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On-line Modeling and Control via T-S Fuzzy Models for Nonaffine
Nonlinear Systems Using A Second Type Adaptive Fuzzy Approach

Wei-Yen Wang, I-Hsum Li, Li-Chuan Chien, and Shun-Feng Su

Abstract

This paper proposes a novel method for on-line
modeling and robust adaptive control via Ta-
kagi-Sugeno (T-S) fuzzy models for nonaffine
nonlinear systems, with external disturbances. The
T-S fuzzy model is established to approximate the
nonaffine nonlinear dynamic system in a linearized
way. The so-called second type adaptive law is
adopted, where not only the consequent part (the
weighting factors) of fuzzy implications but also the
antecedent part (the membership functions) of fuzzy
implications are adjusted. Fuzzy B-spline member-
ship functions (BMFs) are used for on-line tuning.
Furthermore, the effect of all the unmodeled dynam-
ics, BMF modeling errors and external disturbances
on the tracking error is attenuated by a fuzzy error
compensator which is also constructed from the T-S
fuzzy model. In this paper, we can prove that the
closed-loop system which is controlled by the pro-
posed controller is stable and the tracking error will
converge to zero. Three examples are simulated in
order to confirm the effectiveness and applicability of
the proposed methods in this paper.

1. Introduction

In model-based control design [1], a systematic
way to construct a model mapping the inputs to the out-
puts is needed. Fuzzy models are usually used in the case
where the model structure and parameters are unknown
[5]. There are two fuzzy model structures, Ta-
kagi-Sugeno (T-S) and Mamdani. T-S fuzzy systems
have a linear consequent part described by a set of
IF-THEN rules. This model can approximate a wide
class of nonlinear systems. In [2-4], the authors proved
that the T-S fuzzy system can approximate any con-
tinuous function at any precision.

By using well-known, off-line tuning algorithms
for unknown fuzzy model parameters, an initial fuzzy
model can be constructed. However, the derived fuzzy
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model with these tuned parameters cannot cope with pa-
rameter changes arising from some external disturbance
[6]. In these situations, the parameters must be tuned
on-line during operation to compensate for undesirable
effects. The objective of adaptive control is to maintain
consistent performance of a system in the presence of
uncertainties. Therefore, fuzzy controllers should be
adaptive [6-9], [22], [24], [27], [28]. A further issue is
the stability of T-S fuzzy systems [31], [32]. This has
been extensively investigated in the literature. The exis-
tence of a common positive definite matrix for a set of
Lyapunov inequalities is a sufficient condition for stabi-
lization [10]-[12]. However, this is very difficult to
achieve, even using the well-known linear matrix ine-
qualities (LMIs) method. Therefore, in this paper, adap-
tive schemes are used for online modeling, controller
design, and stability analysis of the T-S fuzzy systems.

The stabilization problem for the systems repre-
sented in T-S fuzzy models has been well addressed,
e.g., [13], [14], and [15], but studies concerning tracking
controller design based on T-S fuzzy models are rela-
tively few. Tracking control designs are important issues
for practical applications; for example, in robotic track-
ing control and missile tracking control, and are more
difficult than stabilization control design. In [6], the au-
thors only consider the stabilization problem for the con-
trolled system. In this paper, we will apply the T-S
fuzzy modeling approach to the design of robust tracking
controllers for nonlinear systems.

In this paper, this so-called second type adaptive
fuzzy approach is adopted. In this type of approach, not
only the consequent part (the weighting factors) of fuzzy
implications, but also the antecedent part (the member-
ship functions) of fuzzy implications are adjusted. In
fuzzy set theory, the selection of appropriate member-
ship functions is also an important issue for engineering
problems [22]. It is important that the fuzzy membership
functions are updated, because a change in fuzzy mem-
bership functions may alter the performance of the fuzzy
logic system. The fuzzy B-spline membership functions
(BMFs) constructed in [21] possess the property of local
control and have been successfully applied to
fuzzy-neural control [24]. This is mainly due to the local
control property of the B-spline curve, i.e., the BMF has
the elegant property of being locally tuned in a learning
process. Several learning algorithms have been proposed
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in [21], [23-26] to deal with the tuning of BMFs.

This paper deals with Takagi—-Sugeno (T-S) fuzzy
models because of their capability to approximate dy-
namic nonlinear systems [16-20]. We propose an on-line
identification algorithm for T-S fuzzy models with the
robust tracking controller design using adaptive
schemes.

