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Abstract

This paper presents a new design of adaptive fuzzy
variable structure control to solve the traditional prob-
lem of model reference adaptive control (MRAC) for a
class of single-input, single-output minimum-phase un-
certain nonlinear systems via backstepping. Instead of
taking the tedious coordinate transformation and yield-
ing a “hard” high-gain controller, we introduce smooth
B-spline-type membership functions. into the controller
S0 as to compensate for the uncertainties much ”softer”,
i.e., in a much smoother and locally weighted manner.
To be rigorous, it is shown that the stability of the
closed-loop system can be assured and the tracking error
can globally approach to an arbitrary preset dead-zone
range.

1 Introduction

Based on the differential geometrical approach, most
recent research works on affine nonlinear systems involve
system linearization, i.e. to adaptively cancel the un-
modeled terms which can be linearly parameterizable
[3]. For solving the state-feedback linearizing contrcl
problems, the adaptive backstepping designs have been
developed, e.g., [6]-[7]. To cope with the output feedback
control problems, ir. which the system nonlinearity de-
pends solely on the output, a filtered transformation and
a backstepping approach were employed to yield global
asymptotical stability either through some linear param-
eterization process [1],[8] or nonlinear one [2]. It turns
out that the latter nonlinear parameterization charac-
terizes a more general class of the nonlinear systems.

On the other hand, the fuzzy variable structure con-
trol can provide the stability and smoothness at the same
time of a fuzzy control if the fuzzy control is formulated
in a form of variable structure control [16}-[18], or if a
variable structure control is augmented with some rule-
parameter setting mechanism [19]-[22]. However, a sys-
tematic approach is lacking for enhancing the smoothess
of a robust fuzzy control design. In this paper, an
adaptive fuzzy variable structure control with smooth
membership functions and using backstepping concept is
hereby systematically developed to yield improved track-
ing performance relative to that from the high-gain con-
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troller. Based on approximation theory, several kinds of
basis function such as sinusoid basis, or Gaussian basis
functions [23], [24], are often incorporated into an adap-
tive controller. In this paper, we choose the smooth
B-spline basis functions as the membership functions in
the paradigm of fuzzy approximation [25]. This choice
is due to the fact that nonlinear functions whose feature
are mostly strongly local can be represented by some
kind of wavelet transform characterized by smooth and
compact support {26], [28]. Given such smooth B-spline-
type membership functions, the proposed adaptive fuzzy
variable structure controller with a dedicated structure
can adaptively compensate for the system uncertainties,
in a smooth and locally weighted manner, but not to
evolve into a global "hard” high-gain controller [3].

2 Problem Formulation

Consider an affine nonlinear system of the form as
follows:

T

v (1)

where z € R*u € R, y € R, and a (€ Q4: a com-

pact set) is an unknown constant parameter vector which

characterizes the smooth nonlinear function vectors f,

g, and scalar h, satisfying f(0,a) = 0, g(0,a) # 0 and
h(0,0) =0, Vo € .

If the nonlinear system described in (1) can satisfy

some geometric coordinate-free conditions [1], then there

exists a coordinate transformation z = T'(z) such that
the nonlinear system can be transformed into the follow-
ing output-feedback form:

Az + ¥(y, ) + b(a)é(y)u

f(z,0) + g(z,a)u
h(z, a)

i

z

y = clz2 (2)
where
0 1 0 0
00 1 0 21(y, @)
A= 0 1,%(y,a) = : ,
0 0 0 1 Pn(y; )
0 0 0 0
b1 () (1)
b(a) = o= | .
bn(a) 0

The coordinate-free conditions can be summarized as
follows [1]: For any a € Q,,



e rank {dh,d(L,R),---,d(L? 1)} = n;

lad}r,adjr] =0, 0<4,j <n—1;

(9,adfr] =0,0 <k <n—2;

9=0() 35, bi(@) (=) Tad}Ir;

o the vector fields adir,0 < 1 < n — 1, are complete, where r
is the vector field satisfying

0, ifj=0,1,...,n -2
1, fj=n-1

LTLj,h =

Furthermore, the system (1) is with strong relative
degree p, i.e.,
LgL}h(z,a) = 0,0<i<p-—2,Vre R Vae N,
LeLf 'h(z,0) # 0, Va €

Here, our control goal is to force the output y to follow
a desired trajectory ym, constructed by the following
reference model:

Zm = AcZm +bmTm
ym = Fzm (3)
where
—ai 10 0
—az 0 1 0
e RO

—-ap—1 0 0 ... 1
—-an 0 0 ... O

is a stable Hurwitz matrix, bm = [0,...,0mp, - - -, bmp) 7

and r, € Ly is a bounded reference input, or g, =
. bmps" Pt tbmn

‘/‘/7,1(3)7'«,71 with Wm(s) = ST%;,,T:::_—:'_G—" so that Ym €

Leo.

