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Abstract—This paper is concerned with the problem of design-
ing fuzzy controllers for a class of nonlinear dynamic systems.
The considered nonlinear systems are described by T-S fuzzy
models with nonlinear local models, and the fuzzy models have
fewer fuzzy rules than conventional T-S fuzzy models with local
linear models. A new fuzzy control scheme with local nonlinear
feedbacks is proposed, and the corresponding control synthesis
conditions are given in terms of solutions to a set of linear matrix
inequalities (LMIs). In contrast to the existing methods for fuzzy
control synthesis, the new proposed control design method is based
on fewer fuzzy rules and less computational burden. Moreover, the
local nonlinear feedback laws in the new fuzzy controllers are also
helpful in achieving good control effects. Numerical examples are
given to illustrate the effectiveness of the proposed method.

Index Terms—Fuzzy control, guaranteed cost control, H
control, linear matrix inequality (LMI), nonlinear systems, state
feedback, Takagi—Sugeno (T-S) fuzzy models.

I. INTRODUCTION

INCE more than two decades ago, Takagi—Sugeno (T-S)

fuzzy models [1] have attracted wide attention from scien-
tists and engineers, essentially because the well-known fuzzy
models can effectively approximate a wide class of nonlinear
systems [2]. T-S fuzzy models consist of local linear models,
which are smoothly connected together by fuzzy membership
functions; then, the control techniques for linear control sys-
tems can be applied to T-S fuzzy models. Many systematic
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approaches for stability analysis and control synthesis for the
class of T-S fuzzy models are developed (see the survey paper
[3] and the references therein). In particular, based on quadratic
Lyapunov functions approaches, control synthesis problems
have been well studied in [4]-[11]. Since a common quadratic
Lyapunov function is independent of fuzzy membership func-
tions, the results based on a single Lyapunov function might be
conservative. Then, parameter-dependent Lyapunov functions
(which are also called fuzzy Lyapunov functions) [12]-[15],
piecewise Lyapunov functions [16], [17], and k-sample varia-
tion Lyapunov functions [18] have been exploited for obtaining
less conservative results. In the aforementioned works, the
parallel distributed compensation (PDC) control scheme in [2],
i.e., the controller shares the same fuzzy rules with the con-
sidered fuzzy model, is extensively applied for designing fuzzy
controllers. Moreover, a number of alternative control schemes,
such as the non-PDC control scheme in [15], switching constant
controller gain scheme in [17], switching PDC control scheme
in [19], [20], are also developed for designing fuzzy controllers
for T-S fuzzy models. It is important to consider not only
stability but also some control performance requirements, such
as H,, performance constraints and guaranteed cost bound
constraints. In recent years, the H,, control and guaranteed
cost control problems are extensively studied, and some linear
matrix inequality (LMI)-based design conditions are obtained
(see [7], [19], and [21]-[23] for the H, fuzzy control synthesis;
[24]-[26] for the guaranteed cost control; [27] for the mixed
Hy/H control; and [20] and [28] for the H, control with
quadratic D stability constraints).

Most of the aforementioned results focus on the stability
analysis and synthesis based on T-S fuzzy models with linear
local models. However, when a nonlinear system has complex
nonlinearities, the constructed T-S fuzzy model will have to
consist of a number of fuzzy local models. Then, stability
analysis and control synthesis for such a T-S fuzzy model often
are very difficult. In general, there are two types of methods
to overcome the difficulty. One method is to exploit a good
tradeoff between the conservatism and the computational bur-
den by reducing unimportant decision variables [29]. However,
the obtained controllers are still with a number of control
rules, which may be unfavorable for implementation. The other
method is that the original nonlinear model is first simplified
as much as possible. Then, a fuzzy model with fewer fuzzy
rules is constructed based on the simplified nonlinear model
by using a fuzzy local approximation technique [2]. However,
the designed control laws based on the fuzzy model may not
guarantee the stability of the original nonlinear system. In this
paper, a class of T-S fuzzy models with local nonlinear models
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is exploited to describe the considered nonlinear systems. A
new fuzzy control scheme with local nonlinear feedbacks is
proposed, and the corresponding control synthesis conditions
are developed in terms of solutions to a set of LMIs. In contrast
to the existing methods for fuzzy control synthesis, the new
proposed control design method is based on fewer fuzzy rules
and less computational burden. Moreover, the local nonlinear
feedback laws in the new fuzzy controllers are also helpful for
achieving good control effects. Two numerical examples are
given to illustrate the effectiveness of the proposed method.

The rest of this paper is organized as follows: Section II
presents the system description and the problem under con-
sideration. In Section III, an LMI-based method for designing
H, controllers for the T-S fuzzy systems with local nonlinear
models is given. Subsequently, the result is extended to the
case for guaranteed cost control. Lastly, a multiobjective control
synthesis technique is given. In Section IV, two examples are
presented to illustrate the effectiveness of the proposed design
methods. Section V concludes this paper.

Notation: For a square matrix E, He(FE) is defined as
He(E) = E+ ET. For a two-point z, y € R", the convex
hull of the two points is co{z,y} = {12 + 02y : 61 + 02 = 1,
6; > 0}.

II. T-S Fuzzy MODEL WITH LOCAL NONLINEAR MODELS
A. Nonlinear System

In this paper, we consider the following nonlinear system:

@(t) = f (2(t) + g (x(t) u(t) + h (x(t)) w(t)
2(t) = f= (@(t) + g2 (2(8)) u(t) + hz (x(®) w(t) 1)

where z(t) € R™ is the state, u(t) € R™ is the control in-
put, w(t) € R™ is the disturbance, and z(t) € R"= is the

controlled output. f(-), g(*), h(-), f.(*), g-(-), and h.(-) are
nonlinear functions. Assume that nonlinear function f(x(¢))
can be rewritten as follows:

F@(t) = fa (@(t) + fo (x(t)) 6(t)
fo (@(t) = foa (2(8) + fab (2(1) 6(1) 2)

where ¢(t) = [§1(t) da(t) ¢s(1)]7, ¢i(t) e R, 1 <

1 < s, are sector-bounded nonlinear functions and satisfy

¢i(t) € co{ELix(t), Eyiz(t)}, 1<i<s (3

which implies that nonlinear term ¢;(t) is bounded by (3). An
example is given as follows:

Consider 2(t) = [x1(t) x2(t) 23(t) x4(t)]T € R* and
o(t) = ¢1(t) = sin(z3(t)) € R, where z3 € [—(7/2), (7/2)].
Then, we have that