The rest of this paper is organized as follows. Sec-
tion Il describes the T-S fuzzy model for nonaffine
nonlinear systems. Section 111 gives details of the on-line
modeling and robust tracking controller design. The
simulation results are shown in section IV. Finally, con-
clusions are drawn in section V.

2. System Formulation

Figure 1 shows the configuration of the BMF fuzzy
neural network, which is typically a fuzzy inference sys-
tem constructed from a neural network structure, and has
a total of four layers [21], [23-25]. Nodes at layer | are
input nodes (linguistic nodes) that represent input lin-
guistic variables. Nodes at layer Il are term nodes which
act as membership functions to represent the terms of the
respective linguistic variables. Each node at layer Il is a
fuzzy rule. Layer IV is the output layer.

A. B-Spline Membership Functions (BMFs)

We adopt B-spline functions as the fuzzy member-
ship functions [21], [23-25]. For & order and r con-
trol points, the B-spline basis functions have the knot
vector T={t,i=12,..,r+5} Wwith t <t,<...<t ;.
We choose that the order is three or above, and that the
type of the knot vector is set to open uniform. An ele-
ment t, of the knot vector is defined as

7, ifi<o
=t B ifs<i<r (1)
r-o+2
z ifi>r

where z={7, q=1, 2,-,0; N>} is the data vector of in-
put. For r control points, {c,,c,, -c,}, the ith B-spline
blending function of & order is denoted by N, ,(z,)-
Hence, the B-spline curve B(z,) is defined as follows:

B(Zq):iCin(Zq), 1<5<r (2)
Ni1<zq>={1' LSt < ©
’ 0, otherwise
and
N (2,) = (NG 4 (2) + (2N (2,) - @)

i+5-1 _ti i+6 ~ tidl

In this paper, the B-spline membership function
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(BMF) 4:(Z,) introduced in [21], [23] is modified to
satisfy the condition 0< xup <1, as follows:

e (2) = S(Y N (7,)

where F is a fuzzy set, and

1, ifesy
S(&)=1¢, if0<eE<, ®)
0, if £<0.

We adopt BMFs as the fuzzy membership functions
and use adaptive update laws (to be introduced in Sec-
tion I11) to obtain a set of adjusted control points for the
BMFs.

B. T-S Fuzzy Model for Nonaffine Nonlinear Systems

Suppose that the nonaffine uncertain dynamic sys-
tem is
X =X,

e )
X, = f(x,u)+d,
y=X
where x =[x, x,---x,]" =[x x%...x"P]" is a vector of
states, ueR and yeR are the control input and sys-
tem output, respectively, and d, represents external
disturbances. f(x,u):R™ — R is an uncertain function
and smooth mapping defined on an open set of R"".

Assumption 1: The nonlinear system (6) can be
piece-wise linearized.

Using Taylor series expansion of the nonlinear sys-
tem in (6) around [x_,u,], We have

X, = Ax; +Bu; +b.d (7)
d=d, +d, + f(x,,U,)

where d, stands for high order terms, v, is an operat-
ing input, input  deviation,
X, =[x, X,,...X,,]' are operating states, x, =x-x, are
state deviations, b, =[0 0... 1]",

u;=u-u, Is an

0 1 0 0
0 0 1 0
0 0 0 1
|8y (Xg,Up) 3, (X, Ug)  85(Xq, Up) a, (%o, Up) |
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_an+1(X0’u0)_
aT — [a1 a2 an] = [af /axl |(x0.U0) af /axz |(x0,ug) af /axn |(X0.U0)]
,and b=a, , = af/au (xo.0) *

The T-S fuzzy model defined in [18] is
RO :If z is F' and...and z, is F. and z

n+l is I:nl+1 (8)
Then y=p,z, + P2, + ...+ PraiZnsy

where p;, (i=12,....h,k=12,...,n+1) are adjustable

parameters. The T-S fuzzy model can be described by the

fuzzy-neural network shown in Fig. 1. The output, p, ,

of the fuzzy-neural network is
SEDIN(§ ZRIEH TOIN § WV CHINC)

where ,_ (z,) is the value of the membership function.

p, is used to approximate a, of the linearized system
(7).

