
which leads to a complicated analysis procedure compared
with that of the delay-independent approach. However, less
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conservative stability conditions are produced. In the delay-
dependent stability conditions, the time-delay information is
one of the elements to determine the system stability.

Owing to the rapid growth of the digital circuit technologies,
powerful microcontrollers and digital computers can be made
available at low cost. Hence, controllers for some domestic or
industrial applications are implemented using microcontrollers
or digital computers to reduce the implementation cost and
time. However, in such a case, the overall control system
becomes a sampled-data system of which the control signals
are kept constant during the sampling period and are allowed
to change only at the sampling instant. As a result, the control
signals are stepwise, which introduce discontinuities and make
the system dynamics more complicated. Although the sampling
period can be regarded as a time-varying delay [20], as a
result of the discontinuous control signals, the stability analysis
methods used in [12]-[19] cannot be applied to sampled-data
nonlinear systems. In [20], a linear sampled-data system was
investigated. However, the analysis will become very compli-
cated when a nonlinear system is considered. In [21]-[24], the
fuzzy-model-based control approach was employed to study
the stability of sampled-data nonlinear systems. An equivalent
jump system was proposed to represent the dynamics of the
sampled-data fuzzy control systems at the sampling instant.
The closed-loop system is guaranteed to be stable if both
the sampled-data fuzzy control system governing the system
dynamics during the sampling period and the jump system
governing the system dynamics at the sampling instant are
both stable subject to a common time-varying solution to a
number of Lyapunov inequalities. In [25], the linear analysis
approach in [20] was employed and extended to analyze the
stability of nonlinear sampled-data control systems. However,
the information of the system nonlinearity was not utilized to
produce less conservative stability conditions. In [26]—[28], an
intelligent digital redesign approach was proposed. The idea
is to approximate the nonlinear plant by a discrete-time fuzzy
model. Based on the discrete-time fuzzy model, a discrete-time
fuzzy controller is then proposed to close the feedback loop.
However, the discretization error due to the discrete-time fuzzy
model may become a source to cause the system instability.

In this paper, the system stability of a time-delay nonlinear
system with a sampled-data fuzzy controller is investigated.
It can be seen from [12]-[19] that the system dynamics are
complicated by the existence of time delay, making the stability
analysis more difficult [5]-[10]. The sampled-data controller
will cause the problem to be even more challenging. To fa-
cilitate the stability analysis, the T-S fuzzy model with time
delay is employed to represent the nonlinear plant with time
delay. The proposed sampled-data fuzzy controller exhibits
an enhanced nonlinearity, as compared with that of the fuzzy
controllers obtained by applying the PDC design technique,
to compensate the unstable elements of the nonlinear system
with time delay. The nonlinearity of the proposed sampled-
data fuzzy controller is enriched by employing extra fuzzy
rules, which will cause the number of stability conditions to
increase. To alleviate this problem, a descriptor representation
is employed to reduce the number of stability conditions. Under
the sampled-data case, the advantage of simplifying the stability

analysis brought by sharing the same premise membership
functions [5]-[10], [12]-[19] between the fuzzy plant model
and fuzzy controller vanishes. To produce a less conservative
stability analysis result, the information of the membership
functions of both the fuzzy plant model and the fuzzy controller
are considered. Some free arbitrary matrices are introduced
to ease the satisfaction of the LMI stability conditions. Fur-
thermore, LMI performance conditions are derived subject to
a scalar performance function, which quantitatively measures
the system performance, to aid the design of stable and well-
performed sampled-data fuzzy-model-based control systems
with time delay.

This paper is organized as follows. In Section II, the
fuzzy plant model and the fuzzy controller are presented.
In Section III, LMI-based stability and performance conditions
are derived for the sampled-data fuzzy-model-based control
systems with time delay. In Section IV, an application example
is given to illustrate the merits and design procedure of the
proposed sampled-data approach. A conclusion is drawn in
Section V.

II. FuzzYy PLANT MODEL AND SAMPLED-DATA
Fuzzy CONTROLLER

A sampled-data time-delay fuzzy-model-based control sys-
tem is formed by a fuzzy plant model with time delay and a
sampled-data fuzzy controller connected in closed loop.

A. Fuzzy Plant Model

In some engineering process, a time delay is an inevitable
source causing system instability. For example, time delays
usually appear in some mechanical systems [13], chemical
systems [14], and long transmission systems. Let p be the
number of fuzzy rules describing the nonlinear plant with time
delay. The ¢th rule is of the following format [12]-[19]:

Rule i : IF f; (x(t)) is M{ AND...AND fy (x(t)) is M,
THEN x(t) = Aix(t) + Agix(t — 7q) + Bju(t)
(€]

where M} is a fuzzy term of rule i corresponding to the
scalar function f,(x(¢)),a=1,2,...,¥;:=1,2,...,p; Uis
apositive integer; A; € ™™ and Ay € R™*"™ are known con-
stant system matrices; B; € ®"*™ is a constant input matrix;
x(t) € R™*! is the system state vector and u(t) € R™*! is the
input vector; hy > 74 > 0 denotes a constant time delay, h is
a nonzero positive scalar which denotes the upper bound of the
time delay the system can persist subject to the consideration of
system stability. The overall system dynamics are described by

p

X(t) = Z wW; (X(t)) (Alx(t) + AdiX(t — Td) + Biu(t))
- @
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where
w; (x(t)) € [0 1] forallé 3)

w; (x(t)
pngs (Fr OO X g (Fa (x(E) %X pags (fo (x(1)
S (a1 OO X pags (o) %+ gy (Fa (x(1)

k=1

“4)

is a scalar nonlinear function of x(t) and jpzi (fa(%(2))),
a=1,2...,0, are the grades of membership correspond-
ing to the fuzzy term M. The symbol “x” denotes the
multiplication operation. It is assumed that x(¢) = ¢(t) for
t € [-max(hg, hs) 0], where ¢(t) denotes the initial system
state condition of x(¢) and h, denotes the constant sampling
period.

B. Sampled-Data Fuzzy Controller

A sampled-data fuzzy controller with p? fuzzy rules is de-
signed based on the fuzzy model of the nonlinear plant. The
jth rule of the sampled-data fuzzy controller is of the following
format [3]-[10]:

Rule j : IF g, (x(t,)) is NJ AND... AND g, (x(t,)) is N3,

THEN u;(t) = Gjx(t,), ty,<t<tyy1 ()

where N]ﬂ is a fuzzy term of rule j corresponding to the
scalar function gg(x(t)), 8=1,2,...,0;5=1,2,... ,p% 9
is a positive integer; G; € R™*" is the feedback gain of rule
J to be designed; ty = vhs,v =0,1,2,...,= o0, denotes the
sampling instant; h, =, — ¢, denotes the constant sam-

pling period; u;(t) € R™*! is the input vector of rule j. The
inferred output of the sampled-data fuzzy controller is given by

p2
u(t) =) m; (x(t,) Gx(ty),  ty <t <ty (6)
j=1

where ™; of (8), shown at the bottom of the page, is a scalar
nonlinear function of x(t,) and u+ (g3(x(t,))) is the known
B ;

grade of membership corresponding to the fuzzy term Nf;. It
can be seen from (6) that u(t) = u(t,), which holds constant
value for ¢, < t < t,11. The sampled-data fuzzy controller of
(6) can be represented as

M-

u(t) = m; (x(ty)) me (x(ty)) Gjrx(ty)

Il
M 1
M= 10

m; (x(ty)) mi (x(ty)) Gijx (t — 75(t)) (9)

ES
Il

1

<.
Il

where 7,(t) =t —t, < h, for t, <t <ty Let mj(x(ty))
be given by (10), shown at the bottom of the page,
where Y7, my (x(t,)) = 1. my(x(t,) €0 1], j=1,
2,...,p; gg(x(t,)) is a scalar function and Y (95(x(t9))),
j=1,2,...,p, are the grades of membership. The sampled-
data fuzzy controller in the form of (10) can make the analysis
simpler and reduce the number of stability conditions. The
sampling period and time delay of a system are illustrated in
Fig. 1 of which the signal of system state x1(¢) is shown. The
sampling period is a fixed time period denoted by h,. At time
instant ¢, v =1,2,...,00,21(t) is sampled and denoted by
x1(t7y). The system state x1(t) retarded by time delay 74 at
time ¢ is denoted by z1(t — 74).

Remark 1: The sampled-data fuzzy controllers of (6) and
(9) are equivalent if the membership functions of the sampled-
data fuzzy controller of (6), i.e., m;(x(t,)), are designed
properly. An example is given as follows to show the de-
sign of the memberships of the sampled data fuzzy con-
troller such that (6) and (9) are equivalent. In this example,

> my (x(ty) =1,  my(x(ty)) € [0 1] forall j o
j=1
Ty (x(12)) = p (@1 (x(t5))) X pggs (@2 (x(85))) % - X i (G (x(85))) N
k; (Mﬁf (91 (x(t4))) x Hk Gy (x(t4))) x -+ x Hok (90 (X(t’v))))
s (x(t)) = pg (g1 (x(t5))) X g (92 (x(t5))) X - X s (g (x(t4))) o)

kzijl (MN{“ (91 (x(t4))) x Y (g2 (x(ty))) x -+ x [Ny (90 (X(tv))))
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xh("t)

xl(ty+ l)
X 1(t)
x,(,)
x(1-1) ' i
. sampling period /¢
x 1(ty,1) pne P S 5
time delay|7;
» time
=7 7, t 1
Fig. 1. Sampling period and time delay.
Continuous-Time
»  Time-Delay > x(1)

Nonlinear Plant

Sampled-Data Fuzzy Controller

X(f)| Sampler with
— Sampling Period [¢
hg

u(ty)
Zero-Order |7
| Hod [*

Discrete-Time
Fuzzy Controller

Fig. 2. Block diagram of a sampled-data time-delay fuzzy-model-based con-
trol system.

