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Robust H, Fuzzy Output Feedback Control for Uncertain Discrete-time
Nonlinear Systems

Li-Kui Wang and Xiao-Dong Liu

Abstract

In this paper, a generalized non-quadratic
Lyapunov function and non-parallel distributed
compensation (non-PDC) law are proposed for
robust H_ fuzzy control of discrete-time uncertain

nonlinear systems. The focus is on designing a robust
output feedback observer such that the observer
error system is robustly asymptotically stable and has
a guaranteed H_ performance. A new basis-

dependent idea is introduced to solve the fuzzy
observer-based control problem, which is different
from the quadratic framework that entails fixed
matrices for the entire membership function, or the
linearly basis-dependent framework that uses linear
convex combinations of s matrices. This idea is
realized by carefully selecting the structure of the
matrices involved in the products with system
matrices. Linear matrix inequality (LMI) conditions
are obtained for the existence of observer and based
on these the results are casted into a convex
optimization problem, which can be readily solved
via standard numerical software. The effectiveness
and the superiority of the proposed approach are
demonstrated by two examples borrowed from the
literature.

Keywords: Takagi-Sugeno's
quadratic lyapunov function, H_

Linear matrix inequality, State observer.
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performance,

1. Introduction

As an alternative method to conventional control
approach for complex control systems, fuzzy logic
control has received much attention in the past decades.
It has been shown that fuzzy logic control is one of the
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most useful techniques for utilizing the qualitative
knowledge of a system to design controllers. Among
various model-based fuzzy control approaches, the
method based on the Takagi-Sugeno (T-S) fuzzy model
has become popular today for its applications on the
stability and performance of many practical nonlinear
systems (see [1-4] and the references therein). Up to now,
many important issues have been studied for T-S fuzzy
control systems, such as, stability analysis [9-14], H.,

performance [15], time-delay [21] and switched systems
[22]. One of the approaches to deal with these issues is
the Lyapunov theory and the quadratic Lyapunov
function is the main technique [5-9]. To overcome the
conservatism arisen from the use of a single Lyapunov
matrix, more effective Lyapunov methods have been
presented. See, for example, piecewise quadratic
Lyapunov functions [10, 11, 14] the weighting-
dependent Lyapunov functions [12, 13], Polya's theorem
[26] etc. It is noted that all of the aforementioned
research have been focused on PDC law, on the other
hand, using the non-PDC law design methods along with
non-quadratic Lyapunov functions, some conditions
were proposed in [16]. Recently, based on an extended
non-quadratic Lyapunov function with more variables,
some conditions, which were less conservative than
those in [16], were provided in [17, 18].

Since T-S fuzzy models are used to describe complex
nonlinear systems, there may be uncertainties resulting
from the modeling procedure. When parameter
uncertainties appear, the problems of robust stability
analysis and robust stabilization for fuzzy systems have
been studied in [19, 20]. In addition, considering the
approximate errors the observer is necessary [6, 20]. By
applying the non-PDC law design methods, the robust
H, fuzzy observer-based control problem was studied

in [23]. Different from previous two-stage procedure in
[24], the method proposed in [23] guarantees that the
observer gain matrices and the control gain matrices can
be obtained directly by solving a set of LMIs.

In this paper, we study the robust H_ fuzzy

observer-based control problem for discrete-time
uncertain T-S fuzzy systems. Differently from previous
results one of the contributions of this paper is that we
develop a generalized non-quadratic Lyapunov function
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which contains some exiting results as special case, for

example, as ¢q=0, it is the quadratic Lyapunov function,

as q=1, it is the non-quadratic Lyapunov function of
[16] and for g=2, it is the Lyapunov function of [17].

In addition, a more generalized non-PDC law and new
partitioned slack variables are designed to reduce the
conservatism.

In this paper, AT denotes the transpose of A. A
star (*) in a symmetric matrix denotes the transposed

element in the symmetric position. The symbol I,

stands for the identity matrix in R™".1,[0,00) refers to

the space of square summable infinite vector sequences.
o], stands for the I, norm.

