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Abstract A robust stabilization problem is considered for time delay nonlinear discrete-time sys-
tems based on T-S fuzzy model. A necessary and sufficient condition for the existence of such
controllers is given through Lyapunov stability theorem. And it is further shown that this condition
is equivalent to the solvability of a certain linear matrix inequality, which can be solved easily by
using the LMI toolbox of Matlab. At last, an illustrative example of truck-trailer is presented to
show the feasibility and effectiveness of the proposed method.
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1 Introduction

Recently, fuzzy control has been one of the useful control techniques for uncertain and nonlinear
complicated systems. The conventional fuzzy control is composed of some if-then linguistic rules. The
property of it makes the control algorithm easily understood. Its main drawback, however, comes from
the lack of a systematic control design methodology. Particularly, the stability analysis and robustness
are not easy. To solve these problems, the idea that a linear system is adopted as the consequent part
of a fuzzy rule has evolved into the T-S model™, which becomes quite popular today.

Time delays are common in engineering field and are a source of instability and poor performance
even in a nonlinear mode, so there are many results to deal with time delay problem[Q’S]. With de-
velopment of computer, the discrete system has attracted great atten‘cionHNﬂ7 and the fuzzy control
has been extended to nonlinear time delay discrete system, but research results are too limited for
reference. The robust stabilization of linear system in [4] is discussed by using LMI techniques. The
stability of nonlinear system is considered by using fuzzy control®®?  in which the consequent part of
T-S model is linear normal system without uncertainties. In [2] the analysis and synthesis problem is
investigated including continuous and discrete time delay systems, but there is only time delay part in
the T-S model. The fuzzy robust tracking control is discussed in [10] for uncertain nonlinear system,
the parametric uncertainty is employed to the consequent part of the T-S model, and so the T-S model
can represent the original system exactly. However, it does not apply the method to the discrete time
delay system. In [11], the stabilization problem is discussed for a class of nonlinear discrete systems
with parameter uncertainty, without considering the time delay term.

So far the class of nonlinear time delay discrete systems have not yet been discussed by using the
T-S fuzzy control method, but time delay and uncertainty occur in practical engineering field. Based
on these intentions, in this paper, the robust stabilization problem will be considered for nonlinear
time delay discrete systems. And it will be shown that this stabilization problem is equivalent to the
solvability of a certain linear matrix inequality. Finally, an illustrative example of truck-trailer will
show the feasibility of the proposed method.

2 Problem formulation

The consequent part of T-S model has exact mathematics description, so the fuzzy T-S model as
in [12] is used in this paper. The ith rule of the fuzzy model for the nonlinear discrete system is of the
following form:

Plant Rule 4: If z1(k) is FY, - -+, and z,(k) is I}, then

1) Supported by National Natural Science Foundation of P. R. China (60274009)
Received May 21, 2004; in revised form November 7, 2005

Copyright © 2006 by Editorial Office of Acta Automatica Sinica. All rights reserved.



208 ACTA AUTOMATICA SINICA Vol. 32

where (k) = ¢(k), for k = —7,---,—1,0, is the initial value, z(k) = [21(k)--- 2. (k)] is the premise
variable vector, ¢ (k) = [z1(k), -, zn(k)]" is the state vector, (j = 1,---,n), F} is a fuzzy set, 7 > 0
is a constant, A; € R™*" is the system matrix, B; € R™*™ and C; € R'™"™ are input and output
matrices, respectively, AA; and AB; are matrices with appropriate dimensions, representing parametric
uncertainties in the plant model, and ¢ is the number of rules of this T-S fuzzy model.

Here, by using a standard fuzzy inference method that is using a singleton fuzzifier product fuzzy
inference and weighted average defuzzifier for system (1), the final state of the fuzzy system is inferred
as follows.

z(k+1) Z hi(z(k)[Aiz(k) + AAsz(k) + Aix(k — 7) + Biu(k) + AB;u(k))

where

Fiz(0), hi(e() = —2CE ) > 0,3 wilk) >0, i = 1,2, g
= > wil=(h) =

J

and F; is the fuzzy set, h; is the grade of membership of Fji.
The main intention of this paper is to design the fuzzy T-S model controller, which can make
system (2) stabilized.
For the convenience of proof, the assumption is given as follows
Assumption 1. The parametric uncertainties in system (1) are norm bounded, satisfying the
followings
[AAi, AB;] = DiFi(k)[Ei1, Ea], F(k)Fi(k) < I

where D;, E;1, E;2 are known real constant matrices of appropriate dimensions, and F; (k) is an unknown
matrix function with Lebesgue-measerable element, I is the identity matrix of appropriate dimension.

3 Fuzzy state feedback control design

Based on the parallel distributed compensation (PDC), we consider the following fuzzy control
law for the fuzzy model (2)

Regulator Rule ¢:

If zy(k) is F} and - -- and z,(k) is F., then
u(k) = Kiz(k), i=1,---,q (3)

where K; € R™*" is a constant gain feedback to be determined.
The overall state feedback fuzzy control law is represented by

Z hi(z(k)) Kz (k) (4)
Substituting (4) into (2) yields

=1 j=1

For the necessary of proof, one lemma is given as follows.