H(t) € co {ixg(t), a:?,(t)}

:co{[O 0 %

O]x(t),[O 01 O]x(t)}
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which implies that Fr; =[0 0 (2/x) 0] and Ey; =
[0 0 1 O0].If ¢;(¢) satisfies (3), then a particular property
can be obtained as follows:

Lemma 1: 1If (3) holds, then

(Eriz(t) — ¢i(t)) (Brix(t) — ¢i(t)) < 0. “)

Proof: The proof is easily obtained and omitted. |

In order to get a convex condition for designing fuzzy

controllers, some transformations about nonlinear term ¢;(t)

will be performed. Let ¢;(t) = ¢;(t) — Er;x(t), and substitute
#i(t) + Ep;x(t) for ¢;(t) in (37); then, we can obtain

—¢i(t) (Eix(t) — ¢i(t)) <0 %)

Ey
E,
with E; = Ey; — Er;. Denote £ = .
E,
Substituting ¢;(t) + Er;x(t) for ¢;(t) in (2); then, it yields
f (k) = fa (x(t) + fo (x(8) &(t)
fo (x(8)) = fea (z(8)) + foo (2(1)) $(2)

where

fa (x(t)) = fa (x(t)) + fo (x(t)) ELa(t)
foa (1)) = faa (1) + fab (2(t)) Epa(t)
Erq
Ero
Ey=|
Ev

Then, system (1) can be rewritten as follows:

@(t) = fa (x(t) + g (x(t)) u(t)
+ h(z(t) w(t) + fo (z(t) 6(t)
2(t) = fea (2(t)) + g2 ((1)) u(?)
+ he (z(1) w(t) + fa (2(2)) H(2) (6)
where  ¢(t) = [¢1(t) d2() ¢s(t)]", and  ¢(t) =
@i(t) — Epiz(t) € R, 1 <1i < s, satisfying (5).
In the next section, nonlinear system (6) [which is equivalent

to nonlinear system (1)] will be modeled as a T-S fuzzy model
with local nonlinear models.

B. T-S Fuzzy Modeling

In dynamic equation (6), nonlinear terms f, (z(t)), h(z(t))

9@ (). Fo(w(t)). Feale(®)), b (@ (t)). and g. (@(1)). Lan(w(t))
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can be described by the fuzzy techniques in [2] and [4]; then,
we can obtain the following T-S fuzzy model:

Plant Rulei:
IF vy (t) is T';; and va(t) is Tyo, - - -, vp(¢) is Ty
THEN  &(t) = Ajz(t) + Brsw(t) + Bou(t) + Gip(t)
z(t) = Criz(t) + Dyiw(t) + Dau(t) + G=ig(t)

where ¢ = 1,..., 7. r is the number of IF-THEN rules, v(t) =
[vi(t) wva(t) vp(t)]T € RP*1 are the premise vari-
ables, and I';; are the fuzzy sets. By using the fuzzy infer-
ence method with a singleton fuzzifier and product inference
and center average defuzzifiers, the final T-S fuzzy model is
obtained as follows:

T

2owi(v(t)) (A (t)+ Briw(t) + Bau(t)+Gig(t))

i(t) == ;
Sui(u()
3w (0(8)) (Crie(8) + Drgw(t) + Doju(t) +Gaid(t))
2(t) == :
> ui(v(t)

)

where w;(v(t)) = [15; mij(v;(t). nij(v;(t)) is the grade
of membership of wv;(t) in I';;, where it is assumed
that >°7 ; w;(v(t)) > 0, wi(v(t)) > 0,i=1,2,...,r. Denote
ai(v(t)) = (wi(v(t)))/(izy wi(v(1))); then

0<a; (0(t)) <1 and > a;(v(t) =1 (8)

where «;(v(t)) is said to be normalized membership functions.

Let a(v(t)) = [a1(v(t)), aa(v(t)),. .., a.(v(t))]T, and de-
note (v (t)) as « for a brief description. Furthermore, (7) can
be rewritten as follows:

(1) = A(@)a(t) + Bi(a)w(t) + Bz(a)u(t) + G(@)o(t)
2(t) = Cr()z(t) + Di(a)w(t) + Da(e)u(t) + G=()¢(t)
)

with
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In fact, A(a)z(t), B1(«), B2(a), G(a), Ci(a)z(t), Di(a),
Dy (), and G, () in fuzzy model (9) are the new descriptions

of fa(z(t)), h(x(t), g(z(t)), fo(x(®)), Ffralz(t)), hal(a(?)),

g:(z(t)), and f.p(x(t)) in (6) by fuzzy membership functions,

respectively. The following lemma will be useful in the sequel.
Lemma 2 [5]: If the following conditions hold:

M <0, 1<i<r
ﬁMii+%(Mij+Mji)<O, 1<i#j<r

then the following inequality holds:
Z Z Ckioszij <0
i=1 j=1

where a;, 1 <7 <r,satisfy 0 < o; <1,)0_ ;= 1.

C. Fuzzy Control Scheme
Here, the following fuzzy control scheme is exploited for the
T-S fuzzy system (9):
Control Rulei:
IF vy (t) is Ty and vy (¢) is Tjo, - - -
THEN

7Up(t) is Fil)
u(t) = Kgz(t) + Kpio(t).

By using the fuzzy inference method with a singleton fuzzifier
and product inference and center average defuzzifiers, the final
control output can be obtained as follows:

u(t) = Ka(@)z(t) + Kp(a)o(t) (10)

where

Zal Zaz

Remark 1: Note that a nonlinear feedback control law is used
for each control rule, which is different from the conventional
PDC control scheme [2] for the T-S fuzzy systems with linear
local models, where only a linear feedback for each control rule
is used.