2. Problem Statement and Preliminaries

The discrete-time T-S fuzzy system under
investigation is described as follows:
X(k+D = > b (ORDIA + 84 ()x(K) o
i=1 1
+ (B, + AB, (k))u(k) + N, (k)]
20 = D MO0 Cax )+ DUk + M)} (2)
y(k) = > (00k)C, x(K) ®3)
x(k) is the state, u(k)eR™ is the control input,
z(k) e R? is the controlled output, y(k)eR" is the

output, m(k) e R® is an exogenous disturbance input.
Matrices A eR™, B;eR™™, N, eR™, C, eR"™,
C, €R™, D; eRP”™,  M; eRP®are system matrices.
i=12,---,;r and r is the number of IF-THEN
rules. AA (k) and AB;(k) represent the time-varying
uncertainties which have the following structure:

[AA (k) AB;(K)]=HF (K)[Ey; Ey 1i=12--r  (4)
where F(k) e R®#is an unknown matrix function with
Lebesgue measurable elements and satisfying

FTRFK) <1, (5)
HeR™ , E;eR” and E,eR”™ are known

constant matrices with appropriate dimensions that
specify how the uncertain parameters in F(k) enter the

nominal matrices A, and B; . h(8(k)) is the basis
functions which satisfies

h (6(k)) = 0, ", (6(k) =1
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The following fuzzy observer is employed to deal
with the state estimation of the system (1)-(3):

R(k+D) = > " n O0D{(A + Bu(k)x(o)}

(6)
+Lk)fy(k)- 9(k)}. 2(0) =0
9= D h O0)C x(K) 7)

L(k) is to be designed and the estimation error is
denoted as e(k)= x(k)- (k).

The aim of this paper is to construct the control law,
u(k), L(k)such that the closed-loop system globally
asymptotically stable for any nonzero (k) el,[0,)
and all admissible uncertainties AA (k) and AB;(k). In
addition, the H, performance y (||z(k)], <7|e(k)|) is
guaranteed as small as possible.

For simplicity, the basis functions h, (9(k)) in (1) are
representedas h, and h,(9(k +1))=h,;.

Let

r} ={h,h, "'hiq|il <y

. ®)
il’i2 "‘iq 6{1,2,...’r}}
r} ={h,; h,;, "'h+iq|il <ipeig,
il’i2 "'iq 6{1’2’...’r}}
and the corresponding subscript is

©)

so{q,r} - {iliz ‘”iq|i1 iy eriguigiip, g € {1,2,-~~,r}}
There are M elements in H{q,r}. For example,
q!(r —1)
asr=3,q=3

:{hf7 h12h27 h12h3, hlh227h1h2h3’ hlh§7

h3,hyhs,h,hi hi}
={111112,113122,123133,222,223,233,333}

Definition 1: The HPB MF is defined as follows

fHO s hh S (10)
f (H J{rq,r}, Siliz<-»iq ): Z |’LrI1 |'LrI2 . |1|z o (11)

Sy, i, are matrix varlables and q is the degree of

HPB-MF.
For example as r=3, g=3 one has
f(H {3'3}, Siiisia ): heSi11 +h{hyS11, +hPhsSs g
+hih3 8195 +hihyhgS o5 + N3 55
+ h22h33223 + h335333
and for the special cases ¢ =1, one gets
F(HE,s, )= S(H) =S, +h,S, +--+

h'S, (12)
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Definition 2: For each b h;, ---h; e H tar
(13)

The function glii,-i,) dependent on the value of

by by, -y, = hldlhgz

hd,d, +d, +---d, =

iy, 1y,---i, is defined as follows
i )= 14
aliz i) dy!d,!--d, (14)
For example, as r=3, q=3, i, =i, =1, i, =2, one has

hhh, =h’h,,d, =2,d, =1,d, =0, then
3
112)=—>_ =3
9(112) 210!

Definition 3: The f(H {q*r},siliz__,iq) is said to be positive

definite (semi-definite) in H @ if there exist some
matrices  S;;,;  such that f(H {q’r},siﬂz,,‘iq)>0

(f( || i)ZO)foraII hilhiz...hiq eH{q'r}.

