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Adaptive Fuzzy Control for Unknown Nonlinear
Systems with Perturbed Dead-zone Inputs
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Abstract

JIN Fu-Jiang!

Adaptive fuzzy control is used to control a class of unknown nonlinear systems with perturbed dead-zone inputs in

this paper. A new dead-zone actuator model which contains time-varying and perturbed actuation gain is proposed. The dead-zone
nonlinearity is treated as a linear-like term, a nonlinear term, and a disturbance-like term, by which the robustness of the system
can be obtained by less control effort. Backstepping technique combined with nonlinearly parameterized fuzzy approximators is
employed to derive the controller, which removes the restriction that fuzzy basis functions must be well-known for control design. It
is proved in theory that the proposed controller guarantees the stability and desired tracking performance of the closed-loop system.
A simulation example is also included to demonstrate the effectiveness of the controller.
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Dead-zone nonlinearity is ubiquitous in many practi-
cal systems, for example, some mechanical and electrical
components like valves and DC servo motors are all with
dead-zone inputs. The existence of such a non-differential
nonlinearity has caused many difficulties in control design
since the dead-zone parameters are unknown in most cases.
Many efforts have been made to deal with dead-zone non-
linearity, as it may cause severe deterioration of system
performance in high precision control.

There are three main approaches to design control sys-
tems with dead-zone inputs. The first one is to construct
an inverse dead-zone nonlinearity to minimize the effects of
dead-zone; the second one is based on a group of fuzzy rules,
which describe some raw knowledge of dead-zone character-
istics; and the third one models dead-zone as a combination
of a linear and a disturbance-like term, then robust control
technique can be used to obtain the required control per-
formance. The first approach is intuitive for control design
and will be effective if the dead-zone parameters are all
known. Following this approach, successful control was ob-
tained for linear systems in [1] and nonlinear systems in
[2], however, it is assumed that the dead-zone parameters
are constants. The second approach was used to control
some mechanical systems in [3—4]. It depends much on the
experiences of operators or experts. When comprehensive
rules about the dead-zone cannot be acquired, the approach
will be rendered infeasible. The recent results®®~® were
obtained based on the third approach, which employed the
upper bound of the disturbance-like term to achieve robust-
ness of the controlled system. Though satisfactory perfor-
mance was obtained, the design using the third approach
is conservative to some extent.

The above mentioned results assume that the systems
under control are well-known, but actually in many practi-
cal systems, the dynamics of the system are not completely
known. Since Wang[lo] proved that adaptive fuzzy sys-
tems are universal approximators, many control strategies
have been proposed for unknown nonlinear systems based
on adaptive fuzzy approximation!"' =%, These results
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were obtained with the restriction that the system is feed-
back linearizable. References [16—18] relax this restriction
by employing backstepping technique to develop adaptive
fuzzy tracking control. Though both single-input single-
output (SISO) and multi-input multi-output (MIMO) non-
linear systems have been studied in [16—17] and [18], re-
spectively, so far there is no result on control of unknown
nonlinear systems with perturbed dead-zone inputs.

This paper proposes a control scheme for unknown non-
linear systems with dead-zone inputs. The considered sys-
tems are general: they are not required to be feedback
linearizable; and the nonlinearities in the controlled plant
are all unknown. Actually, actuators are not strictly lin-
ear even without dead-zone, but may be perturbed or time
variant. A dead-zone model is proposed here with time-
varying and perturbed actuation gain. The model is treated
as a perturbed linear-like input, a nonlinear function, and
a bounded disturbance-like term for control design. The
width of the dead-zone is unknown and estimated explic-
itly by an adaptive law, so the control scheme has the ca-
pability to adapt to uncertainty of the width caused by
changing conditions. Unknown functions in the design are
approximated by nonlinearly parameterized adaptive fuzzy
system and backstepping technique is employed to derive
the controller. The proposed control scheme can guaran-
tee the stability of the closed-loop system and satisfactory
output tracking to the given reference signal.

The rest of this paper is organized as follows. The pro-
posed adaptive fuzzy control scheme is introduced in Sec-
tion 2. In Section 3, a simulation example illustrates the
effectiveness of the proposed scheme. Finally, Section 4
concludes the paper.

1 Problem formulation

Consider the following nonlinear plant

& = fi(Zi) + 9i(@i)wiv1, 1<i<n-—1

Yy =1

where x1, x2, -+, x, are available states of the system,
z; = (z1, -+, :ci)T, andz =Z, = (z1, -+, Tn) €U C
R"™ is the state vector, U is a compact set in R". y is the
system output, w; is the designed control law, and Z(u)
is the output of the dead-zone actuator. The nonlinear
functions f;(Z;) € R and ¢;(Z;) € R withi =1, ---, n are
unknown but smooth.