st (Gp(x(ty))) and gy (gp(x(ty))) are written as pi— and
s B s

1 i > Tespectively, for simplicity. Considering p = € = 2, from
B

(8), we have m;(x(t,)) = (Uﬁ} Mﬁ;)/(ﬂﬁi Pyl + Hy2 Hg? +
Hogs b + Higs Mﬁg),l = 1,2, 3,4, for the sampled-data fuzzy
controller of (6). Similarly, from (10), we have the expres-
sion for m;(x(t,))mi(x(ty)), shown at the bottom of the
page, for the sampled-data fuzzy controller of (9). It can
be seen in this case that (6) is equivalent to (9) when
my(x(ty)) = mj(x(ty))my(x(ty)) for I =2(j — 1) + k. By
comparing their denominators, we design the membership
functions of the sampled-data fuzzy controller of (6) as
Pt = M B2 = iy = ANIANZ, [t = pes 0= 1,2,
and the feedback gains as G| = G, Gy = G2, G3 = G,
and G4 = Goy. Under such a design, the sampled-data fuzzy
controller of (6) with p=Q =2 can be written in
the form of (9), ie., u(t):Z?ﬂmj(x(tv))éjx(tv):
T2 TRy (k) ma (x(1)) G ().

C. Sampled-Data Time-Delay Fuzzy-Model-Based
Control System

The sampled-data time-delay fuzzy-model-based control
system is formed by the time-delay nonlinear plant repre-
sented by the fuzzy model of (2) and the sampled-data fuzzy
controller of (9) connected in closed loop as shown in Fig. 2.

In the following analysis, w;(x(t)) and m;(x(t,)) are de-
noted as w; and m;, respectively, for simplicity. From (2)
to (9), and with the property that 377, w; =>%_m; =

D i1 Dh 1 ey wimgmy, = 1, we have

P

x(t) = Zwl (Aix(t) + Agix(t — 7q)

i=1

+BiGjrx (t - 75(1)) . (1D

III. STABILITY ANALYSIS AND PERFORMANCE DESIGN

The system stability and performance of the sampled-data
time-delay fuzzy-model-based control system in the form of
(11) is investigated in this section. Based on the Lyapunov
method, LMI-based stability conditions will be derived to
guarantee the system stability. Furthermore, LMI-based per-
formance conditions will also be derived subject to a scalar
performance index [30] to guarantee the system performance.
The LMI-based stability and performance conditions are then
used to design stable and well-performed sampled-data fuzzy-
mode-based control systems with time delay. In [25], the sys-
tem stability of the sampled-data neural-network-based control
systems was investigated. Its analysis approach is extended
in this paper to investigate the stability of fuzzy-model-based
control systems subject to time delay, which makes the sys-
tem dynamics to be even more complicated. The information
of the membership functions of both the fuzzy plant model
and fuzzy controller is employed to reduce the conservative-
ness of the stability analysis results. The LMI-based stability
and performance conditions are summarized in the following
theorem.

Theorem 1: The sampled-data time-delay fuzzy-model-
based control system in the form of (11) is asymptotically stable
if the membership functions are designed such that w;(x(¢)) —
pm;(x(ty)) >0, i=1,2,...,p, for all x(¢) and x(t,), and
there exist nonzero positive scalars, hq, hs, p, ¢ and 1, and
matrices X; = XT € R, X, € ™", X3 € R, Xy €
§Rm><m’ X5 c %an, X6 c %’H/Xn, )(7 c %TLX’H’L’ X8 c §R1’L><TL’
Ji=JTeRv™>0,J,=J] e RV >0and J3 =J7 €
gmxm (), K, € gpmxn A= A;F c %(4n+m)><(4n+m)’
M, = M;F c §R(3n+m)x(3n+m)’ N, € Rrxn T, = T;F c
RBrtm)x@ntm) 5 — 1 9 p such that the following
LMI-based stability and performance conditions are satisfied.

m (x(ty)) mi (x(t4))

(g ) (i )

(/J'Nll ,UNZI) (MNII ,UN;) + (MN}MN;) (HNfMNg) + (MNfﬂNg) (MN}MN;) + (NNf,UNg) (NNfMNg)

) j7k’:1’2
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A. Stability Conditions

_ 1-—
X1 >0; Qii,_( pp)Ai<O, i=1,2,...,p
Qij+Aj<0, i,j=1,2,....p
M, *
i N -
[XlY?X 2CX1—C2M]O’ i=1,2...p
T; *
- > _
x4rx 2k, om0 i=l2

where the expressions for Qij and X, are given as shown at
the bottom of the page and the feedback gains are designed
as ij = Fij, Fj = Kle_l, and Gy, = NkXIl, i, k=
1,2,....p

B. Performance Conditions

wan * .
|:W(21) W(22) < 07 1= 1,2,...,])
where
[—nI 0 0
wl =1 0 I o0
|0 0 —I
[X; 0 o0
w =10 N, 0|, i=12..,p
|0 0 K;
and
-Jt o 0
w®R = o -J' o
0 o -J;!