The foIIowmg well known lemma is useful in this

paper.
Lemmal [25]: Let A, H, E and F be real matrices of

appropriate dimensions with FTF < 1. For any matrix
P>0 and scalar £>0 such that P—¢HH™ >0, then
we have

(A+HEF) PY(A+HEF)< AT (P —eHHT )A+ eETE

3. Main Results

Theorem 1: Consider the system (1)-(3). For a given

scalar y >0, if there exist matrices, Y;;, ,; €R™",
Giiiz...iqil c Rnxn , GZ c Rnxn , Qifiz...iqil c Rnxn , Wiz...q c Rnxq ,
¢ >0and positive matrices P} ; €R™, Q7 . eR™,
H H 1 2
satisfying Yidia <O ¥, <0, where
LR ) L T
‘]1 ‘]2
0 0
Ai Glll +lg + BI YII A A
1 q 12 112"
LI!j1jz"'jq = O ‘]10
0 0
E GI];IZ g + E2| Y|1|2 g El
0 0
C Gilz g + DI Y|1|2»-»iH 1—‘1
* * * * * * * ]
* * * * * * *
J * * * * * *
3
N J4 * * * * *
2
N (.?jlljz’”ja - ‘]5 * * * *
g(h]z g )
0 eH' Jy Jg * * *
0 0 o 0 J, * *
0 0 o 0 0 J, *
M 0 0 0 0 0 Jgf
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igip ++iq ego{q‘r} iy =iy = =iq 0o g ep{q,r}
1 1 U
G'i'z lg1 +(Gi1iz‘“iqf1) *
.
+GL . +(6l T -PL
J J,
0 0
AI G| 1ip-ig-1 + Bi YiliZ'”iqfl
A
+ AI G|2|3 i + B Y|2|3 |
2
\PJlJz g = ‘]10
0
E, Gflz i +E2, A
El
+ E1I16I1I3 i + E2| Y| iy q
0
C Gl I + Yii i
lg " hlplgy Fl
C II3 g + DqY| g+l
\]3 * * * * * *
N J4 * * * * *
N g(|1|2 i thz g 3, ox ok % ox
9lisdz - I
0 gl JH 3y 3, o x*
0 0 o 0 J, * *
0 0 0 0 0 J *
M 0 0 0 0 0 Jy
1 - . - .
iy, ooy € ol r‘\{ll =i, == |q}, judz e g e plor!
. . \
J =g(l1|2 "|q)|n—Q.f.2 iy 910 _<GZ) A=Wij,.i, Cai,
| » )
J —g(lll2 l)y I, J, =—rt ) P ngg(lllz~--lq)|p
gliidz I

g(lll2 |)5IM,J = (Illz I)slﬂ, s =0 (Illz |)g|
g(IlI2 “Iq) XG + GZ) ) Qifiz---iq

J = Q. .3,
gy ) S

:g

31 = gli, i, JH' G2, lez(Gz)TA—Wiliz 1.Co =Wy Co
d(;l 1):1 o, "‘q)N:d(f ! ( N
Fl_d(g 1); (Cl,1+ -C; ) :d(g 1); (M +---M; )
El—M(E1,1+E +Ey, )H:[H 0]

dd,---d,

then there exists a fuzzy observer-based controller of the
following form

u(k) = f(H {q_l'r}lYiliz---iq,l)f ( {g-1r} G, )x(k) (15)
with the observer gains
L) = f(H L, ) (16)

where
Lilizv.-iH = (GZ )7T Wiliz...ilH
such that the closed-loop fuzzy system (1)-(3) is globally
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asymptotically stable with » disturbance attenuation.

Proof: Applying the generalized control law (15) and
L(k) (16), it follows from (12) that the closed-loop

system can be described by

&k +1)= (A +H.F(K)E,)é(k)+ N (k) (17)
2(k) = Coé(k)+ M (H (k) (18)
y(k)=C,(H)x(k) (19)
where
AC{A(H)+ B(H)U A(H)_f(H{ (r )tJ ql)Cz(H)}
J|.c.~ler)+ oy -]

VE =[E(H)+E,(HU —E,(HV]
sto=[gefJu = b, ot

Choosing the parameter-dependent Lyapunov candidate
function as

V()= k) 12RO py L oK)

i)

iy ig g

one has
AV (k) =V (£(k +1)-V (£(K) = £k ) (k)

where

z, - [ f ‘1(H {qvf},PiliQ,..iq) 0}6?@(): E}éiﬂ A =[A N.]