From (9) and (10), the closed-loop fuzzy system can be
obtained as follows:

Kaz sz

i(t) = (A(a) + Ba() Ka(a)) z(t) + Bi(a)w(t)
+(G(a) + Ba() Ky (@) o(t)
2(t) = (Cr(@) + Da(a) Ko(a)) = (t)+D1() (t)

(1)

In this paper, we consider the problems of H, control and
guaranteed cost control for the T-S fuzzy system (9). The
considered H, control problem is described as follows:

For a prescribed H,, performance bound v > 0, design a
fuzzy state feedback control law w(t) such that the closed-loop
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system (11) is asymptotically stable with

/zT(t)z(t)dt < 72/wT(t)w(t)dt. (12)
0 0

Equation (12) characterizes the effect of the disturbance
on the regulated output. By minimizing the H,, performance
bound ~, the effect of the disturbance on the regulated output
can be attenuated. However, the H,, performance constraint is
not enough by itself to achieve a desired control performance.
The guaranteed cost control (or Hs optimal control) is more
appealing for control engineers to achieve a desired control
performance via a proper choice of weighting matrices [27].
In this paper, we also consider the problem of quadratic guar-
anteed cost control of the T-S fuzzy system (9). The guaranteed
cost control aims at stabilizing the system while maintaining an
adequate level of performance represented by a quadratic cost
function [26]

J= / (7 () Roa(t) + uT (ORau(t)) &t (13)
0

where R, = RT >0 and R, = RL > 0 are given matrices.
Associated with function (13), the fuzzy guaranteed cost is
defined as follows:

Definition 1 [24]: Consider system (11). If there exists a
fuzzy control law w(t) and a scalar Jy > 0 such that closed-
loop system (11) is asymptotically stable and the closed-loop
value of cost function (13) satisfies J < Jy, then Jy is said
to be a guaranteed cost, and control law u(t) is said to be a
guaranteed cost control law w(t) for system (9). In order to give
clear comparisons between the new proposed control synthesis
methods in this paper and the existing ones, some existing
results are recalled. Consider a T-S fuzzy model with linear
local models

(@)w(t) + Ba(a)u(t)
H(@)w(t) + Da(a)u(t)  (14)

where & = [a;(t) aa(t) ax(t)]T, a;(t) are member-

ship functions, and

Al@) = ai(t)4; Bi(a) =) _ a;(t)By
i=1 i=1
BQ(@) = Zdi(t)B2z 01(@) = @i(t)élz
i=1 =1
Dl (@) = Z di(t)Dll Dg(d) = Zdi(t)[)%

The corresponding fuzzy PDC controller is given as follows:

ult) = Z ai(t) Kz(t) (15)

where K; are the parameters to be designed.

By using the techniques proposed in [7], we have the follow-

ing lemma for designing the gain matrices K; in (15).

Lemma 3:

1) For a given ~y > 0, if there exist matrices Q = Q7 > 0,
Li (1 <i<7),and X5 = XJ; (1 <d,j <7) satisfying
the following LMIs:

b < Xy, l<i<T (162)
X1 X2 oo Xar
X21 X22 et XQF
A 71 <o (16¢)
X1 Xp2 - X
where

He(/_lle— BgiLj) * *
(bl_] = B B£7 —:}/21 %
C1iQ + Do L Dy I

then fuzzy system (14) is asymptotically stable with H
norm less than or equal to « via controller (15) with

K; = L,Q ', 1<i<T. (17)

2) If there exist matrix variables Q = QT, L; (1 <i <7),
Xij= X};, (1 <i,j <), and Z satisfying the follow-
ing LMIs:

Z I
[I Q} >0 (18a)
(i)zi < X’Lh 1 S { S r (18b)
D;j + 05 < Xij + X, 1<i#=j<7 (18)
X1 )gm le
Xo1 X Xor
. <0 (18d)
X Xpo Xrr
where
B He(A;Q + By, L) * *
q)” Lz *Rgl *
Q 0 -R,!

then fuzzy system (14) is asymptotically stable via con-
troller (15) with (17). In this case, cost function (13)
satisfies

J < 27 (0)Zz(0) (19)

where x(0) is the initial state.

3) For a given « > 0, if there exist matrix variables ) =
QT L 1<i<i), Xij =X, Xiy =XJ; (1<i,5<
T), and Z satisfying (16) and (18), then fuzzy system
(14) is asymptotically stable via state feedback controller
(15) with (17). In this case, H,, and H5 norms are less
than and equal to ~, respectively, and cost function (13)

satisfies (19).
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Proof: The proof is easily obtained from the techniques in
[7] and omitted. |
Assume that the number of premise variables in system (14)
is p and denote the collection of all fuzzy rules as a rank-
ptensor [; @ Iy ® - - - ® Iy, where I, = {1,2,...,n,} and ny
is the number of fuzzy partition on the /th premise variable.
The number ¢ of the ith rule can be viewed as an element
of the tensor I1 ® Is ® --- ® I, and denoted as i1z - - - ip.
For example, A; and ®;; can be rewritten as /L—liz.“ip and
D\ iy.ipjyjo-i,» WHETE i1i -+ iy is an element of rank-p ten-
sor [ ® Is ® --- ® I, and 4q42 - - - ipJ1J2 - - - Jp 1s an element
of rank-2p tensor [1 L ® - - - @ [, ® [ ® [ ® --- ® I),. By
the tensor description, a controller design method based on a
tensor-product fuzzy system (which can be viewed as a T-S
fuzzy system) is given as follows:
Lemma 4 [11]: For a given >0, if there exist

matrices Q =Q7 >0, L; (1<i<7), x =

11i2“‘ipi1j2"'jp -

(X-[O]- S )T ERn<pxn¢,X[1]_ ] L —
@192 Jp J1 J2  ip 1122 tp—1J1J2 " Jp—1
1] T ne Ny ne Ny (p—2]
(Xilig---jpfljljz---ipfl) € Rnemnp)x(nany) injria =
O b, nd K
(XY ¢ Rlrwmyma)x(namyna) (1 < 4y <y, 1 <1< p)

satisfying the following LMIs:
D inipiviniy < Xz-[?]h..‘ipili?“ip,

I<iy<m,1<I<p

Piyinipgijorip T Piriawgpiijaip

T
[0] [0]
S Xiyigipgigoip T \Xirigwipiniaip )

1<ij<m,1<l<p—1,1<i,<j,<n,

(1] (1]

K:li2~"ip71i1i2mip71 S X7;17;2"'7;p71’i1’i2"'ip717
1<ij<m,1<I<p-1

vl Lyl

t182-tp—1J1J2 " Jp—1 t182jp—1J1j2-ip—1

< xlu . (Xm

T
— “Mitalp_1J1j2 Jp—1 i1i2“'ip—1j1j2“‘jp—1) )

1< <n, 1 <I<p—-2,1<4, 1 <Jp1<1np1

ylp-1l o -]

141 i141 1<i1<m
-1 | ylp-1] — ylp-1] -1\ "
Y;le + Yj1i1 < Xi1j1 + (Xiljd ) )

1< < <my
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where the expression shown at the bottom of the page holds,
then fuzzy system (14) is asymptotically stable with H,, norm
less than or equal to «y via controller (15) with

Kiyiyi, = Liyip-i, Q" I1<i<mn; 1<1<p.