In Theorem 1, the symbol “+” denotes the transposed element
of the matrix at the corresponding position. It should be noted
that the system performance is measured by a scalar perfor-

IV. APPLICATION EXAMPLE

The proposed sampled-data fuzzy controller is employed to
deal with a truck-trailer with time delay [13].

Step 1) It was reported in [13] that the dynamics of the truck
trailer with time delay are defined as follows [13]:

#1(t) = falfoxl(t) —(1-a) Ifoxl(t 1))
+%u(t) (12)
xg(t):aLVtixl(t)—&—(l a)gfoxl(t—td) (13)
Ba(t) = o sin (<0 x(0—0) (19
where x(t) = [x1(t) x2(t) x3(t)]%, x1(t) is

the angle difference between the truck and the
trailer, xo(t) is the angle of the trailer, x3(t) is
the vertical position of the rear end of the trail-
er, f1(x(t),x(t —tq)) = x2(t) + a(vt/2L)z1(t) +
(1 —a)(wt/2L)z1(t — tq), | = 2.8 is the length of
the truck, L =5.5 is the length of the trailer,
v=—10 1is the constant backward speed,
a = 0.7 is the retarded coefficient, t = 2.0, t, =
0.5. The system is assumed to be operating

in the operating domain of z1(t) € [—7/2 7/2],
#1(t) € [-3 3], xa(t) €[—7/2 =/2], and
#2(t) € [—2 2]. The control objective is to

backward move the truck-trailer along a straight
line, i.e., x(t) = 0, using the sampled-data fuzzy
controller. It is reported in [13] that the truck trailer
can be represented by a fuzzy model with the
following two rules.

mance index defined in (B1) and the weighting matrices J;, Rulel : IF f1 (x(t)7x(t — 74)) is about 0
Jo, and 'J3 are needed to be determined by the designer p.ri.or HEN x(t) = A1x(t) + Agx(t—70) +Biu(t) (15)
to applying Theorem 1. The proofs for the LMI-based stability Rule? : IF b
and performance conditions are shown in Appendices A and B, ule2 : f 1 (x(8), x( N Td)) 1s about or —m
respectively. THEN x(t) = Aox(t)+Aaex(t—74)+Bau(t) (16)
X5 + X5T * * * *
- Nj—Xl —f—XGT —Xl—X? * * *
Q;; = K; — X+ X¥T K; —X; -Xy — X7} * *
(Az + Adi) Xl + BzX.Q — X5 + Xg B,’Xg — X6 B1X4 — X7 —Xg - Xg *
(hd+h5)X5 (hd+hs)X6 (hd+hs)X7 (hd+hs)x8 7(hd+h5)M
M; O T; O
X; 0 0 o 0 0
o Xl X1 0 0 o T—1 0 o T-1 Gz
X= Xy X3 Xy O Yi=X 0 Yi=X 0
X; Xg X7 Xg Agi 0
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where
—aft 0 0
A= aL”tto 0 0
V22 vt
Lasry; 7, 0
—aL”Eo 0
A, = aL”E 0
dv2?? dvt
LA3T, to 0
—a-af 0 0
Ad1: (17&)%
1/27
(1-a)gz- 0 0]
-0 0 0]
Ad2: (1—0,)%
l/27
—(1* )%Ltto 0
vt
Tt,
B, =B;=| 0
0

and d = 10t, /7. The overall system is described by
(2) in which the membership functions are defined
as follows:

wy (x(t),x(t — 74))

1
G‘1+emm3uaw@»x@m»05w»>

g ; )
1+ exp (=3 (f1 (x(t),x(t—74))+ 0.57))

and
wa (x(t),x(t — 7a)) = 1 — w1 (x(t),x(t — 7a))

Step 2) A four-rule sampled-data fuzzy controller is em-
ployed to stabilize the truck trailer with time delay.
Referring to (9), the sampled-data fuzzy controller
is designed as follows:

u(t) =) Y my(x(ty)) ma(x (t)) Grx(t,)

j=1k=1

a7

where G = F;Gy, j, kK =1,2. It is chosen that
my(x(t)) = wy(x(t,)), j = 1,2

Step 3) Based on Theorem 1, with hg=74=1s,
he =0.04s, p=0.725, (=2, n=10"2, J, =

1 0 0 01 O 0

01 0|,JdJs=]10 01 0|, and J3=

0 0 1 0 0 0.1
0.1, we have Gy =[1.4781 —0.1771 0.0040],
Gio = [1.4784 —0.1805 0.0040], Gy =
[1.4793 —0.1811 0.0041], and  Gop =