0 0
A, = [H, o],ﬁ(k){F(k) 0}

Using Lemma 1 one has

2(k)' 2(k) - 7*alk) (k) + AV (£(k)) = £(k) Q,5(k)
where

Q, = A (f(H,p,, ., )-#1.AT A + 2 ETE, -2,
9P, )-cle. —cIM(H)
M(H)'C 72l -M(H) M(H)
f(qu'r},Phjzqu)— HHT >0,6>0 (22)

applying Schur's complement along with Lemma 1 and
using the fact that G'P'G>G" +G-P which holds

for all square matrices G and P of compatible
dimensions, one has Q, <0 if the following inequality

holds

—
= =
=

c

X 0
0 72l
A f (H {q&'r}’ Ii1i2miq 1) N,
0 0
E, f (H L} Iiliz,,,iqfl) 0
0 0
C.f (H {Q*lvf?,liliz__iq?l) M(H)
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* * * *—‘
* * * * *
f(Hiq r} Pth Jq) * * * *
T A, * x <0 (23)
0 0 d, =
0 0 0 &, =
0 0 0 0 I,

where
X=fT(H ) fHE T )

—f(Hle )
We can partition f(H{q“},Iiﬂz,,‘iqil),f(H{q"},Pilizmiq) as
follows
H@, P2

f(H {q’r},Pili[“iq ): |:: o f(H {W}, piE; y ):| (24)

f(H {q_l'r}lliliz--.iq1)=[f( Hi 6L

H lar} pt

P i

0 ()
Pre- and postmultiplying (23) by

diag(ln,(Gz)T N (cE I I p)
and its transpose respectively and let

Qilziz---iq =<G2) Phi i Wiliz---iql =(GZ)T |-i1i2---i(H
Qifizmiq :(Gz> P.i i G’
one has ¥ <0, where
_X:L * * *
X2 X3 * *
0 0 I, *
AL AL N(H) f(Hie Phieds
Y=o A N(H) fHEQ],
0 0 0 eH'
E} EZ O 0
0 0 0 0
|C: ¢cZ M(H) 0
f(Hi“’}TQLZ...jq) f e e (26)
eH'G? e * *0*
0 0 d, * =
0 0 0 4,
0 0 0 0 I,
x=d{4“qu) f(H *'qu fm %h)
- —f( 09,02, ) X, =62+ (62 - f(H®",Qp,., )
)f( tate) G|1|2 A 1)+ B ( ot} Y|1i2---iq,1)

()@ ()} <>f(“m wmkmﬂ

(H)FHGE ) E,(H )f( “y, )
=C(H)f (! {CEAN .)
C,(H)

q-Lr} Gl

E—E()

)+D
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Note
Y= Zh+11h+jz ! (JlJZ J ){,Jﬂzlq
o iqep'®")
where
_Xl * *
XZ X3 *
0 0 72|S *
pt.
Acl Acz (H) i Jl.Jz Jq
gl )
Vi, = 0 A N(H (?ijz»-»iq
glhilz
0 0 0 T
E.L E2 0O 0
0 0 0 0
|C: CZ2 M(H) 0
* * * * * ]
* * * * *
* * * * *
* * * * *
3
Qi i, * * % % (27)
Ol do -]
H'G? &l * *oF
0 8+S &l *
0 0 0 4d, *
0 0 0 0 I,
since g(j,j,-j,)>0, one has ¥ <O if Wi, <0 -

Exploiting the possible combinations in H @ one gets

1
leljZ'“jq = Zhhh'z h \Phlz “Jq
iy |qepq'
iy =ip ==
2
+ ZT&? U SYAS
=
I\1{|i=ilzq=»-£0=|q }
with
A=gli, iy, )A + 0y i )A +'“g(ili2'“iq—l)Aiq
(a-1)
‘W(A A+ Ai)
and N, M, E,, I, are similar to A . Note if
iy =i,=--=i,, one gets glii,~i,)=1 and A=A,