In this paper, this so-called second type adaptive
fuzzy approach is adopted. In this type of approach, not
only the consequent part (the weighting factors) of fuzzy
implications is adjusted, but also the antecedent part (the
membership functions) of fuzzy implications is also ad-
justed. For this purpose, we define the adjusted vector
®, (k=12,...,n+]):

o =[g ... 4]

=[p; pZ... py Moo Moy /’le""uF;"'/‘Fnal“'#ml]
where h is the number of fuzzy rules. In [24], the vec-
tor of the truth values w; of the antecedent part of the

ith implication is calculated by

(10)

T _ 2 h h+1 h(n+2)
wi =[we owfow o w L w ] (11)
where
IT4 .
_— forg,i=12,...,h;k=12,...,n+1
w
CRETH) | 7 ,
% forg,i=h+Lh+2,...2hk=12,...,n+Lq=1
w, = Hepr@
[CHUSUETP] | 7 _
! , forg,i=(n+Dh+1...,(n+2)h;k=12,....,n+Lg=n+1
Herom@

and w:iﬁﬂp. Note that, for i=12,...,.h, w is

i=1 j=1
independent of k. Thus, we define

i i n+l
"'=Wn+1=W =Hj:1’qu'/w.
The fact p =w/®, was proved in Theorem 1 of

[22]. It is the goal of the fuzzy neural network in Fig. 1,
that p, is used to approximate a, of the linearized

W =w) = (12)
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system (7).

Assumption 2: The antecedent part of the fuzzy implica-
tion describes the conditions of the operation states

T T
[Xo ’uo] :

Assumption 3: The consequent part of the fuzzy implica-
tion represents the linearization of the nonlinear system
(6).
Based on the above assumptions, for the purpose of
approximating the linearized system (7), the ith fuzzy
implication (8) can be described as
RO:If x, is F' and...and x,, is F, and u, is F., (13)
Then %, =a"x, +b'u;

or
RO:If x, is F' and...and x,, is F, and u, is F,,

Then x=A'x; +B'u;
where a" =[p; p; ... pl1=[4 & .. 4], b'=pri =

01 0 .. 0 0
0 0 1 .. 0 0

Aol o pand ]
0 0 0 ... 1 :
i i i i Pria
4 b b b

Among the commonly used defuzzification strate-

gies, we can obtain
h(n+2)

Xn — Z {[W1'¢1I W|2¢2| W:1¢r:]xg +Wri1+1¢ri+1u5}+a (14)

=[P P, -oe P Ixs+ pn+1u5+a
where p, is used to approximate a, of the linearized

system (7) and the total error d = d, +d, + f(x,,Up) +d,
and d, isthe modeling error.

In fact,
h(n+2)
D> wp =0, fork=12,...,n+1.

i=h+1
Therefore, the T-S fuzzy model in (14) for the non-
affine uncertain nonlinear system (1) can be rewritten as
h ~ . ~ . ~
x=Y W{A'x; +B'u;}+b,d (16)
i=1
where w' is defined in (12).

(15)

Remark 1: Although (15) is true, it is important to re-
member that w' in (12) and (16) is a function of Hei It

is needed to adjust the membership function to increase
the parameter search space. Therefore, the second type
adaptive laws are derived from (14), instead of (16).

3. Controller Design for Online Modeling and Robust
Tracking
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To design a robust controller for (13), the following
assumptions are required.

Assumption 4: Let x, and U, belong to compact sets
U and U, respectively, where

U, ={xeR":[x|<m, <o}

U, ={ueR:fu<m, <o}
and m,,and M, are design parameters. It is known that

the optimal adjustable vectors ®,, k=12,...n+1, [ie
in some convex regions
M,, ={®, eR"™?:|® [<m,}, k=12,..,n+1

where the radiuses M, are constant,

@, =arg min[ sup ‘ak (%,:Uo) =8 (X, Ug [ )]
A<My X,€U, U eU

k_LZ“”
and
dra=arg min [ sup |(x,.Up) =B(x, gl
$r1eMy, Xo€Uy Uy €U,

Assumption 5: The adjustable vector #.. is such that
b is bounded away from zero.

According to assumption 4, we define the optimal
adjustable matrices as
0 1 0 .. 0

0
0 0 1 .. 0 e
A=l LB
0 0 0 .. 1 i;
i* i* i* i* P
L7 2 3 ¢n_
A7 =4 ¢ ..gland b7 =g,

Lemma 1 [29]: Suppose that a matrix A e R™ is given.
For every symmetric positive definite matrix Q e R™,

the Lyapunov matrix equation A'T+T'A=-Q has a

unique solution for r=r" >0 if and only if AeR™
is a Hurwitz matrix.