[1.4798 —0.1844 0.0040]. In this example,

the nonlinear plant is assumed to operate in the
domain characterized by #1(¢t) € [-3 3] and
Z2(t) € [-2 2]. With this information and
considering ¢, <t <t,+ h,, we have z1(t) =
z1(ty) + fti #1(t)dt which offers the lower and

upper bounds as xq(t,) — 3f:”+hs dt = z1(t,) —
v

3hs = z1(ty) — 0.12 and z:1(ty) + 3ft:w+hs dt =
x1(ty) + 3hs = x1(ty) + 0.12, respectively. Simi-
larly, we have z2(t) = z2(t,) + ft: Z2(t)dt which
offers the lower and upper bounds as xs(ty) —
2 [ qt — o(ty) — 2hy = 35(t,) —0.08 and

t"{
wa(ty) + 2 [ dt = ws(ty) + 2hy = ws(ty) +
0.08, respectively. Consequently, for any sampling
instant ¢, the value of z1(t) and x2(t) on or
before the next sampling instant are in the range
of x1(ty) —0.12 < z41(t) < x1(ty) +0.12 and
xa(ty) — 0.08 < xa(t) < xo(ty) +0.08,  respec-
tively, for ¢, <t <t,+ hs. For the system op-
erating in its operating domain, it can be shown
that w;(x(t)) —0.725m;(x(ty)) >0 for x(t),
x(t,) and all j.
To illustrate the effectiveness of the performance conditions,
another set of feedback gains are obtained with the same design
100 O 0
parameter values except Jo = | 0 100 O
0 0 100
—0.1766 0.0040], G123 =
Go; =[1.4785 —0.1806
—0.1839 0.0040] are

. By apply-

ing Theorem 1, G1; = [1.4775
[1.4780 —0.1801 0.0040],
0.0041], and Gay =[1.4792
obtained.

The sampled-data fuzzy controllers, with the two sets of
feedback gains, are employed to control the truck-trailer. Fig. 3
shows the system state responses and the control signals of the
sampled-data time-delay fuzzy-model-based control systems
under the initial state condition of x(t) =[1.5 —2 5|T.
The initial system state function is defined as (t) =
1.5 —2 5]T for t € [-1 0]. Referring to Fig. 3, it can
be seen that both sampled-data fuzzy controllers can stabilize
the nonlinear system with time delay. A sampled-data fuzzy

100 0 0
controller with Jo = | 0 100 0 | puts heavy weights
0 0 100

to the control signal. It can be seen from Fig. 3 that the time
integral of control signal is suppressed and its effect is also
reflected in the system states x1(t) to x3(t). Furthermore, it
can be seen that the control signals are stepwise which are kept
constant during the sampling period.

For comparison purpose, the sampled-data fuzzy controller
of (17) is reduced to wu(t) = 2521 m;(x(ty))F;x(t,) by
choosing G = I, where I is the identity matrix. This form
of fuzzy controller is generally used in many continuous-
time fuzzy systems designed through the PDC technique [5]-
[9], [31]. It can be seen that this PDC sampled-data fuzzy
controller provides a simpler controller structure. Under the
PDC approach, as Gy = NkXIl, we have to set N, = X! to
make G, = I. Hence, by replacing N, with X!, Theorem 1
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Fig. 3. System state responses and control signals of the truck-trailer with time delay under the sampled-data fuzzy controller with Jo = [ 0 0.1 0
0 0 0.1

100 O 0
(solid lines) and J2 = [ 0 100 O
0 0 100

can be modified to verify the stability of the closed-loop system
with the PDC sampled-data fuzzy controller. Under the PDC
case, it can be seen that no feasible solution can be obtained.
In the proposed sampled-data fuzzy controller, the introduction
of the feedback gains Gy, effectively enhances the nonlinearity
to compensate the unstable elements of the nonlinear system.
Consequently, an enhanced stabilization ability of the proposed
sampled-data fuzzy controller is offered as compared with that
of the PDC one.

:| (dotted lines). (a) z1 (). (b) z2(t). (c) z3(t). (d) u(t) for 0s < t < 50s. (e) u(t) for 0s < ¢t < 2s.

V. CONCLUSION

A sampled-data fuzzy controller with enhanced nonlinearity
compensation ability has been proposed to deal with nonlinear
systems with time delay. The sampled-data fuzzy controller
can be implemented by a microcontroller or a digital computer
to reduce the implementation time and cost. LMI-stability
conditions have been derived based on Lyapunov method to
guarantee the system stability. A descriptor representation has
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been employed to facilitate the stability analysis. The complex-
ity introduced by the sampling actions and the number of LMI-
based stability conditions have been reduced. Furthermore, the
information of the membership functions of both the fuzzy
plant model and fuzzy controller has been used to ease the
satisfaction of the stability conditions. LMI-based performance
conditions have been proposed to help design a well-performed
sampled-data fuzzy controller. An application example has
been given to show the effectiveness of the proposed approach.

APPENDIX A

The proof of the LMlI-based stability conditions in
Theorem 1 is given in this appendix. The stability of the
sampled-data time-delay fuzzy-model-based control system of
(11) is studied based on the descriptor representation [20].
From (2), the fuzzy model with time delay can be written
as follows:

(AL)

y(t) = w; (Ax(t) + Agix(t — 72) + Byu(t))
i=1

= Z w; (A + Agi)x(t) + Byu(t))

(A2)

p t
=) wiAg / y(p)de.
=1 t

—Tq

To facilitate the stability analysis, the feedback gains are
defined as G;; = F;G; where F; € R™*" and G; € R™*".
From (9), the sampled-data fuzzy controller can be written as
follows:

P
ut) = > mFis(t) (A3)
=1
P
s(t) = Z m;Gix (t — 74(t))
=1
» t
=1 i=1 t—74(t)

Considering (A2), we have the following property which will
be used during the analysis:

0 0 0 07 rx(t)
z”:wl 0 0 0 0]|st)]|
£ 0 0 0 0] |u®
B AZ+Ad7, 0 Bz —I y(t)
01 , 0
p
Sw | 0 / (e = | 0] . (@s)
2% o 0
Ag; It 0

Similarly, from (A3) and (A4), we have the following
properties:

1
1
fad
S~
~
—
1

(A6)

|
cooo

(en]
o000 OO0 O0OCO0O

coflo ©@coco
S

bS]
11—
L
T
<
—~
~

-+

(A7)

|
M-
E

@
Il
—

coQo
cooco

To investigate the system stability, the following Lyapunov
function candidate is considered:

V(t) = Vi(t) + Va(t) (A8)
where
Vi(t) =x(t)"Pix(t) (A9)
0 t
v = [ [ v Ry(e)dpdo
—hg t+o
0 t
+ / / y(0) "Ry (p)dedo (A10)
—hg t+o

where Py =PT € R >0 and R=RT € R"" > 0. It
will be shown that V(¢) <0 (equality holds when x(t) =
y(t) = 0) which implies asymptotic stability of the system.
From (Al) to (A4), and with the property that > 7 | w; =
dhoamy =00 > wim; = 1, we have

Vi(t) =x(t)TP1x(t) + %(t) "P1x(t)

x(t)7" 000TI 00 v0 I7"
IREG +/0 00 0 00 0 O
~ | u(@®) P loooo|T|loo o ofF

y(t) 0000 00 0 O

x(t)

s(t)

% () (A11)

y(t)

where
P, 0 0 O
p_|P2 Ps 0 0
“|P, P; Pg O
P; Ps Py Py

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on July 6, 2009 at 23:56 from IEEE Xplore. Restrictions apply.



LAM AND LEUNG: SAMPLED-DATA FUZZY CONTROLLER FOR TIME-DELAY NONLINEAR SYSTEMS 625

and Py € ™" P3 € R, Py € ™", Py € R™", Py €
rmxmoPr e R, Pg e RV, Pg e R™™, and Py €

R™*™ From (A5)-(A7) and (Al1), we have
. x(t) T
s(t
i=1 j=1
! y(t)
0 0 0 1
T G; -I 0 O
| P 0 F, -1 0
A;,+A; 0 B, -1
0 o o 177 x(t)
G; -I 0 O s(t)
oo Fm -1 0] Pl
A,+A;; 0 B, -1 y(t)
» x(t) R 8 t
s(t
—2) w; u((ﬁ)) PL / y(p)de
oLy Agilt
) x((t)) : é) .
s(t i
= Ly 0 Jr=m®

In the following, based on the property [29] that

—2a(t)TN,y(p) < {a(t)r{YiTRiNiT YI_tN] {;((3)}

y(¢)
where R; =R} € ®¥™4" and ;{r} ? i=1,

2,...,p, the last two integral terms of (Al2) can be
handled. Considering the second last integral term, i.e.,

>0,

x(t)71" 0
=230 w;i 181((?) PT g ftt_m y(p)dp and let
y(t) Agi
x(t) 0
a(t) = lsl(é)) and N; =Y; =PT g , and using the
y(t) Agi
property of 74 < hg, we have
x®)1' 107 x()1"
~1st) [pr| O 2| sh)
222wy [P o / y(@)p < had wil o
=Ly Ayl =Ly
x(t) t
<Ry| 50 |+ [y Ry(ode. @1
y(t) t—7q

Similarly, considering the last integral term in the right-hand

x(t)7" 0
. . . D ) S(t) T GL
side of (Al3), ie., —2> 7 ,m; u(t) P 0 v(p)
y(t) 0
: at) "
and using the properties of —2a(t)TM,y(p) < {y(go)}
Si Yzfl\A/Iz a(t)
?ZT_MZT R ][Y(SO)] and 75(t) < hs where
0 A
- N G; S, Y,
—_V.—pT 2 QT 4nx4n i i
M,;=Y,=P 0 , ;=S eR and [YZT R}ZO,
0
i=1,2,...,p, we have
x(1% T 0 x(t)]"
t
S s(t) Gi . s(t)
-2 7 PT d <h9 1
;m a® 0 y(p)dp < ‘Z;m at)
= t—7a(t) =
y(t) 0 y(t)
x(t)
0|
s
x S; + /y(w)TRy(w)dw- (A14)
u(t)
t—7s(t)
y(t)
From (A12)-(A14), we have
x()1"
: L s(t)
Vl(t)§ZZw m; u(t)
=1 5=1
y(t)
0 0 0 I
Apr| G T 0 0
0 F, -1 0
A+Ay; 0 B, -1
0 o o 17"
LS B0 O RS
0 F, -I 0 L
Ai+Adi 0 B, -1
t
ol
s
x + /y(w)TRy(w)dcp
u(t)
t—Tq
y(t)
t
+ /y(so)TRy(@dso (A15)

t—7s(t)
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From (A10), we have

x(t)77 [0 0 0 0 x(t)
s 0 0O 0 s(t)
R0 0 00 0 u(t)

y(t) 0 0 0 (ha+hs)R] Ly(t)