Remark 2: Lemma 4 is a concrete description of a recursive
application of the tensor production method in [11] (Theorem 2
in [11]) for designing fuzzy controllers. Here, the method is
reviewed in order to give a clear comparison with that presented
in this paper.

III. MAIN RESULT

In this section, first, an LMI-based condition for designing
H, controllers is given. Then, the result is extended to the
guaranteed cost control case. Finally, a mixed control synthesis
method is derived.

Theorem 1: For a prescribed v > 0, if there exist matrices
Q=Q7 >0, Ly and Ly; (1 <i <7),and A with

A =diag [\ As oxs
such that
Z Z aiajEij <0 (20)
i=1 j=1
where
He(AiQ + BQiLaj) * * *
- _ |AGT +Ly;B3, + EQ —2A * ox
e BT, 0 —?I =«
C1iQ + Dy; L, G.iA+ DoiLy; Dy —1
(21)

then fuzzy system (9) is asymptotically stable with H,, norm
less than or equal to y via controller (10) with
Kai = LaiQ™' Kb = LA™, 1<i<r. (22
Proof: From block (2, 2) in (21) and considering (20),
then we have A > 0. A is invertible, which implies that (22)
is proper, and from (22), we can obtain

Loi = KoiQ Ly = KA, 1<i<r

Substituting K,;Q and Ky A for L, and Ly (1<

vl <o t<r) in (21), and pre- and postmultiplying (20) by
[m]
}/'iliQ"'ipfmjle"'jpfm

[m—1] [m—1] [m—1]

1192 tp—m1J1J2 - Jp—m1 1192 tp—m1J1J2 " Jp—m?2 1192 lp—m1J1J2 " Jp—mMp—m-+1

[m—1] [m—1] [m—1]

i192ip—m2j1J2  Jp—m1

[m—1]
1192 ip —mMp—mt1J1J2Jp—m1

i192lp—m2j1J2  Jp—m?2

1192 ip—m2J1J2 Jp—mMp—m+1

[m—1]
1192 lp—mMNp—m4+1J1J2 Jp—mMp—m-+1
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diag[@~' A~! I I]and its transpose, then it follows that
ZZaiajéij <0 (23)
i=1j=1
where
He(PA;+PB K,;) * * *
- GTP—i—Kg;B ‘P+A'E —2A71 * *
=i = BLP 0 I«
Cri+Doi Ky Goi+DoyKy; Dy —1
(24)
and P = QL.

Equation (23) is shown at the bottom of the page. Applying
Schur complement to it then yields

He (PA(a)+PBa(a)Ky(a)) *
G'(a)P+ K] ()Bf ()P 0 =
BT (a)P 0 —2I
0 * X Cl () +K, () Dj ()
+|ATTE —2A71 x|+ | GT(a)+ K] (a)DE(a)
0 0 0 DY ()

X [Cl (0!)+D2 (Oz)Ka(Ot)GZ (0!)+D2 (Oé)Kb(Ot)Dl (Oé)] <0.

Pre- and post-multiplying the preceding inequality by
[zT(t) ¢T(t) wT(t)]#0 and its transpose, we can then
obtain

227 (1) (PA(@) + PBa(a) Ky () a(t )+2x (t)

x (PG(a) + PBa(a) Ky(a)) ¢(t) — 7*w (t)w(t)

+ 22T (1) PBy ()w(t) + 27 (1) 2(t)
+2(¢T (A Ex(t) — 6T (A (1))
= 22T ()P (t) + 27 (t)2(t) — v*wT (t)w(t)

+2(¢" (AT Ex(t) — ¢ (A (t)) <0.  (25)
Considering A~ =diag[\; Ao At =
diag[A\;t Ayt oo A, then

¢T (AT Ex(t) — ¢T (AT (1)

Ela:(t)
EQI(t)
=[ATou(t) A Tea(t) Ao (t) ] :
Ea(t)
IR A0
1=1
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=D N (¢it) Eia(t) — ¢2(t))
=1
= Z A (i) (Baa(t) — 4(t))) - (26)

Since ¢;(t) € co{0, E;x(t)}, 1 <i <r, then, from Lemma 1,
we have that

¢i(t) (Eix(t) — ¢i(t)) = 0
Combining it and (26) then yields
—¢" (M)A o(t) > 0
From the preceding inequality and (25), then it follows that
2T (1) 2(t)

Because @ >0, P =Q ' > 0; we then choose Lyapunov
function candidate

, for 1 <i¢<s.
o7 (A Ex(t)

22T (t)Pi(t) + — 2wt (Hw(t) < 0. (27)

V(t) =z (t)Px(t).
Considering (27), it then follows that
V(t) + 27 (1)2(t) — v*w T (Hw(t) <0

which implies that V (¢) < 0 in the disturbance-free case; then,
the systems are asymptotically stable.
Integrating both sides of (28) yields

ZV@&+!
_ +07

Under zero initial condition, combining the preceding inequal-
ity and V' (c0) > 0, we can then obtain that

(28)

—yw (Hw(t)) dt

— 2wt (t)w (t)) dt < 0.

/zT(t)z(t)dt < VQ/wT(t)w(t)dt
0 0

which implies that the H,, norm of the closed-loop system (11)
is less than or equal to . Thus, the proof is complete. ]

Remark 3: Since «(t) appears in the closed-loop system, the
parameterized LMI (PLMI) of Theorem 1 may be nonlinear
in «(t). Hence, it needs to be checked for all the values of
a(t), which is equivalent to solving an infinite number of LMIs.
Thus, it is impossible to directly solve the PLMI. There have

He (PA(«) + PBa(a) K ()
GT(a)P+ Kl'(a)Bf ()P + A7'E
BT (a)P
Ci(a) + Dy(@) Ko(a)

G-(a) + Da(a)Kp(a)

* * *
—2A71 * *
0 e <0

Dl (a) —I
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TABLE 1
NUMBER OF DECISION VARIABLES D AND LINES £
D L
Theorem 2 1+s+2n(n+1)+mn+s)r' n+ring
1+ s+m(n+s)r+
Corollary 1 n+ 2rng + %r(r — ing

%(n(n +1) +nz(nz + Dr +r(r — 1)n%>

1+ mnr+
Lemma 3 (i)