N=N,, M=M,, E =E;, I} =C; . For example, if

r=3q=3,i,=i,=i, =1, we have

A= g(i2i3-~i )A| + g(i1i3~~-iq)Ai2 +"'g(i1i2"'iq-1)Aiq
g A A A)= A
It is easy to verify that if the LMIs in Theorem 1 hold,
then Q, <0.
On the other hand, let
N-1
I = 2 2lk) 20)- ok ofk) (28)
k=0
For any nonzero w(k)el,[0 ) and zero initial

condition x(0)=0, one gets
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N-1

I = 3 )T 2000~ 2l ofk)+ AV (xK))-V (x()) 29)

k=0
and hence, Q<0 implies J, <0 which guarantees

that the closed-loop system (1), (2) is asymptotically
stable with » disturbance attenuation for all admissible

uncertainties.
The following Theorem 2 shows that lower
disturbance attenuation can be obtained by increasingq.

Theorem 2: For some given value of g , the
corresponding theorem obtained from Theorem 1 is
expressed as LMIs and denoted as T.**%*%  For any

T4 s feasible if

integer ¢ satisfying §>q,
T(01a19) s feasible.
Proof : Suppose the LMIs in T(q‘l'q‘l"‘) are feasible, let

(HO7Y,,,0 )= [Zh] ey, ) 6D
fH fa, P i, )= (Z h ] (T P ) (2

qlfJII l,l)

1
hip-

(30)

i=1

f (H {qyr}’ |_i1i2miq ): [Z hiJ f (H {a ‘“J, LI1I2 ' )
i1

the LMIs can be obtained by linear
combination of those in T**%%  That is, for any
solutions satisfying T.“***9 will be bound to satisfy

With recursion, For any integer § satisfying

4>q, T840 jsalso feasible.
Remark 1: The major differences between the proposed
theorems T%*%9) and the theorem of [23] are as

follows. Wu [23] develops a method to deal with the
robust H, output feedback control problem, while in

this paper we extend the method to solve the robust H_

output feedback control problem. The slack variables
introduced in [23] are linear dependent on the basis
function, but in this paper they can be quadratic, cubic or
even higher degree on the basis function. Specifically,
only the (1, 2), (2, 1) and (2, 2) blocks of the matrix
variables T are required to be fixed, while the
Lyapunov function matrices and the (1, 1) blocks of the
slack matrix variables are relaxed to be polynomially
dependent on the basis function. As the degree increases
more variables are generated which enable us have the
potential to obtain less conservative results. In this paper,
we develop a more general Lyapunov function which
contains some exiting results as special case, for

(33)

in T@aa)

T! (q,q,q+1)
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example, as q=0, it is the quadratic Lyapunov function,
as gq=1, it is the non-quadratic Lyapunov function of
[16] and for q=2, itis the Lyapunov function of [17].
Note, the following non-quadratic Lyapunov function

] [

and non-PDC law

u(k)= {Zhivi ]{Zh@}]lf((k)

are utilized in [23] to cope with robust H, control

problem. The extension of the method in [23] to deal
with the robust H_ output control problem is

straightforward. Using the Lyapunov function and
control law given in [23] and following the same line in
Theorem 1 one gets the following Theorem 3

Theorem 3: Consider the fuzzy system (1)-(3). For a
given scalar ¢>0, if there exist matrices Y,eR™",

G|1 c Rnxn , G2 c Rnxn , Qiz c Rnxn , Wi c Rnxq
positive matrices P'eR™, Q°eR™ satisfying the
following LMIs

and

@, >0,lie{l2,-r} (34)
Lo+ X, +0,)>00ijefl2 rhizj (35)
a i T 2 I|JJr lji >0,LL Jeds, Tyl # )
i pt * * *
Q? : s
0 0 72, *
AGj +ByY, A N, J
(D“j - O (GZ)T Al _WIC2J Ni In _QIZ
0 0 0 eH'
E,G! +E,Y, E, 0 0
0 0 0
_CliG} +DyY; Cy M; 0
* * * * * ]
* * * * *
* * * * *
* * * * *
\T
G? (GZ) _Q|3 * * * * 20
sH'G? e * * *
0 0o d, * *
0 0 0 4, *
0 0 0 0 I,

J1:GI1+(G,1)T —-P' , then there exists a fuzzy
observer-based controller of the following form

u(k) = F(H® )y, )4 (HE, 6, k()
with the observer gain matrices L, =(G*)"w, such that

the closed-loop fuzzy system (1)-(3) is globally
asymptotically stable with » disturbance.