In order to make the model tracking problem more
tractable, we make the following reasonable assump-
tions.

Assumptions:

(A1) b=(b1,...,bs]7 is a vector of Hurwitz coefficients of degree
p, i.e., the associated polynomial

bis™ Tt +bas™ T4 by

isof degreen —p (ie, by #0ifp=1lorby =---=b,_1 =
0,bp # 0, if p > 1) and is Hurwitz;

(A2) The sign of by(a) is known and constant for any a € Qaq,
1<p<ny

(A3) ®(y,a) can be expressed as a Taylor’s series expansion
in y for any a € g, ie, ®y,a) = P(yo,a) +
(n)
:=1[%63_w2|y=yo(y - 0)"]
(A4) [|®(y,0) — 2(yo,a)ll < la(y — yo,y0, )|y — yo|, for some
le(y — yo,90,a) > 0.
Given such tracking problem, we proceed with rear-
ranging the form (2) by the following:

2 = Az-ay+ay+ Py, o)+ bla)du
= Acz+ay+ O(y,a) + b(a)du
y = Tz (4)

where a = [a;,a2,...,0,)7 and let W(s) be defined as

bps™ P + - + bn

W(s)=cT(sI —A) b=
(s} = s ) s"+a1sh 4 tan

()

which apparently is a stable transfer function. Define
the error vector e = z,, — z, then the error model can be
derived as follows:
é = Ace—ay—P+bmrm —bé(y)u

o = ym-—y=cle, (6)

3 Robust Output-Feedback Variable Structure

Control via Backstepping
Consider the case of relative degree p > 1 ( the case of p = 1
can be intuitively derived ) and a stable filter:

1
(84 X)(s+X2) - (s + Apy)’

characterizing the input-output relationship n1 = W;~1(s)é(y)u,
which is realized into the state space form as follows:

W=(s) = >0 (7)

1= Agm+bp(ylu,n € R~ ®)
where

-1 1 0 ... 0

0 X 1 ... 0 0

0 0 0 ... 1 1

0 0 0 ... =X

n = [m,...,Np—1], and n(0) = no. Then, augment the error
model (6) with this filter (8) as follows:

(1 = U5 RG] [ e [ s imen)
o = cTe (9)

which is equivalent to the following:

<' = Al —ay— ¥(y, @) + bmrm — d(a)m
o = T¢ (10)
from the I/O point of view, where d = [d1,---,dn] is a vector

of Hurwitz coefficients of degree one, derived from the following
transfer function
bpa™ TP 4ot by
s™ +apan—l 4.4
dys™ Tl dy

= — (11)
P tarsm 14 +an

W (s)W;(s)

(o X1)s +2A2) (e +Hpm1)
an

Apparently, di = b,. After applying the transformation devel-

oped by [2], we define a new vector £ = [¢1,--+,€n—1]T as follows:
da(a)
= - e
& C2 G
dn(a)
n— = - , 12
n-1 Cn & (a) €o ( )
whereby we can obtain a different dynamic model as shown below:
dg 42
- g?. 1 0 ... 0 3‘% - dl
B o fr-
é= : S Y : eo +
T . d dn—1d2
R I k.
- - dnd
1 ~indz

d
4 Q%QIVm - azym
221y, ) — 22(3, @)

d
TEe1(v. 0) = 2300, @) B :
a“;lannn ~ (apym — bmprm)

a :
—"31—1@1(14, a)— &, _1(y, a)

dn—1 '
- —b
Fr1w.a) = Tnly. a) ay 1vm = (@n—iym = bmp_1mm

d
Tratvm ~ (anym — bmprm)
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=T¢ + Beo + ¥(y, @) + ¥rlym,r™m) (13)

where T is apparently a Hurwitz matrix. From assumption (A4),
it can be easily verified that

1% (y, @) = ¥(ym, Il < la(€o, ym,a)leo] (14)

for some lg(€o,yYm,a) > 0.
On the other hand, from the transformation (12) and the equa-
tion (10), the output error model can be expressed as follows:

X d
ea=§1+La)eo~¢(eo,ym,a)—alym*dlms (15)
di(a)
where
$eo,ym,a) = P1(ym ~ €0, ) = P1(y, ) (16)

It is well known that applying the controller design based on
the backstepping procedure can solve the control problem with
the error model (15) [2]. The concepts of the backstepping con-
trol are to first design the designated controller of the first desired
filter state, n], which can guarantee that the output tracking er-
ror €, given in the equation (15) can approach zero, and then to
design the designated controller of the second desired filter state,
n3, which can realize 71 as n] subject to the equation:

m=—-Mm+n (17

Similarly, the controller design back steps to the designated con-
trol input controller §(y)u = n; so that n,—1 can approach Myt
Now, we design a variable structure controller 5} as follows:

nt = sgn(d)k11eo + sgn(d)k1a(t)sgn(er),  (18)

with smooth functions k1,(t) and kj,(t) satisfying the following
expressions:

1

b > (] GHIPIQEE+ L)
|d1| dy 90

kia(t) 2 ﬁ(llg\ll+|¢l+|a1”ym|)’ (19)

where go, €1 > 0 are positive constants, P is a positive definite
matrix to be defined later, and ||£|| is constructed from the follow-

ing dynamic equation:

€= TE+ W(ym, @) + Tr(ym,7m), (20)

with initial conditions 5(0) = go. Apparently, the system (20)
is BIBO stable, since ¥(ym,a) and \Ilr(y,’,i,rm) are bounded for
the bounded ym, @, and o, resulting in £ € L% 1. This control
law will be shown effective to the tracking control problem via the
following proposition.

Proposition 3.1 If g1 = 7] as given in the equation (18), then
the output tracking error of the system (6) will be driven to zero
globally and exponentially.

To realize the control law (18), apparently, the switching func-
tion sgn(e,) will render 77 to be discontinuous at e, = 0. This
fact often causes 7] to be unrealizable when it comes to design the
subsequent designated controller ;. To resolve this problem, it
is straightforward to modify the previous controller by embedding
a smooth compensator for a specified dead-zone range, such as
a saturation-type compensator or a hyper tangent-type compen-
sator. Then, this controller can be expressed as follows:

sgn(dy)ikyq(tyeo + kyg{t)sgn(ec)]. ifeo € (~Ae.Ae]

t =
ny = egn(dy)ky = {k,1<eo_a,Ae) otherwise;

(21}

where kg1(+) is a smooth function to make 77{ smooth, and

[—Ae, Ac] is a designated dead-zone range which can be arbitrarily
set. Then, the following proposition is valid.

Proposition 3.2 If the control law n, = n;‘ is given as in equa-
tion (21), then the tracking error of the system (6) will be driven
to the dead zone range [—Aq, Ac] globally and exponentially.
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However, in fact 71 is driven by 72 according to the first or-
der equation (17), and hence we define the difference between
the desired smooth filter state 1711f and the real filter state m as
m= n;' — 71, so that its time derivative can be derived from (17)

as follows:

871;'

Oeo
As a result, the goal of the control law 7y is apparently to force 7
to achieve nI and, hence, we derive the variable structure control
n; as follows:

n3 = Aun] + k21 ()71 + k22 (t)sgn(71) (23)
where smooth functions k21(-) and k2q(-) satisfy the following
conditions:

m=n—m = —Léo — Mimn + Ml — g (22)

1 dg 27} 1 t
on) (dy + 2‘%3—;‘];) 1 9ny 4
k2q(t) > ldjll—1 4+ —————— + —(—)
deo dey dey  Beo
LRI : do
k2p(t) 2 I—=IUIEl + || + laalivm| + ld1lIn ] +1—lAe)  (29)
Beo dy

so that the following proposition will be valid.

Proposition 3.3 If no = nJ is given as in (23), then the track-
ing error of the system (6) will converge to the dead-zone range
[—Ae, A¢] globally and ezponentially.

However, the controller given in (23) again faces the problem
with discontinuity so that, similar to (21), we replace the con-
troller (23) with a smooth compensator with the dead-zone range
[—Any, Ay, ] as follows:

nh = Aind + ka(eo, M, @ A, Agy) (25)
where
ko = { k?l(t)n1~+ kZZ(t)syn(ﬁi)» 7.7: e [-Am 3 A711]§ (26)
kso(eo, My, Aey, Ay, ), otherwise;
with ks2(-) being a smooth function in order to make 7); smooth.