% n(n+1) + ne(ne + 1)7 + 7(7F — 1)n§,)

n+2rne + 57(F — Lne

iz iz
L+ In(n+1)+mn igl ng + %nq)(zgl ni)X

1 P
n+ §n<1>(i£11 7)) X

Lemma 4 {:Lijo (Qﬁo ni) [né(ii}il ) ng) + 1]) Léo ((nm + 1)(::1‘?l nl)ﬂ

Ins, ng denote the number of the row of matrices =;; and ®;;, respectively. n, m, s
are respectively the dimensions of the state vector z(t), input vector u(t), and ¢(t). n_1 =
ng = 1 is defined for obtaining a compact expression. r is the number of IF-THEN rules in

»
the fuzzy model with local nonlinear model (7). 7 = Hl n; is the number of IF-THEN rules
i=

in the conventional T-S fuzzy model (14).

n; is the number of fuzzy partition on i-th

premise variable of the conventional T-S fuzzy model (14). p is the number of the premise
variables of the conventional T-S fuzzy model (14).

been many approaches [2], [S]-[11] for converting the PLMI
into a finite number of LMIs. In particular, by multidimensional
fuzzy summations or tensor-production descriptions, [10] and
[11] give a recursive procedure to design fuzzy controllers.
Then, relaxed conditions can be obtained. Furthermore, [10]
presents a sufficient and necessary condition by applications
of Polya’s theorem. However, the algorithms with a recursive
procedure in [10] and [11] lead to a heavy computational bur-
den. The method in [5] has much fewer variables involved and
is much more efficient in computation than other approaches.
Here, we apply the technique given in [5] to fulfill the task. The
resulting LMI-based design condition is given by the following
theorem. Moreover, Corollary 1 is obtained by applications of
the technique in [7] to Theorem 1, in order to make an impartial
comparison with the method in [11], where the technique of [7]
is used.

Theorem 2: For a prescribed vy > 0, if there exist matrices
Q= QT >0, Ly, and Ly; (0 < i < r) satisfying

1<i<r
1<i#j<r

(29)

i <0,
E (30)

1 = 1 = =
P §(~—ij +Z5i) <0,
where 5;;,1 <4, 7 < r, is the same as that in (21). Then, fuzzy
system (9) is asymptotically stable with H, norm less than or
equal to vy via controller (10) with (22).
Proof: From Theorem 1 and Lemma 2, the proof is easily

obtained and omitted. |

Based on Theorem 1 and the technique in [7], we can also
obtain the following corollary.

Corollary 1: For a prescribed v > 0, if there exist matrices
Q=Q" >0, Lo and Ly; (0<i<r),and X;5 = X}; (1<
i,7 < r) satisfying

Hi < X, 1<i<r (31)

Eij+Eji§Xij+X£7 1<i#j<r (32)
X1 X X1
Xo1 Xoo Xop

o <o (33)
Xrl X'r‘2 X'r‘r

where 5;;,1 <4, 7 < r,is the same as that in (21). Then, fuzzy
system (9) is asymptotically stable with H,, norm less than or
equal to v via controller (10) with (22).

Based on the condition of Theorem 2 or Corollary 1, the
H, norm bound constraint -y can be minimized by solving the
following optimization problem:

0P1 : Minimize : ~
subjectto : (29) and (30) (or (31)—(33)).

Remark 4: In Theorem 2, a new approach is presented for
designing fuzzy controllers for nonlinear systems. The method
can effectively reduce the rules of fuzzy controllers, which are
significant for implementation in engineering. Moreover, the
new technique has less computational burden than the existing
ones. In general, the numerical complexity of LMI conditions is
closely related to the number of lines £ and decision variables
D in the LMIs to be solved, and LMI conditions can be solved
in polynomial time with complexity proportional to C = D3L
[30]. The number of variables and the number of lines in
Lemma 3 (property 1), Lemma 4, and Theorem 2 are shown
in Table I. It can be seen from Table I that the number of fuzzy
rules has a dominate influence on numerical complexity, when
there are many fuzzy rules. Because the new controller design
technique is based on a new T-S fuzzy model with fewer fuzzy
rules, it can effectively lighten the computational burden. The
more concrete comparisons will be given in Section I'V.

In the following, we extend the result of Theorem 2 to the
guaranteed cost control case.

Theorem 3: If there exist matrices Q = QT > 0, L,; and Ly;
(1 <i<r),and A with

A= diag[/\1 As}sxs

such that

iiaiajlllij <0

i=1 j=1

(34)
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where
He(A;Q + Ba;Lg;) * * *
AGT+ LT B21—|—EQ —2A * *
V= Lui - 53
0 0 0 —R;!

then system (9), with controller (10) and its gains defined by
(22), is asymptotically stable, and cost function (13) satisfies

J <27(0)Q *x(0) (36)
where x(0) is the initial state.

Proof: From block (2, 2) in (35) and considering (34),
then we have A > 0, which implies that A is invertible. From
(22), we can obtain L,; = K,;Q and Ly; = Kp; A, 1 <i <.
Substituting K ,;Q and Ky; A for L,; and Ly;, 1 < i < r,in (35)

and pre- and postmultiplying (34) by diag[@Q~! A~! I 1]
and its transpose, then it follows that
Z Z aiaj\i'ij <0 37
i=1 j=1
where
He(PA; + PBy;K,;) * * *
U GTP+KTBTP+A I —2A71 * *
N Km Ky —R,1 *
1 0 0 -R!
and P = QL.
Equation (37) is rewritten as follows:
He (PA(«) + PBa(a)K,(a)) * * *
GT(a)P+ KT (a)BY (a)P+A"'E —2A71 * * 0
<
K. (a) Ky(a) —R;? *
I 0 0 -R;!

Applying Schur complement to it then yields

[ He (PA(a)+PBy(a)Ky(a))+ R, = }
GT(a)P+ K] (a)BY ()P 0

+ ; )

AE 20!