Lemma 1. Given matrices H, F, and E with appropriate dimensions, FTF < I, and P > 0, for
any ¢ > 0,if P~' —eHHT >0, then (A+ HFE)"P(A+ HFE) < AT(P™' —cHH") A+ 'ETE.

The main results on the fuzzy robust stabilization of T-S model with parametric uncertainties are
summarized in the following theorem.
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Theorem 1. If there exist a symmetric and positive definite matrix P > 0 and some matrices
K;(i=1,2,---,q), such that the following matrix inequalities are satisfied, then the stability of system
(4) is guaranteed via the T-S fuzzy model based state-feedback controller (3).

-X * * *

*
0 —-H * * *
A; X + B; M; AuH —-X 4+ ElDzD;I‘ * <0 (6)
Ea X + EpM; 0 0 —&il  x
X 0 0 0 —-H
and
r —-X * * * * *
A Y4 Au A ' " )
iX A+ BiM; g i X+ BiM 1 ; Y —X +¢ei;(D:Df +DjD;'F) * * *
EuX + B, J;EizMj 0 0 A
EpX + EpM: J;EjQMi 0 0 0 —ejl  *
L X 0 0 0 0 —H
(M)
Proof. Select Lyapunov function as
-1
Viky=a"Pz+ Y x'(a)Sz(a) (8)
a=k—T1
_ptog_o1 o _ | x(k) _|=P+5 0| &+ _ 4 . . VK
where X =P, H=2S5 7w—[w(k_7_)]7G—[ 0 _g , Aij = Ay + AA; + (Bi + ABy) K,

M; = K;X. Giving the difference of (8), we get
AV(E)=V(k+1)=V(k) = 2" (k+1)Px(k+1)—a" (k)Px(k)+z" (k)Sz(k)—x" (k—7)Sx(k—7) (9)

Then substituting (5) into (9) yields

AV (k) = Zq: Zq: Zq: Zq: hihjhehi{x" (k)[A;PAw — P+ Slx(k) + " (k) A}, PAyx(k — 1)+

q q q

SN hihhihaT (k)([Ai;  AulTPlAn Au] + G)z(k) =

> hibjhehi@ T {[As + A Av+ Ay PlAg + Ay A+ Ayl + 4G}z <
q — — — —

Z hihjhihi® {[Ai; + Aji  Av + Ay) PlAG + Aji A+ Ay +4G)E =
q _ _

S oriaT(k)([Aiw Aul"PlAu Aul+ G)z(k)+

i=1

g q - = T = = = =
_ Aij + Aji A+ Ay Aij + A A+ Ay _
QZZhlh]azT(k)([ J J 1 1]] P|: 12 J J J}—FG) a:(k) (10)

i £ 2 2
=1 j=1

So system (2) can be stabilized if and only if there exist a symmetric and positive definite matrix P > 0
and some matrices K; such that the following inequalities are satisfied

[Ai  Au]"PlA; Aul+G<0 (11)
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— B
A“;rAﬂ A”;A”] P {A“;Aﬂ Aij;Aji +G<0,i<j (12)

It is noted that Theorem 1 gives the sufficient condition of ensuring the stability of the fuzzy
system (2). However, it does not give the methods of obtaining the solution of a common matrix P
and gain feedback K;. Fortunately, (11) and (12) can be transferred into LMIs, so parametric P and
K can be determined by the solubility of LMI.

From Assumption 1, we can see [AA;, AB;] = D;F;(k)[Ei1, Eiz], so (11) is equivalent to

([Ai+BiK; Aul+DiFi|[Ea+EinK; 0)"P(Ai+BiK; Aul+DiFi[Eqa+FEizK; 0)+G <0 (13)
From Lemma 1, (13) holds if there exists some real constant such that, P — EiDiDlT > 0, and

G+[Ai+BiK; Au)l"(P™' —&:DiD))[Ai+ BiK;  Au)+e; ' [Eui+ Foi K 0]"[Evi + Bo Ky 0] <0

(14)
By using Schur complement, the inequality (14) can be rewritten as
—P+S 0 (A; + B;K;)"T (B1i + Eo K;)T
0 - AT, 0
(Al =+ Ble) A —pt EleD;F 0 <0 (15)
Ev+ ExuK;, O 0 —eil

Left multiplying and right multiplying (15) by diag[X H I I], and then applying Schur com-
plement, (15) is then equivalent to

- X * * * *
0 —H * * *
A; X + B; M; AuH —-X 4+ EzDzD? * <0
FEin X + EioM; 0 0 —&il %
X 0 0 0 —-H
It is easy to transfer matrix (12) into the following
r —-X * * * h
AX + BM S AX 4 By M A 1A ' )
X + B; j; ;X + B; M; 11'-62- Y —X+Eij(DiDiT+DjD;F) * * *
Ein X ';EiQMj 0 0 —Eijl N N <0
EjnX J;EﬂMi 0 0  —eul
L X 0 0 0 0 —H

By using LMI software of Matlab, the parametric uncertainty X and K, can be solved, so the
controller can be determined.