Lemma 2 [30]: If both e() and é(t)el] , and
e(t) e L, for some p e[, ), then lim_,,et)| =

We define the reference signal vector
r=[rri..r"P]", so the error vector is e=x-r. Let
=1+ 2 (r"P x4y 4 (r-x). Using (14), a

fuzzy controller can be chosen as
h(n+2)

X0 =" [Wid Wi, ...
=
: h(n+2)

zwi i

n+17n+1
i=1

Us; =

: On-line Modeling and Control via T-S Fuzzy Models for Nonaffine Nonlinear Systems
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h(n+2)
= 2 [wig wog, ..
i=1
I h(n+2)
>

n+17n+1
i=1

where u_ is an error compensator. Therefore, the error
dynamic equation becomes:

wWélx, +w—u
n¢n] ) S (17)

é=Ae+b, (d-u,) (18)
where
[0 1 0 0 |
0 0 1 0
0 0 o ... 1
BTV SN
and r=[4 A, --- A4, ]eR" is a vector of the control pa-

rameters designed by the designer, and chosen such that
the polynomial e™ + 4 e +...+4e=0 Iis Hurwitz.
From (17), we have

h(n+2) o o o
- ; [W1|¢1I WI2¢2I W:‘¢r"]x5+r(") _)“Te_us (19)
u= N2 U -
z W:Hl rl1+1
i=1
Now, using e™ =x —r™, and the actual lin-
earized system (7), the error dynamic equation of the
actual linearized system becomes
€= Ae
h(n+2) o .
+b{ D {Wig wyd ...
i=1
where ¢’ =¢" —¢'. We define the error compensator
u, =sign(e,)d (21)
where e, =e'I'b,, I'>0 is a Lyapunov matrix. The

o o . (20)
W:1¢nl ]Xo + er1+1 r:+1u6}_ us + d}

fuzzy implications are defined to obtain d, which is the
estimate of d, as follows:
R," :1f e, is F. and [x|is Ry Then d'=q". (22)

Among the commonly used defuzzification strate-
gies, we have

. ZQ(HF A)ﬂﬁ“(H X)) %fi(pi (23)

ZwF. ke, (W)

where
(I)T :[¢1 ¢2...¢3ha]
=10 Q70" g fe o Mo Mo M t]
Fo DRATTTTRE TRy TRY T RS
and
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h h 1_A d hi
=[ Hes ey e fey @ - duy it @ e A
> T
Z(up.ﬂ‘) Z(ﬂF He) Z(#F u) ()
= Fa " Ay ~ A’ &~ A u =R Ry
@D, @ D

h& : =1
;('L‘Fﬁxyﬁfxu) Z(,uF 'uﬁ\ i

i=1
We design the fuzzy error compensator using (23)
as follows:

u, =sign(e,)d =sign(e,) ' ¢- (24)

Assumption 6: H&HSTT(P*, where ¢"is the optimal ad-

justable vector and ¢ represents the estimate of ¢".

On the basis of the above discussion, the following
theorem can be obtained.

Theorem 1: Consider the nonlinear system (1) that satis-
fies Assumptions 1 and 3-6. If the controller is designed
as (19) with update laws

é =nwx e Tb, (25)
#,=nw ueTh,, i=12..,h(n+2), k=12...,n (26)
and
¢ =yr' |e'Th,|, i=12,-3n, (27)
where 5 and , are positive constants, then the
closed-loop system is robust stable and  lim,_,_ [e(t)| =
Proof -
Consider the Lyapunov like function candidate
h(n+2) h(n+2)
v=ler Fe+ Z ﬁ'Ta'+ Z G +5-36 (28)

where ¢ = (p -Q. leferentlatlng (28) W|th respect to
time, we get

\'/:EéTFeJrleTFé
2 2

(29)
1 h(n+2) 1 h(n+2) ~ii 1
= (aITaI+aIT |) bl_i(bT(i)'
) % 0 %
Inserting (20) in the above equation yields
:%eT (A'TT+TA)e

h(n+2)

+e'Th,( 3 Wd w, ...

h(n+2)

W ¢ ]X + z n+l¢n+1u§)