Pre- and postmultiplying the preceding inequality by ["’”Etg] #*
0 and its transpose, we can then obtain

! (t) (PA() + PBa(a) Ka()) a(t) +

+ 227 (1) (PG(cx >+PB2< )Kp(a)) <)
+2 (T (A Ex(t) — ¢T (H)A 1 o(1))

[+ [ mutmate) sl <0

p (@)

o’ (t) Ry(t)

u” (t)Ryu(t) < 0. (38)
Considering At =diag[h1 Ao Ao 7H =
diag[A\;' Azt -+ AJ1], then

¢ (AT Ex(t) — ¢ (t)Ao(t)

= Z N (i) (Biz(t) — ¢4(1)) . (39)
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Since ¢;(t) € co{0, E;x(t)}, 1 <14 < r, then, from Lemma 1,
we have

¢i(t) (Esx(t) — ¢i(t)) > 0,
Combining it and (39) then yields
— T (A () 2 0

From the preceding inequality and (38), then it follows that

for 1 <i¢<s.
oT ()N EBx(t)

22T(t) (PA(a)+PBy(a)K,(a)) z(t)+ 2T (t) Rpa(t)+227(t)
X (PG(a)4PBy(a)Ky()) ¢(t)+u” () Ryu(t) <0. (40)

Because @ >0, P= Q' > 0; we then choose Lyapunov
function candidate

V(t) = 27 (t)Px(t).

From (40), we have
V(t) + 2T (t) Ry (t) + u” (t) Ryu(t) < 0. (41)

Considering R, > 0, R, > 0, and (41), it follows that V' (t) <
0. Then, system (9) with controller (10) is asymptotically stable.
Moreover, integrating both sides of (41) yields

o0

/ (27 (6) Rox(t) + o (&) Ryu(t)) dt < V(0) = 27

0

(0)Pz(0)

ie.,

J <V(0) =27 (0)Pz(0) = 27 (0)Q ' 2(0)

where J is the same as that in (13). Thus, the proof is
complete. |
Note that the condition in Theorem 3 is dependent on
a;(v(t)). By applying Lemma 2 to Theorem 3, we can obtain
the corresponding LMI-based condition as follows:
Theorem 4: If there exist matrices Q = QT > 0, L,; and Ly;
(0 <i<r),and A with

(42)

A = diag[\ As)sxs
satisfying
v, <0, 1<i<r (43)
T11\1111+;(\I/1-j+\11]—i)<0, 1<i#ji<r (44)

where U;;, 1 <4, j <7, is the same as that in (35). Then,
system (9) is asymptotically stable via controller (10) with
gains (22). In this case, cost function (13) satisfies (36).
Proof: From Theorem 3 and Lemma 2, the proof is easily
obtained and omitted. |
The upper bound of cost function .J in Theorem 4 depends on
the initial condition x(0) [see (36)]. To avoid this dependence
on z(0), we consider the following assumption about z:(0):

E{z(0)} =0  E{z(0)z"(0)} =1 (45)
where £ denotes the expectation operator. Then
E{2(0)Q'27(0)} = trace{Q '}. (46)
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To minimize trace{Q '}, an auxiliary variable Z is intro-
duced as an upper bound on Q! as follows:

[Z 1 47

I Q

Furthermore, we can minimize cost function J by solving the
following optimization problem:

>0

OP2 : Minimize : trace{Z}
subject to : (43), (44), and (47).

Based on the results in Theorems 2 and 4, a sufficient condi-
tion for designing controllers for guaranteeing the asymptotical
stability of closed-loop system (11) with the H,, norm and cost
function constraints can be obtained as follows:

Theorem 5: For a prescribed v > 0, if there exist matrices
Q=QT >0, Ly and Ly;, 0 <3 < r, and A with

)\s}sxs

satisfying (29), (30), (43), and (44) Then, system (9) via
controller (10) with gains (22) is asymptotically stable with
an H., norm less than or equal to v and cost function (13)
satisfying (36).

Based on Theorem 5, an optimization algorithm for minimiz-
ing cost function J under an H, performance bound constraint
can be given as follows:

A= diag[/\1

0P3 : For a given v > 0,
subject to : (29), (30), (43), (44), and (47).

Minimize : trace{Z}

IV. EXAMPLE

In this section, two examples are given to show the effective-
ness of the new techniques. Example 1 is presented to illustrate
that the new technique can design fuzzy controllers with fewer
control rules and less or slightly more conservatism. However,
in contrast to the existing methods, the new proposed method
can still achieve good control effects using local nonlinear feed-
backs. In Example 2, the multiple objective control synthesis
technique based on optimization algorithm OP3 is applied to
a plate-and-beam system. In Example 2, it is shown that the
proposed method can effectively lighten computational burden
than the conventional methods, where a heavy computational
burden leads to hardly designing controllers.

Example 1: Consider the nonlinear system shown at the
bottom of the page, where x; and xo are the states of the
nonlinear system with x; € {—(7/2), (7/2)}, u is the control
input, and w is the disturbance with

1, 1<t<3
w(t) = {0, others.

1253

0.5F
o 0
-0.5
-1 i . . . . .
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
X,€ [-m2,m2]
Fig. 1. Bound of ¢(t).
Let
= [ —2.621 — 229 — 2.42 sin?(z5) — xo sin(z
fu (@(t) = (z2) (e2)

x1 cos?(xg) — 4xg + 829 sin’(25)
[ 0
_38in2(1‘2) — 1:|
o(t) = (_1 — cos(z1)) sin(zq)
nGeten = | 9]

=
—
8
—~
~
~—
N
Il

[ 0
| 6sin®(zg) — 2|

The nonlinear system can be rewritten in the form of (6), with
o(t) satisfying —¢(t)((2/m)x1(t) — ¢(t)) <0 (see Fig. 1).
Furthermore, the nonlinear system can be represented by
the following two-rule T-S fuzzy model with local nonlinear
models:

Model 1:

&= A()z(t) + Bi(a)w(t) + Bz(a)u(t) + G(a)p(t)

where

2 2
A(OZ)ZZOQ‘AZ' Bl(a):ZalBu
i=1 =1

2 2
BQ(OZ)ZZO@B% G(a):ZaiGi
=1 i=1
5 =3 26 -2 0
oe[ 3] a3 ) meenen[]

1| 0 " 0 4 —2.6x1 — 229 — 2.471 Sinz(ﬂfg) — Zo sin2(a:2)
@y | | 3sin?(zq) — 1 YT YT cos?(22) — das + 8z sin®(z2) + (6sin®(z2) — 2) (1 — cos(z1)) sin(z1)
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and aq(t) = sin®(xo(t)) and ao(t) = cos?(zo(t)) are the
membership functions.