By the same token, the controller design can back steps to the
equation containing the real control input:

Mp~1 = —Ap—1Mp—1 + (y)u (27)
However, unfortunately, the above controller, can realize its des-
ignated controller only up to the corresponding dead-zone ranges.
For example, the controller n; given in (25) can realize 17{ given
in {21) only up to the dead-zone range [~Ay,, Ay, ]. This fact re-
sults in that the former proposition will no longer hold. Thus, we
will require additional compensators to compensate for the back-
ward dead-zone ranges, yielding the following set of designated
controllers (desired filter states):

n = sgn(di)(ky + kseo)
m = Al 4 k2 + ksom
n' = Ap_an o +kp_1+k
-1 = =22 p—1 §p—1
Sy = )= rp—an)_y +kp, (28)

where k3(-), -+, kp(+) and kg1 (), <+, k5 ,—1(-) are the designated
compensators to be defined later, the tracking errors are defined
as 7z = n; —~ M2,y Mp—1 = 77;—1 — np—1 corresponding to the

dead-zone ranges [~Qp,, Ap, ), -+, [ Ay, _;, Ay, _, ], respectively,
and

~ M, as 1y < —Ap; or M, > Ay

15 a 0, otherwise (i.e. n; € [~An;, An;]);

(29)
so that
Nia =1 formia#0

forj=1,---,p—1.

Then, the following theorem is valid.



Theorem 3.1 If the control law §(y)u = nf, is given as in (28),
then the system state in (4) is guaranteed to be bounded and the
tracking error of the system (6) will converge to the dead-zone
range [—A., A.] globally and ezponentially.

Remark: While the given designated controllers are not smooth,
then the subsequent designated controllers will be hardened with
high-gain since the controllers contain the differential terms, e.g.,

on on} on} e .
y"ﬂ AL YA N -—:,tl [3]. Besides, it is difficult to realize
eo’ Beo om 877 s

these designated controllers when considering the uncertainties of
the controlled system. In the following section, we will propose an
adaptive fuzzy variable structure control to solve the above men-
tioned problem.

4 Adaptive Fuzzy Variable Structure Control

Consider a
fuzzy controller input (vector) uy = [us,, -+, u fp]T, consisting
of p multi-input single-output (MISO) fuzzy controls, which are
respectively characterized by

A
up, = up(wr) Qu R

AN
up, = upy(wi,wa): Qg X Dy > R
A
ufi = ufi(wl,-'-,’u),'):ﬂwlXQwZX“-XQw‘.—)fR
A
ufp = ufp(wl,u-,wp):ﬂwl><--~wa,,—-)§}€
where uys (w1, -, w;) is the i-th fuzyy controller, wy, - -+, w, are
defined as input fuzzy variables
w=[w1,"',wp]T=[eo;ﬁl,"',’;1'p—1]T (30)
and Qy, = [-TA1L,TA], Qu, = [-TA2, TA], -+, Qw, =

[=YAp, YA, with T being an arbitrarily large positive integer,
and Ay, -+, A, being some positive real numbers. Here, each
of the membership functions is given as an m-th (m > 2) order
multiple dimension central B-spline function (as depicted in Fig.1),
of which the j-th dimension is defined as follows:

! _1\k m
EL (™) e+ ™ -wana” @y

Nmj(z) =
k=0
where we use the notation
z4 := maxz(0,z) (32)
The m-th order B-spline type of membership function has the
following properties:

s an (m — 1)-th order continuously differentiable function, i.e.,
Nmj(z) € cm-1,

© local compact support, i.e., Nmj(x) # 0 only for x €
(-2 4, =Ea))

© Npj(z) > 0forz e (—%HA]', mT'HAj)

e symmetric with respect to the center point (zero point)

e oo Nmi(@ = 181) Nonj (& = 158)) =
1, VteR,je Zt

Then the membership functions for the j-th fuzzy variable w;
are defined as follows:

llzj‘-(’lUj)Zij(’lUj—iAj), i'—‘-—T,"',O,"',T (33)
whose compact support is given as:

ijl_[(i————)AJ, G+ A i= -1t (39)

Figure 1: The m-th order B-spline basis for m=0, 1, 2,
and 3

for j = 1,--+,p which means that w; € int(Qw”) implies that
pj;(w;) > 0. Apparently, we can get 2y, = Uie{=T,.,1}u;; =
[=TA;, TA;). Besides, it is possible that Qu; N Qy;, # 0, for
some ¢ # k, i.e., wj can simultaneously fall into several compact

supports. It is interesting to note that the indices labeling those
supports can be reexpressed as:

Tej(wj) = {i:w; €int(0y; ) i€ 2, -T<igT)
= {i:0u; C ncJ(w])) (385)

where Qc; (w;) is the union set of those compact supports, defined
as follows:

e, (wy) = Uielcj(wj)nw“ (36)
which means that i € Ic;(w;) if and only if w; € Qc; (w;).