~ h(n+2) ZiTxi  h(n+2) i
+e'Th,d-e'Thu, - > 22 % b'b _157e. (30)
i 7 it N V4
From Lemma 1, substituting A'T+TA=-Q for (30),

we have
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1 h(n+2) h(n+2)
v’=—EeTQe+eTFbe > wyxia'+e'Tb, > w

i=1 i=1

i i
n+1¢n+1u()'

h(n+2) 2iT i h(n+2) KR
-y 2y 55 o, .d -
-1 n -1 n

eTrbeus _£¢T¢
e

and
v<A+]el -5 (3D
Ve
where
__é TaT | T " i i P TiqT
A= € Qe +e rbe Z x&[W1¢l W2¢2 Wn¢n]
i-1
h(n+2) 41T 5i hn2) h(n+2) Cisi
- z +eTl—‘be Z er1+1 n|+1ua‘_ Z b ' (32)
i1 i1

Substltutlng (23) for (31) and based on Assumption 4,
we find

e JTo-2¢"0
4
— A+ (7[eTD, TT—¢>§¢>- (33)
If we select the adaptive laws in (25)-(27), then
V:—%eTQeSO- (34)

Equations (28) and (34) only guarantee that
e(t)eL, ,and ¢'el,, i=12,.,3h; but not converged.

The boundedness of e(t) implies the boundedness of
x(t). Since the operating states are finite, x, is bounded.

Based on Assumption 1, the boundedness of x, and
¢',i=12..3n | u,is bounded. Therefore, é(t) is
bounded, i.e., é(t)eL,. Integrating both side of (34)

yields
v(t)-v(0) < - ﬂm.n(Q)j fe(c)| a7 (35)
where 1 (Q)>0 isthe minimum eigenvalue of Q.
When t tends to infinity, (35) becomes
© 2 0)—
J; lete)] ar < 2= (36)
Eﬂ“min(Q)
Since the right side of (36) is bounded, eclL,.

Therefore, by using Lemma 2,

e(t)) >0 & t—oo.
This completes the proof.

4. Simulation Results

This section presents the simulation results of the
proposed controller to illustrate that the tracking error of
the closed-loop system can be made arbitrarily small.
The adjustable parameters include not only the weight-
ing factors in the consequent part, but also the member-
ship functions in the antecedent part of the fuzzy rule.
The simulation results confirm that all the unmodeled
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T-S fuzzy system dynamics, modeling errors and exter-
nal disturbances on the tracking error are attenuated effi-
ciently by the proposed controller.

Example 1: Consider a nonaffine system [28]:

X, =X,
X, =0.2(L+e™2)(2+sin(x,))u+e" -1 +d,
y=X

where u is the control input, and d, is the external
disturbances and is assumed to be a square wave with
the amplitude +0.1 and the period 27.

Five fuzzy sets over the interval [-6,6] are de-
fined for x, =[x,,x,,]" =[0,0]" with the term sets (PB,

ol!

PS, Z, NS, NB) and [0, 6] for | with the term set (PB,
PS, Z, NS, PS). Similarly, five fuzzy sets over the inter-
val [-48,48] are defined for e, with the term (PB, PS,
Z, NS, NB). We also define three fuzzy sets over the in-
terval [-10,10] for U, =0, The design parameters are
selected as #7=001, »=0.008, A4,=1 A,=2, and
Q =diag[1010]. The initial states of system are assumed

to be x=[0.2,0]". For solving (25)-(27), we select the
initial value of the vectors X, , k=123...,n+1
randomly in the interval [-0.1,0.1] and ¢ randomly in

the interval [-0.25,0.25],
We use the proposed control law in (19) to control
the state x, of the system to track the reference signal

r=1.5-e* (case 1 of example 1 in [28]) and
r =sin(0.5t) + cos(t) (case 2 of example 1 in [28]). Fig-
ures 2 and 3 (case 1) and Figs. 4 and 5 (case 2) show that

the curves of the states X; and X, of the closed-loop
system, respectively. The simulation results in Figs. 2-5
indicate that the effect of all the unmodeled dynamics,
BMF modeling errors and external disturbances on the
tracking error is attenuated efficiently by the proposed
controller.

Example 2: Consider the Duffing forced oscillation sys-
tem:

X =X,

X, =—0.1x, — x> +12cost +u +d,

where u is the control input, and d, is the external
disturbances and is assumed to be a square wave with
the amplitude +0.1 and the period 27.