On the other hand, by using the method in [2], a four-rule
fuzzy model can be constructed as follows:

Model 2:

and

(1—cos(z1(t))) zin(xl(t))/ml(t)
Bi(t) = 0 = ’

and [p(t) =1—Bi(t), m(t) = arfi(t), m2(t) = arfa(t),
N3(t) = aeB1(t), and n4(t) = aefa(t) are the membership
functions. Assume that the controlled output of the nonlinear
system is

x1(t) 1 0 0
z(t) = |x2(t) | = [0 1| x(t)+ | 0] u(t).
u(t) 0 0 1

Note that Corollary 1 and Lemmas 3 and 4 apply the technique
of [7] for obtaining controller design conditions. The compar-
isons among these methods are necessary. By these methods,
the following results can be obtained.

Applying Corollary 1 to Model 1

K. =[—0.8496 —6.1880] K, =[0.7843 0.4261]
Ky = —1.3346 Kpo = —1.3340
Yopt = 1.7637 cputime = 0.2031 s.

Applying Lemma 3 (property 1) to Model 2

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART B: CYBERNETICS, VOL. 39, NO. 5, OCTOBER 2009

TABLE 1I
H o PERFORMANCE AND cputime
Corollary 1 Lemma 3 (i) Lemma 4
H oo performance bound ~y 1.7637 2.3667 1.7637
cputime (s) 0.2031 1.7188 10.9688
Numerical complexity C = D3L 1167 - 37 3123.86 6243 . 134
Applying Lemma 4 to Model 2
K11 =[0.1378  —3.5790] Kz = [—0.9109 — 3.5543)]
Koy =[0.4360 — 1.8277] Ky = [—0.4885 — 1.7805)
Yopt = 1.7637 cputime = 10.9688 s.

Both the obtained H,, performance bounds and the used
cputime’s are also given in Table II, which shows that the
new approach can give less conservative results than Lemma 3
(property 1), and the same as conservative results by Lemma 4.
In particular, it can also be seen that the new method lightens
the computational burden from the cputime and the corre-
sponding numerical complexity index C = D3L (referring to
Remark 4). It should be pointed that the new technique might
give more conservative results than the existing ones in some
cases; however, the advantage of the new technique consists
of designing a fuzzy controller with fewer rules and less com-
putational burden, which is significant for implementation in
engineering. This fact will further be illustrated by designing a
fuzzy controller for a ball-and-plate system in the next example.
Assuming the initial condition x(0) = 0, the response curve
of z1(t) and the ratio of [} 27 (s)z(s)ds/ [; wT (s)w(s)ds are
shown in Figs. 2 and 3. From the simulations, it can be seen
that the new method can achieve better system responses using
local nonlinear feedbacks.

Example 2: In this example, the ball-and-plate system [31]
is considered. The state-space description of the ball-and-plate
system is given as follows:

K; =[-0.3232 —4.3670] K,=[-0.5221 —4.4362]
K3 =[0.1375 —12759] K, =[-0.1343 — 1.3478]
Yopt = 2.3667 cputime = 1.7188 s.

Z1 T2
To B (mlxi + 24518 — gsin xg)
3 T4
Ty | 0
@5 | Zg
Tg B (1’51‘% + x12428 — gsin x7)
g g
L &g | L 0 J
r0 07 r0 07
0 0 0 0
0 0 0 0
1 0 w1 1 0 U1
1o o LJ“L 0 0 {uz}
0 0 0 0
0 0 0 0
LO 1. LO 14
z = [131 To T3 X4 Tz Xg Iy Ty UL UQ]T
(48)

where B = 0.7143, and g = 9.81 m/s.
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0.05 g ; : Therefore, the nonlinear system can be rewritten as the
B : following form:
-0.05}" L i _
) ; : T Z2
=0 b e el | o _ o B($1$Z—d3$8—%g$3)
PRI S5 N T T ] i3 24
) ' - : : Tq | _ 0
N~ —02F A ........... ................ ................ 4 (t5 - Z6
005 ks squNf i P p— T —— 3 s 2 § Tg B ($5$§ — dawy — %9907)
Vo : : a7 s
—0.3}+ L s ................ Berere Beereene i I i78 ] i 0 ]
; : : Corollary 1
-0.351 : : — — —Lemma3 (i) [] ¢1
: O | e Lemma 4
; ; ; wy uy b2
-0.4
0 5 10 15 20 +Bl[w2]+32[ug}+a b3
Time (sec) b4
Fig. 2. Response curve of state z1(¢) under the initial condition 27 (0) = P [1'1 To T3 Ty Xy Xg Ty Tg U] U T
[0 ol.
0.8 , ; . where
0.7F // ,,,,,, ................................... ................................... __________________________________ i _0 O_ _ 0 0 0 0 _
¢ : : B
; 0 0 0 0 0 O
t . L {
05 .......... ‘ ....... ................. ................. ................. m B _ B _ 1 O — O O O O
2 i : : 1=B=1y o @ 0 0 0 0
Y L I ST s n o s < I
@ 0.4 2 : : : 0 0 0 —Bg 0 B
= _.-'l 0 0 0 0 0 O
03} ......... ................. ................. ................. i 0 1. L0 0 0 0
02} , ........... ................. ....... - forollar);_ ...... 4
: ; T PP L:$$: 4 G Now, we construct a T-S fuzzy model to represent the ball-
0.1 72 o o T i and-plate system from the preceding dynamic equation, and a
0 : : four-rule fuzzy model is obtained.
0 10 15 20 Plant Rule 1:
Time (sec)
Fig. 3. Ratio of f:zo 2T (s)z(s)ds/ fst:() wT (s)w(s)ds. IF  z124is 1y and 2528 is Tio

THEN () = Aiz(t) + Biw(t) + Bau(t) + Go(t).

There are six nonlinear terms xlmﬁ, T4T5Tg, Sinxs,

w513, T12478, and sinz7 in (48). Assume that x3, z7 € Plant Rule 2:
[—(7/2),(7/2)], x124 € [=dy,d1], T528 € [—d2,d2], T425 €
[jdg,dg], T178 € [—dy4, d4], and d; = 4 (1 <1i<4). Letting IF 2,24 is Doy and 25z is Ta

¢1(t) = sinzs, ¢2(t) = sinwr, ¢p3(t) = vawsxs, and Pa(t) =

212428, then we have THEN  i(t) = Agz(t) + Biw(t) + Bau(t) + Go(t).