As a general representation of the MISO fuzzy controller with
center average defuzzifier, inference with product compositional
operator, and singleton fuzzifier {24], we can represent the above
fuzzy controllers as follows:

by T
i =y H1iy (W1)0;
Zzl_ B ARt 31 - Z I/il(uu)ail — 0(1)’1"”(1)

Ufy T
Doy mey M1y (w1) oo
T T
B Zil:_-r"‘Zikz_yuul(wl)'"ﬂkik(wk)giligu-ik
e = T T
Zil_—_—‘r"'Zik:_r pgy (1) - by, (wi)
T
= Z Z Vigewig (W1, Wi )05y iy,
t3=—-T" ig=—T"T
= T k)
T T
En:—r'”zz',,—_-'r gy (wi) - bpg, (Wo)0isiyoiy
ufp = T T .
Zil::—'f "'Zi,,:—r Hiiy (w1) Ko, (wp)
T
= E Z Vigeoip(Wis e, wp)0iy 4,
i1=-T ip=mT
T (o) (37)
where 1, -+, i, -+, ip are integer indices, V4 ...;; (w1, -, wk)

is the fuzzy basis function of the k-th fuzzy controller associated
with the indices #; - - - i, defined as follows:

v /—Lli,(wl)"'llfkik(wk)
RS I T T
En:-r e Zik=_.rm,-1(m) o kg (W)
B (W)« pgg, (W)

b
Zil €ler(wr) "’ Zikélck(wk) Py (w1) - Kk, (wk)
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cen
s+h sths s+h
Ay ' h O
» th i 2 nd fury | 11 1 st furz
p thivrzy con y Y
controller . furz ), | comroller | conroller
Np-1| comrolier '

Figure 2: The block diagram of the closed-loop system
with p > 2

8;,...i is the parameter of the k-th fuzzy controller associated
with the indices i1 - - -1, v(*) and (%) are the vectors consisting
of Vigeody and 9,‘14,.,‘,(‘ for i = —T,"',T, Ty ik = —Y,---, s
respectively. The block diagram of the overall closed-loop system
is depicted in Fig. 2. Furthermore, we realize the adaptive fuzzy
variable structure control law as an integrated control consisting of
the former fuzzy control vector uy and a supervised control vector

7 =[71, -+ Tp) L as follows:

If w € Q. then 'q{ = sgn(d1)(ug, + kg w1)i otherwise 7,1 =%

If wp € Qugy. then n} = Arn) + ujgg kg wos otherwise q; =77

If wp € Q. then nf = Ap-ln;_l Hug, Fky wpr otherwise ol =75 (38)

where kf]f lcf’J are some positive constants and

o= sgn(di)ki(t)

o= il +ka(t)

Tip = /\p—mf,_l + kP(t) (39)

Here, the dead-zone ranges are defined as the compact supports
of membership functions pyy(w1), - -+, pp(Wp), namely,
m 41 m+1
Rwy g = {- 5 A[,—z'AllE(-Aw1~Aw1]E[—A=-A=]

m+1 m o+ 1
Ap,
2

Quwp o = (- 8p) 2 l=Buwy Buw,l = (=80, 1. An, ;] (40)

Then, the following proposition can be established.

Proposition 4.1 If the control law 6(y)u = nz is given as in
the equations (37), (38) and (39), then there exist a class of the
fuzzy controller vector uy given as in (37) which can drive the
tracking error of the system (6), w1 (= e,), into the dead-zone
range [—Aw,, Aw, | globally and ezponentialiy.
Now, define the optimal parameter vector of the j-th fuzzy

controller as follows:
PIE) L argmin{supwlenwl,,..,w,.j_lenwij_l,wjenw‘.j\nwjo

ks T by

Z Z Viyij iy iy sgn(w;)
i1 == zJ_lz—Tij=—T
> kj(t) + ks ; (H)w; |} (41)
It is, however, that )% may not easily be available due to the
complexity of k;(t) and ks;(t), j = 1,---,p. Therefore, the fol-
lowing adaptive law to update the parameters vector 64) will be