Five fuzzy sets over the interval [-6, 6] are defined

for X, = [, X1 =[0,0]" with the term set (PB, PS, Z,
NS, NB) and [0,6] for [X| with the term set (PB, PS, Z,
NS, NB). Similarly, five fuzzy sets over the interval [-48,

48] are defined for e, with the term set (PB, PS, Z, NS,
NB). Three fuzzy sets over the interval [-1400, 1400] are
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defined for U, =0 In this case, the design parameters
are selected as 7=0.5, =03, A4;=1, 4,=2 and
Q=diag[10,10]. The initial states of the system are as-
sumed to be x=[0.3, 0]". For solving (25)-(27), we select
the initial value of the vectors 4., k=1,2,3, ..., n+1 and
¢ randomly in the interval [-10, 10].

We use the proposed control law in (19) to control
the state x; of the system to track the reference signal
r=sint. Fig. 6 and Fig. 7 show that the curves of the
states x; and x, of the closed system, respectively. The
response of control input u is shown in Fig. 8. The simu-
lation results in Figs. 6-7 indicate that the effect of all the
unmodeled dynamics, BMF modeling errors and external
disturbances on the tracking error is attenuated effi-
ciently by the proposed controller.

Example 3: We apply the robust adaptive fuzzy control-
ler proposed in section Il to the inverted pendulum sta-
bilization problem. Let X, be the angle of the pendulum
with respect to the vertical line. The control objective is

to track the reference trajectory rzs%sint. The dy-

namic equations of the inverted pendulum system are

]
XZ

X,

_| mIxZsin x, cos x, — (M er)gsinxl—ucosxler
d

mlcoszxi—gI(M +m)

where M is the mass of the cart, M is the mass of the
rod, g=9.8m_. is the acceleration due to gravity, |is
the half length of the rod, u is the control input, and
d, is the external disturbance and is assumed to be a
square wave with the amplitude +£0.05 and the period
2n . In this example, we assume that M =10kg ,
m=1kg,and I=3m.

Five fuzzy sets over the interval [—iﬂ,iﬂ] are
12 12
defined for X, Z[Xolnxoz]T =[X1(t) X, (t)]T

with the
term set (PB, PS, Z, NS, NB) and [0 for [X| with

the term set (PB, PS Z, NS, NB). Similarly, five fuzzy
sets over the interval [-12, 12] are defined for e, with
the term set (PB, PS, Z, NS, NB). We also define three
fuzzy sets over the interval [-1000, 1000] for
U, =u(t)/2, In this case, the design parameters are se-
lected as 7=0.006, »=1.6, 4,=1, 1,=2 and Q=diag[10,10].
The initial states of the system are assumed to be
x=[ /30 ,0]". For solving (25)-(27), we select the initial

value of the vectors %, k=1,2,3, ..., n+1 and ¥ ran-
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domly in the interval [-0.01,0.01].

We use the proposed control law in (19) to control
the state x; of the system to track the reference signal r.
Figs. 9 and 10 show that the curves of the states x; and x,
of the closed system, respectively. The simulation results
in Figs. 9 and 10 indicate that the effect of all the un-
modeled dynamics, BMF modeling errors and external
disturbances on the tracking error is attenuated effi-
ciently by the proposed controller.

5. Conclusion

We propose a novel approach of on-line T-S fuzzy
modeling and robust adaptive control for uncertain
nonlinear systems to achieve the attenuation of the un-
modeled dynamics, BMF modeling errors and external
disturbances. The update laws (25)-(27) are used to tune
the parameters including not only the weighting factors
in the consequence part but also the membership func-
tions (BMF's) in the antecedent part of the fuzzy impli-
cations. The parameters of the fuzzy model are tuned
through update laws and the unknown nonlinear system
is assumed to be linearizable and can be approximated to
any degree of accuracy by the T-S fuzzy model. The ro-
bust control term us is used to attenuate the unmodeled
dynamics, BMF modeling errors and external distur-
bances on the tracking error. In Theorem 1, we prove
that although the bound of unmodeled dynamics, BMF
modeling errors and external disturbances is unknown,
the tracking error of the closed-loop system can be made
arbitrarily small. Simulation results support the theo-
retical arguments on the T-S fuzzy modeling and track-
ing performance of the design algorithms under the
adaptive tuning methods.
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