_ 2 _ 2 ]
d)l(t) S CO{W$371‘3} ¢2(t) (= 00{7(_’1‘17?'%7} PlantRule 3

¢3(t) € co{—dsws,dszs} Pa(t) € cof —dymy, dszs} IF 24 is Ty and 252 is Tao

—dy||z4] < x1$i < dy|lzg||  —daflxs|| < $5x§ < dyl|zs]|- THEN  i(t) = Aoz (t) + Biw(t) + Bou(t) + Go(t).
Furthermore, let ¢ (t) = sinxz — (2/7)x3, ¢2(t) = sinwy — Plant Rule 4:

(2/7T).137, ¢3(t) = x4x528 + d3xg, and ¢4(t) = X142 +
dyzy. Then, it follows that ¢q(t) € co{0, ((w —2)/m)xs},
P2(t) € co{0, ((m — 2)/m)x7}, ¢3(t) € co{0,2dszg}, and
¢4(t) S CO{O, 2d4$4}. THEN x(t) = AQZ’(t) + Blw(t) + Bgu(t) + G(Z)(t)

IF 14 is Fgl and 58 is FQQ
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where
010 0 00 0 0 7
0 0 -2Bg Bdy 0 0 0  —Bds
00 0 1 00 0 0
A —|00 0 0 00 0 0
00 0 0 10 0 0
00 0 —Bdy 00 —2Bg Bdy
00 0 0 00 0 1
L0 00 0 00 0 0
010 0 00 0 0 7
0 0 —2Bg —Bd; 0 0 0 —Bdj
00 0 1 00 0 0
a— |00 0 0 00 0 0
00 0 0 10 0 0
00 0 —Bdy 0 0 —2Bg Bdy
00 0 0 00 0 1
L0 00 0 00 0 0
010 0 00 0 0 7
0 0 —2Bg Bdy 0 0 0 —Bds
00 0 1 00 0 0
Y L 0 00 0 0
00 0 0 10 0 0
00 0 —Bdy 00 —2Bg —Bd,
00 0 0 00 0 1
L0 00 0 00 0 0
010 0 00 0 0 7
0 0 —2Bg —Bdy 0 0 0  —Bds
00 0 1 00 0 0
A, |00 0 0 00 0 0
00 0 0 10 0 0
00 0 —Bdy 0 0 —2Bg —Bd,
00 0 0 00 0 1
L0 00 0 00 0 0
[yi(z1mg) = %j{dl Loy (z174) = %ﬁdl
[i2(zs578) = %‘;d? Loz (z528) = %;d?

If the modeling method in [2] is used for the ball-and-plate
system, then a T-S fuzzy model with 26 = 64 rules will be
obtained. Because the computational burden of the methods
in [7] and [11] are heavy for such a fuzzy model, the con-
crete computations do not be executed, but their numerical
complexities, which can reflect the computation burden, are
given in Table III. By applying Theorem 2 to the example,
the obtained optimal H,, performance index is v = 1, but the
controller gains are too big to be used. In order to obtain
the gains with proper magnitudes, we consider minimizing
quadratic cost function J in (13) with the weighting matrices
R,=diagl 1 1 1 1 1 1 1], R, =diag[0.1 0.1]
under a given H, performance bound constraint y = 2. This is
a multiobjective control design problem, which can be solved
using Theorem 5. The results obtained by Theorem 5 are
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TABLE III
NUMBER OF DECISION VARIABLES D AND LINES £
D L DL
Theorem 2 137 392 1Re 2
Corollary 1 4793 344 3.7578 x 10T Re
Lemma 3 (i) 820901 60800 3.3368 x 10" Re
Lemma 4 4956581 122248  1.4769 x 10'°Re

2Re = 1.0080 x 10°
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Fig. 5. Trajectory of z;(t),5 < i < 8.

shown at the top of the next page. Assume initial state 2(0) =
[1 0 02 0 1 0 —0.3 0] and disturbance
5, 7T<t<8

10,
wi(t) = {O, others wa(t) = {0,

A simulation is done by controller (10) with local feedback
gain (49), and the trajectories of the states are shown in Figs. 4
and 5. It can be seen from Figs. 4 and 5 that the ball-and-
plate system by controller (10) with local feedback gain (49)
is asymptotically stable.

5<t<6
others
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o [8.2853 36.0951 —309.4584 —96.9387 0.0007 0.0028  —0.0208  —0.0003 |
“0 = 10.0007 0.0028 —0.0207  —0.0004 8.2856 36.0964 —309.4691 —96.9396 |
[ [8.3330  36.2556 —310.6423 —97.4196 0.0007 0.0029  —0.0209  —0.0004 |
“2710.0007 0.0028  —0.0207  —0.0004 8.3372 36.2725 —310.7666 —97.5061 |
Ko [8.3369 36.2711 —310.7557 —97.5054 0.0007 0.0028  —0.0208  —0.0005 |
7 10.0007 0.0029  —0.0209  —0.0003 8.3333 36.2570 —310.6532 —97.4204 |
[ [8.3272 36.2793 —310.8039 —97.6595 0.0007 0.0029  —0.0209  —0.0004 |
“ 7 10.0007 0.0028 —0.0208 —0.0004 8.3275 36.2807 —310.8145 —97.6601 |
oo [0.0004 0.0001 —0.0000 —0.0022
L7 10.0000 0.0003 —0.0022  0.0000
% ~ [ 0.0003 —0.0001 —0.0000 —0.0022
27 1 -0.0000 0.0002 —0.0022  0.0000
Ko — [ 0.0004 —0.0000 0.0000 —0.0022
71 ~0.0000 0.0004 —0.0022 —0.0000
[ [0.0004 0.0000 —0.0000 —0.0022
47 10.0000 0.0005 —0.0022  0.0000
trace{Z} =2.8270 x 10* cputime = 486.7500 s (49)

V. CONCLUSION

In this paper, the problem of designing fuzzy controllers
for a class of nonlinear dynamic systems has been studied.
The considered nonlinear systems are described by T-S fuzzy
models with local nonlinear models, and the fuzzy models
have fewer fuzzy rules than conventional T-S fuzzy models
with linear local models. A new fuzzy control scheme with
local nonlinear feedbacks is proposed, and the corresponding
control synthesis conditions are given in terms of solutions to
a set of LMIs. In contrast to existing methods for fuzzy control
synthesis, the new proposed control design method is based on
fewer fuzzy rules and less computational burden. Moreover, the
local nonlinear feedback laws in the new fuzzy controllers are
also helpful in achieving good control effects. Two numerical
examples have been given to illustrate the effectiveness of the
proposed method.
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