(8} (b}

of .
3 o
P
£ o2 i
g o . g
a8 .
o 05 1
©
5 200
e o s o
£ 2
€ = 200
T -10 H
g 8 00
2 sl
4

[] 0s 1 [ 05 )
time(vec) tma(sec)

Figure 3: The simulation results for p = 2

necessary so that the tracking error can be driven toward the dead-
zone rarige:

g1 { rdir(D(uwi)wyp, for wy € Ry
0, otherwise

2y - { ru(D (wy, wo)wpp, for wy € Ny, wa € Quy
. otherwise

4(p) = ru(f’)(uxlp.,,w‘,)wﬂA. for wy €ﬂw1.-~.wp€9mp(42)
0, otherwise

where wia = €oa, W2a = M, *** Wpp = Np—1,- Based on
the control law in (37), (38), (39), and the adaptive law (42), the
system can be shown to achieve appropriate output error conver-
gence into a prespecified dead-zone range. This is summarized and
proved in the following theorem.

Theorem 4.1 If adaptive fuzzy variable structure control law is
given as in the equations (37), (38), (39) with the adaptive law
(42), then the output tracking error of the system (6) will be driven
to the dead zone range [—Awy, , Ay, ] globally and asymptotically.

Remark: The fuzzy controller (37) with the adaptive law ( 42)
possesses the following advantages:

e locally weighted fuzzy controller: Only rules supported by
compact set € ; are required to be updated, and hence, those
rules are locally weighted.

e smooth fuzzy controller: Apparently, the fuzzy controller
(37) can behave as a smoother controller provided the dif-

Qujy Buy

u
ferential terms %ll, Bwr 797"’— can be made small,

which then requires that smoother membership functions are
adopted. Thus, hardening the controllers with high-gain in
the backstepping procedure can be naturally avoided here, if
we can choose the membership functions to be even smoother
high order B-spline functions.

Consider the system (see [2]) as follows:

T = z2+ :E'f‘
o = u
y = 1 (43)

In this example, a = 2 is assumed to be unknown. The system is
a relative degree p = 2 system and a stable filter (7) is given as
1. The desired trajectory is given as ym(t) = . )
s+1° J Y158 Yml) = sy T\l
and rn,(t) is given as a step input, i.e., Tm(t) = 1. The devel-
oped adaptive fuzzy variable structure control to be applied to
the system described in the following 4.1. The fuzzy controller
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(8) bar cagram ot the parameters of e bizzy nies

parameters of the wizzy mive

Indice of the durey rvies
) contiol surece

08 08 04 2.

Z o o2
traching emor

Figure 4: The bar diagram for the parameters of the fir:
fuzzy controller and control surface

is synthesized as follows: the first fuzzy controller for the desi
nated filter state 7, takes the tracking error e, as its single inp
variable w; whereas the second fuzzy controller takes the tracki
error e, and output of the first fuzzy controller as two input vai
ables (w1, w2). The fuzzy rule number of the first fuzzy controll
is equal to 2T + 1 = 11 and that of the second fuzzy controller
equal to 11x11 = 121. Moreover, ks, = ks, = 10 is assigned. Fi
3 shows that the tracking errors can converge into the dead-zo
range. Figure 4(a) shows a bar diagram for the final paramete
of the first fuzzy controller after updating. Apparently, only a h:
of parameters of fuzzy rules had been updated since e, almo
stays within the region e, < 0 durring the task running. Fig. 4(
shows the smooth control surface of the first fuzzy controller. Fi
ure 5(a) shows a 3-dimension bar diagram of the final paramete
of the second fuzzy controller after updating and Fig. 5(b) shov
a 3-dimension plot for smooth control surface of the first fuz:
controller.

5 _Conclusion

In this paper, we proposed a novel adaptive fuzzy variat
structure control via backstepping for a class of SISO nonline
systems which can solve the traditional model reference adapti-
control problem in the presence of system uncertainties. It was ri
orously proved that the stability of the overall system is assurt
and the tracking error can be driven to the designated dead-zo1..
range. Besides, with undesirable chattering from the ” hard ”
high-gain control lawscan be avoided due to the adoption of the
smooth B-spline-type membership functions.Satient features of the
present work includes that the involved rules are locally weighted
and the output control is rather smooth.
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