Then we conclude the computational procedure as follows:

Step 1. Use T-S fuzzy implications and the fuzzy reasoning method to express the real plant
model.

Step 2. Based on the parallel distributed compensation, the fuzzy control law for the fuzzy T-S
model is constructed.

Step 3. The global fuzzy model can be obtained from Step 1 and Step 2.

Step 4. The stability analysis of the global fuzzy closed-loop system can be transferred into the
solution of linear matrix inequality (LMI).

Step 5. The LMI can be solved by the Matlab simulink toolbox.

It should be noted that the above procedure belongs to fuzzy modeling and fuzzy control process.
The solution of the LMI plays a crucial role in arriving at the desired solution. This procedure is
illustrated by the following example.

4 Simulation example
To illustrate the proposed fuzzy robust control approach, a control problem of truck-trailer
with the time-delay state z1(k) is considered, i.e.,

[12]

wr(k+1) = (1— v%)xl(k) . v%)xl(k 4 v?u(k) + a(k)z (k)
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ok + 1) = ma(k) + v%xl(k) + v%xl(k — )+ alk)ws (k)

2k + 1) = w3 (k) + vk sin(wa(k) + v%xl(k) + v%xl(k — 7)) + a(k)zs (k)

where [ is the length of the truck, L is the length of the trailer, k is the sampling time, and v is the
constant speed of the backward movement, a(k) = 0.2sin(k) is the parameter uncertainty. Take fuzzy
model rule as follows.
k k i
R If z(k) = x2(k) —|—vﬁxl(k) + vixl(k — 7) is about 0
Then x(k+ 1) = (A1 + AADz(k) + Auz(k — 1) + (B1 + AB1)u(k)
k k .
R® If z(k) = x2(k) + uﬁxl(k) + uixl(k — 7) is about w or —
Then x(k+ 1) = (A2 + AAz)x(k) + Arex(k — 7) + (B2 + AB2)u(k)

where ~
1-% o 0] .
_L R [02snmk) 0 0 ]
A = % 1 0. Bi=|} |24 = 0 0.2sin(k) 0
2E2 - L o I_ 0 0 0.2 sin(k)J
2L . _
k . r vk
1 —EJZ 0 0 1 -7 0 0 i
An = v% 0 0f, Az= % 1 0}, B2= (l)
v2k? dv’k? - 0
5o 0 0l | 57— Mk 1 )
1-—- UE 0 0
[O.2sin(k) 0 0 1 E L
AAQ = 0 0.2 sin(k) 0 s A12 = v— 0 0
[ 0 0 0.2 sin(k)J dszI?
5T 0 0

and =28, L=55v=-10,k=20a=077=0.5d=0.01/7, AB; =0, AB> = 0.
From the parallel distributed compensation principle, the fuzzy control law can be constructed as
k k .
RYIf z(k) = x2(k) + viml(k) + vﬁml(k — 7) is about 0
Then u(k) = K1z (k)

R* If z(k) = x2(k) + Viml(k) + 1/i

5T 2Lx1(k—7') is about 7 or — 7

Then u(k) = Koz (k)

The membership function is taken as follows.

1 1
h(z(k) = (= T Bmm —r /) < T+ ep{—30208) —7/2]]

ha(2(k)) = 1 = ha(2(k))

z(k) = z2(k) + ’U%ml(k) + v%xl(k -7)

where AA; and AAs are parameter uncertainties.
From (6) and (7), the state feedback matrices K; and X = P! can be solved by the LMI software
of Matlab as follows.
[0.0104 0.0026 0.0000-|
X = 10.0026 0.0013 0.0007 | , K1 =[3.3673 —4.5910 1.0729], K> =[3.3673 —4.5910 1.0729]
[0.0000 0.0007 0.0029J
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From the solutions of the LMI, the controller of the system can be determined.

The simulation figures are as follows.
From the above figures, it is seen that Fig. 1 is about the closed-loop system without time-delay,

the trajectories of states x1, x2, 3 are asymptotical tend to zero by using the fuzzy controller designed
in this paper. At the same time, the state trajectories of closed-loop system with time-delay can also
be stabilized by using the designed controller here in Fig. 2. Based on these results, it is obvious that
the controller proposed in this paper can stabilize the closed-loop system, so the methods presented
here are simple and feasible.

3 4
off Tas . s
21 -
1 7 —~
= = o=
kg T2 S
0
-1 o - -2 \Il |
-2 . . . 4 . . .
5 10 15 20 0 5 10 15 20
k k
Fig. 1 The trajectories of the state variables Fig. 2 The trajectories with time delay of
x1, T2, and x3 the state variables z1, x2, and x3
5 Conclusions

In this paper, the robust stabilization for certain of nonlinear time delay discrete systems is

considered. A stability condition is deduced based on Lyapunov theorem and this condition can be
transferred into the solubility of the LMI problem. In the last, it is shown that the method proposed
in this paper is feasible by the simulation of truck-trailer'? based on the LMI toolbox of Matlab.
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