— / y(¢) Ry (p)dp — / y(¢) Ry(p)dp
t—hg t—hs
(A16)

With the facts that hg > 74 and hs > 74(t), they lead

X2 e §Rm><'n.’ X3 e %WIX"L’ X4 6 éRme’
X5 (S §Rn><n, X7 S §Rn><m’ Xg S §Rn><n’ and

X5 € §Rn><n,

-0 0 0 I7
G, -1 0 0
. _—pT J
Qi =P 0 F;, -1 0
LA; + Ay 0 B, -1
0 0o o 17T
G; -1 0 O
I o F, -1 of P
LA, +A;; 0 B, -1l
0 0 0 0
0 0O 0
+ 0 0 0 0 —|—hdRi—|—hSSj.
L0 0 0 (hg+ho)R

Let XTR;X = M; = M € RGntm)x@ntm) XT§ X —
T; = T} € ROr+m)xGnim) G, = N; X!, and F; =
K; X! where N; € R and K; € R™", i =1,2,...,p.
From (A17), we consider the term in the right-hand side of the
last equation which is restated in (A18), shown at the bottom
of the next page.

When Q = >0 Y8 wim; X"TQ;;X < 0, it can be seen
from (A17) that, V() < 0 which implies the asymptotic sta-

o [l h, V(@) "Ry ()dp > Ih L Y(©) " Ry(p)dp  and  bility of (11). From (A18), by Schur complement, Q < 0 is
ft . v ( )TRy( ) > ft t)Y( ) TRy (p)de. From €quivalent to the following condition:
(A8), (A15), and (A16), we have (A17), shown at the
x(t) _ & _
= w;m;Q,;; <0 (A19)
bottom of the page, where z(t)=X"! 181((?) X = ;; T
y(t) _
Xs 0 0 o where M = R™! € R"*" and Q,; is defined as shown at the
X; X 0 0 _ bottom of the next page.
Pl = 1 1 X:XT:P1 nxn pag
Xy, X3 Xy 0 [ 1 1 € v, The symbol “x” denotes the transposed element of the
X; X5 X7 Xg matrix at the corresponding position. From (A19), let p > 0
) x(t)7" 0 0 0 I 0 o o 177
s(t) T G; - 0 O G; -I 0 O
< .
ViR s ;Z;wzmﬂ ut)| ¥ o F I o|l"| o F -1 0offF
e y(t) Ai+Ay; 0 B —I A;+Ay; 0 B —I
0 0O 0 x(t)
0 00 0 s(t)
+ haR; + hsS; + 0 0 0 0 u(?)
0 0 0 (hg+hs)R y(t)
t t t t
+ / (%) 'Ry (p)dp + / y(¢) Ry (p)dy — / y(#) "Ry (p)dp — / y(#) "Ry (p)dy
t—7a t—74(t) t—hg t—h

(t)TXTQi;Xz(t)

(A17)
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which is chosen such that w; — pm; > 0,1 =1,2,...,p, for
all x(t) and x(t,), and using the property of > %_, m; =
Dby 2F_wimy = 1, we have

p p
Q= Z Z(wi —pm; + pmi)ijij

i=1 j=1
p p P
= pz m,Qu + Z Z(wz - me)mJQz]
i=1 i=1 j=1
p P ’
+ Z Z(UM sz)mj (AJ AJ)
i=1 j=1
p ’ L p_ P _
:szz u‘JFZZ(wl pmi)m;Q;
i=1 i=1 j=1
oo L 1)
+ZZ(wz pmi)m; A pzmj A;
i=1 j=1 j=1

=1
p P
+ Z Z(wl — pmi)m;(Qy; + Ay) (A20)

where A; = A7 € Rlntm)x(@ntm) 5 — 1 9 p, are ar-
bitrary matrices. From (20), it can be seen that Q <0
if the stability conditions of Q;; — ((1 —p)/p)A; <0 and
Qij + A; <0 for all ¢ and j are satisfied. The introduction

matrices inside the summation terms in order to reduce the
conservativeness of the stability conditions.
It should be noted that the holding of the inequality of (A13)

T
. i Y . X 0
(3 K3 > .
requires [YZT R|Z 0 for all 7. Postmultiply [ 0 XJ
and premultipl X 0 to R, Y, we have

X 0]1"[R;, Y;][X o0
0 X.| |YF R||0 X,
B {XTRZX XTYixl]

T X, YIX X;RX,

o XlY;TX X1M71X1

(A21)

It should be noted that (A21) is not an LMI due to the
existence of the term XM~ 'X. With the property that M =
MT > 0, we consider the following inequality:

(X1 —M)T™™M (X, — M)