4. Simulation example

In this section, we compare our results with other

Robust H_ Fuzzy Output Feedback Control for Uncertain Discrete-time Nonlinear Systems

223

method using example borrowed from the literatures. All
the experiments have been performed in a Celeron (R)
2.8 GHz, 512 MB RAM, using LMI solver and m-file of
MATLAB 7.0.

Example 1: In this example, the system under
consideration is a nonlinear system modified from
example 1 in [15]

Kk D)= x(k)+ Aa (k) (k) - (kpo(k)+ 0.0y (k) a0
~0.03e, (k) + (5-+ %, (k (k)
X, (k +1) = —x, (k)= 0.5%, (k) + 2, (k Ju(k) + 0.01w,(k)  (37)
2(k)=—0.1x,(k)— 0.5, (k )+ 0.5u(k ) + 0.01a, (k) (38)
+0.01, (k)
y(k)=0.1%(k) (39)

where Aa (k) is the uncertain parameters satisfying
Aa,(k)e[-0.,0.1].
Under the assumption that, the nonlinear system is

exactly represented by the T-S fuzzy system given by
Rule 1: If x(k) isabout h then

x(k +1) = (A + AA (K)x(K) + (B, + AB, (k))u(k) + N (k)
z(k) = C;x(k) + Dyu(k) + M, (k)
y(k) = Cx(k)
Rule 2: If x,(k)is about h, then
X(k +1) = (A, + AA (K)X(K) + (B, + AB, (k))u(K) + N,a(k)
2(k +1) = Cx(K) + D,u(k) + M,a(k)
y(k) = Cpx(k)

=22 1 kel ]

A = { v —_oﬂs} A, = [_1 _'8’5], D, =D, = 0.5,
S+p|p |98 0.01
= [2/)’}8 {Z/J’}M M. [001}
N, =N, = [‘0%%3 818%}011 =C,=[-01 -0.05]
C21 = sz = [0-1 0]

and AA (k), AA, (k), AB,(k), AB, (k) can be represented in
the form of (4) with

1
H= [0:|’ En=Ep= [0-1 0]’ En=Ep=0

Since y is related to the level of disturbance

attenuation, the aim here is to compute the minimum
value of y for some given B, ¢ and any admissible

uncertainties Aa,(k)e[-0.1,0.1]. The minimum value of
y is obtained by means of the following convex
optimization problem:
Vrin = MiN y
s.t. T0929 with different value of q

Note the LMI solver utilized here is MINCX(LMIS, C,
OPTIONS) where the OPTIONS is set to [1e-5 100 0 0 Q].
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As £=0.01, applying T2 with different value x(0)=[1.67 1]%(0)=[0 o] respectively. The solid lines
of q, the results are shown in Table 1. From Table 1 we show the actual states trajectories x,(k) x,(k) and the
can see the method in [19] is less conservative than dotted lines show those of the estimated states
Togo’o’l) but more conservative than -I—qu—l,q—l,q) with il(k),)A(z(k) of the fuzzy observer. Figure 3 presents the
q>2. The method in [23] is less conservative than control action ofu(k). From these simulations, it can be
ngovo,l) , Tj}'l'z) . T223 put as q increases Togq—l.q—l.q) seen the designed fuzzy .o-bserver-based controller

ensures the asymptotic stability of the closed-system
(36)-(39) and guarantees a prescribed H_ performance
level under the uncertain parameter Aa, (k)= 0.1sin(k).
Example 2: Consider an inverted pendulum controlled
for p=17. In addition, applying TP** with by a DC motor via a gear train shown in Figure 4, whose
B =1.6986 one gets y,., =0.3916, which is smaller than fuzzy modeling was done in [27]. With a sampling time
the one obtained by the method in [23] (7, =3.3592). T =0.02, we have the discrete-time model as follows:

2

guarantees a Iarger feasible area and achieves a smaller
Ymn than the method in [23]. For example, the method

in [23] is infeasible for p>1.7 while T/**% is feasible

Note, as B =0.8550, applying T2%%, T(34 one gets

z(k)

the same result y,;, =0.0349. This shows the bound of . ®
the H_ performance under this condition is tight and iy
need not continue the search for lower performance .. o5
by increasing g . of
Table 1. The value of y,,;, obtained by different methods. =l
55 1
y y 7min( 7/min( ymin( 7min(
p min min (0,0) (11.2) (2,2,3) (3.3,4) A5k
@) @y e To T T
) ) ) ) 20 5 10 15
0.8550 0.0349 00350 115254 0.0350 0.0349 0.0349 Step
14945 00417 2.8319 04841 0.0427 0.0415 i %
15000 0.0422 no 28 10715 0.0433 0.0419 Figure 1. State responses x, (k) %, (k).
1.6670 0.1513 no no no 29435 0.1372 15
1.6986 3.3592 no no no no 0.3916 k)
1.7000 no no no no no 0.4431 i) |

Applying T??¥ with p=167, £=0.001 one gets
Ymin =1.5677 and the following results

Gt = 0.0112  0.0443 GL = 0.0284 —-0.0349
171-0.0089 0.0688|' "2 |-0.0144 0.1102

G2 —| 0.0034 0.0053
1271 -0.0041 0.0363

Y,, =[-0.0055 0.0004],Y,, =[0.0012 -0.0175]

} Y,, =[-0.0044 0.0088]

L I
] 5 10 15

. =[10.0298 -10.0001] , L,, =[20.0949 —20.0000] _ Step A
L, ~[10.0561 —10.0002] Figure 2. State responses X, (k), %, (k).
then, we have the following observer-based controller x(k +1) = Zh KN AxX(K)+u(k))
u(k) = f(H {qil’r} Y'1'2 g 1)f ( q lr G':Lz ig 1)X(k)
= (2, + hyh,Y, + h2Y,, Jh2GY + hh,GE, +h2GE (k) Zh (K))Caix(k

with the observer gains
L(k) =h?L, +hhL, +hiL,,
Utilizing the above results and let

B R T

with

0.196 1.0001 0.0181

1.0002 0.02 0.02
-0.0184 -0.1813 0.8170

/

1 002 0.0002
the simulations are shown in Figure 1-3. Figure 1 and A, =10 09981 0.0181
Figure 2 show the states response with the initial state 0 -0.1811 0.8170



Li-Kui Wang et al.: Robust H_ Fuzzy Output Feedback Control for Uncertain Discrete-time Nonlinear Systems

For simulation, we add some disturbance terms,
uncertainties and a controlled output.

X(k+D= > hO){A +AA ()X(K)
(B, + AB()U(K) + No(k)]

20 = D RO {Cyx(K)+ D) + M, ()}

o1

0.0s-

ok

005

01k

RIRENS

nz2k

025+

nak

035

0 5I W‘D 15
Step
Figure 3. The control action uf(k).

i Mass m

Control Voltage i ’\]I|L

4 = \! i

e 7\

@ =3 {1 =8 -
st \J } o %

DC motor Pivot point

Figure 4. An inverted pendulum controlled by a DC motor.

with
N, =[-0.054 -0.094 O] ,N,=-N,
C,=C,=[0.054 0005 0.1]
D,=D,=05M,=M,=0.1

and AA(k), AA,(k), AB,(k), AB,(k) can be represented in
the form of (4) with

H=[0.145 0 0],E,=E,=[01 0 0] E,=E,=0.

For this practical example, as ¢ =0.01, the method in
[19] is infeasible, while using T®** one gets
¥min = 25.8622  which is lower than the one obtained by
the method in [23] ( 7,,, = 26.9113). This example further
shows the effectiveness of our method over others.

5. Conclusions

In this paper, we have studied the robust H_ fuzzy

observer-based control problem for discrete-time
uncertain T-S fuzzy systems. In order to get less
conservative result, a structured polynomial basis
function-dependent approach is proposed and some
sufficient conditions for the existence of a generalized

225

non-PDC law have been obtained. These conditions
guarantee a larger stability region and lower disturbance
attenuation than other method. Two examples browed
from the literature show the effectiveness of the
proposed approach.
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