=XTM !X, - ¢XT - (X, +*M

of Aj is to share the unstable elements between the two >0=XM"'X; >2X; - (*M (A22)
p p
Q- Y Y wm e,
i=1j=1
X5 + Xg * * *
L N; — X+ X{ —X; - X{ * *
SR RN J—
=1 =1 Kj — X2 + X7 Kj — X3 —X4 — X4 *
A+ Ay)X, + B Xy — Xs + XTI BXs—Xg BX;—X; —Xg-— XTI
8 8
X x3"
XT XT
+ hgM; + heTj + (ha + hs) X% R ng (A18)
7 7
X§ X
X5 + Xg * * *
- Nj*X1+Xg 7X17XF1F * * *
Qi; = K; - X, + X7 Kj— X3 —X, - XJ * *
(A; + Ayi) X1 + B Xe — X5 + X8T B, X;5—Xg B;X;—X; —Xg-— XgT *
(ha + hs)X5 (ha +hs)Xs  (hg+hs)X7 (hg+ he)Xs —(hg+ hs)M
M, 0 T, 0
+hd{0 0}+h3[0 0}
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where ( is a nonzero positive scalar. From (A21) and (A22), it
can be seen that the holding of the following LMIs implies the
holding of (A21):

*

M; N
|:X1Y;ZFX 2(X; — CQM} >0, i=12...,p. (A23)

~ Similarly, the holding of the inequalities of (A14) requires

Sff }[{ >0 for all ¢ which hold when the following
LMTs hold:
Ti * .
_Xl?iTX e CQM} >0, 1=1,2,...,p. (A24)

The sampled-data time-delay fuzzy-model-based control
system of (11) is asymptotically stable if w; — pm; > 0, Q;; —
(1 —p)/p)A; <0 and Q;; + A; <0 for all ¢ and j and the
LMI-based stability conditions of (A23) and (A24) hold. Fur-
thermore, it can be seen that if there exists a solution to the sta-
bility conditions. It implies that X; = XlT >0, X4 + XE >0
and Xg + X7 > 0 which are sufficient conditions for X to be
a nonsingular matrix to guarantee the existence of the inverse
of X =P°L. Q.E.D.

APPENDIX B

The proof of the LMI-based performance conditions in
Theorem 1 is given in this appendix. The system performance

is quantitatively measured by the following scalar performance
index [30]:
xty) ]  [3 0 07 [x(t)
J= / s(ty) 0 J, O s(ty) | dt, (B
o Lu(ty) 0 0 J3 u(ty)

where J; =J7 € RV > 0,J2 =JT e R > 0and J3 =
JT € R™*™ > 0. It can be seen from the performance index
of (B1) that J is regarded as the integral of the energy of
system states and control signals. The contribution of each term

J3 determined by the designer. From (A3), (A4), and (B1),
we have

I 0 0
00 T p
x(t) | 1o S mGT 0
J:/ X(t7> i=1
o Lst)] o 0 S m;FT
i=1
] I 0 0
Jo0 0110 S maG o
x| 0 Jy O i=1
P
L0 0 Jf]lo o S mF;
i=1
[ x(t,)
x| x(t) | dt,. (B2)
_S(tv)
T —1y—1
x(ty) X1 X7 0 0
LetJ < [ x(t,) 0 XXt 0
s(t) 0 0 XXt
x(ty)
x | x(ty) | dt,, where 7 is a nonzero positive scalar. The
s(ty)

scalar performance index can be attenuated to a prescribed

level governed by the value of 7. Based on this condition and

from (B2), we have (B3), shown at the bottom of the page.
From (B3) and recalling that G; = Nin’1 and F; =

Kin_l, i=1,2,...,p, we have

T Ixt)] [X2 0 0

/ x(t.) 0 X' 0 |x
T0 S(t’Y) 0 0 Xfl

Xt o 0 x(ty)
wl o X' o x(t,) | dt, <0 (B4)
0 0 X' |s(t,
where

p p
W =Y m W (W) 3w w

i=1 j=1
is governed by the corresponding weighting matrix J;, Jo, or BS)
T I 0 0
T1 X(t,y) 0 Z mZG‘T 0 J] 0 0
/ x(t.) =1 ’ 0 J, 0]x
To S(tv) 0 0 Z mZF’lI‘ 0 0 J3
i=1
I , 0 0
—1y -1
0 Z miGZ 0 Xl Xl 0 0 X(try)
i=1 -7 0 XXt 0 x(ty) | dt, <0 (B3)
0 0 zp: mF 0 0 XXt s(ty)
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-nI 0 0
where Wi =0 —gI 0 |, w =
0 0 -l
[X; 0 o0
0 N, 0|, i=12...,p, ad W= =
| 0 0 K;
[-J;' o 0
0 —J5 1 0 . It can be seen that the inequality of
0 o -J;!

(B4) holds when W < 0.From (B5) and by Schur complement,
W < 0 is equivalent to the following inequality:

P
W = Z m;W; < 0 (B6)

=1

w(D *

where W; = {ng) W(QQ)],Z' =1,2,...,p.

It can be seen that inequality of (B6) holds when W; < 0,
1 =1,2,...,p, which are the LMI-based performance condi-
tions summarized in Theorem 1. Q.E.D.
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