The dead-zone characteristic considered in this paper is
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different from the existing literature because time variation
and perturbation are taken into account here. The model
of the dead-zone is described as follows:

(m(t) + o(@))(u—b), u=>b
P(u) =4 0, —b<u<b (2)
(m(t) + o(@)(u+b), u<—b

where m(t) + ¢(x) > 0 with m(t) being the time-varying
slope and ¢(x) being the perturbed term, b > 0 is the un-
known width of the above dead-zone model. From a prac-
tical point of view, it is reasonable to make the following
assumptions.

Assumption 1. There exist constants m and m which
satisfy 0 < m < m(t) + ¢(z) <m ~

Assumption 2. There exists a constant b such that
b<b.

Remark 1. Though m(t) + ¢(z) and b are bounded by
some constant values, they are not required to be known
to the designer, but only used for analysis.

For the control design, we rewrite the dead-zone charac-
teristic as

P (u) = (m(t) + ¢(@))u + n(z, u,b) ®3)
with 7 (short for n(z,u, b)) defined as
—(m(t) + ¢(2))b, u>b
n=1{ —(m(t)+ ¢, “b<u<b (4)
(m(t) + ¢(z))b, u<b

We further treat n as the sum of a hyperbolic tangent func-
tion and a bounded disturbance-like term, i.e.,

n = —(m(t) + ¢(z))btanh (- ) + () ()
where ¢ (z) satisfies

[(@)] = [0+ [m(t) + ¢(z)]btanh ()| <
[m(t) + ¢(x)]b[1 — tanh(1)]

Then, from Assumptions 1and 2, it is obvious that ¥(z) is
bounded.

The control objective is to design a feedback control law
for u to ensure that all closed-loop signals are bounded
and the plant output y(t) tracks a given reference signal
yr(t) as closely as possible though the nonlinearities of the
system are unknown and the actuator is with time-varying
perturbed dead-zone described as (2).

SN

(6)

~—

2 Adaptive fuzzy control design
2.1 Preliminaries

In this section, a new adaptive fuzzy control for the non-
linear system described by (1) is presented in detail. Be-
cause fuzzy logic systems with adjustable parameters are
used to approximate the unknown system functions, we
first show the approximation property of adaptive fuzzy
system in the following lemma.

Lemma 119, For any given real continuous function
F(z) on a compact set 2 C R", there exists a fuzzy logic
system Y (z) = 9T§(m) such that Ve > 0,

sup | F(z) —0"€(z)| < e (7)

1Y)

where § = (01,02, - 7HM)T is the vector of connection
weights, &(x) = (&1(x), (), -, Em(z))T is the vector of

fuzzy basis functions, and M is the number of fuzzy rules.
Readers can refer [11] for more details.

In most existing designs, fuzzy basis functions are as-
sumed to be known, this implies that all the fuzzy mem-
bership functions are certain for the described fuzzy sets.
However, in many cases, the fuzzy membership functions
are uncertain because there is no apriori knowledge avail-
able for them. In such situation, the membership function
of the fuzzy set Aj; for z; in the j-th rule can be defined
by

MAji(xi) — e—[ffji(wz'—cji)]z
with o;; and ¢;; unknown to the designer. This case is con-
sidered in our design. We choose the fuzzy basis function
for j-th rule as

§i (@, cj,0;5) =

where ¢; = (¢j1,¢2, cjk) 05 = (051,052, , ojk)T
with 1 < k& < n. Denote ¢ and a' as the corresponding
vectors of ¢; and o in the i-th step design, and 0; is the
connection weight of the j-th rule in the i-th step. Suppose
there are M; rules in the i-th step design, define parameter
: 9§\4i)T7 ci = (cll 7céT, o 7C§VIiT)T
and o' = (aiT T)T,Whereiz 1,2,---
responding to n step backstepping design respectively. 6",
¢, and 0" denote the optimal parameters, which minimize
the following expression:

vectors 6° = (01,65, --

i i
02 5,0, , L COr-

sup |F'(z) — 0" (¢, 0"
zelU

It is obvious that fuzzy logic systems constructed by the
fuzzy basis functions in the form of (8) are not linearly pa-
rameterized, which brings challenges to the control design.

Besides, the following lemmas and assumptions are
needed for the design of the proposed controller.

Lemma 28], Let P(z1,22, - ,2n) be areal-value con-
tinuous function and satisfy 0 < am < P(z1, 2, - ,2Zn) <
am with a,, and aar being two constants. Define functions
V(t) as follows:

z(t)
V(t):/ pP(Zﬁ,IQ,-“ 7xk717p+ﬂ(t)axk+17"' ,.’[n)dp
JO

where z(t) and (3(¢) are real-value functions with ¢ € [0, c0).
Then, the integral function V' (¢) has the following properties:

1)

%ang(t) <V(@) < %aMzQ(t)
2)
V() =
2()P(z1, 2, - ,xK—1,2(t) + B(t), Tht1, -+ ,xn)2(t)+
ﬁ t) ( ) (:1’1,9}2, te 71’16'*172(” + B(t)vkaqv te ’mﬂ)+

n

S Bl g Pl ez, s, 20+ 50,

z2(t)/ [e

0 i=1,i#k
xk+17...,xn)}d9—z / Pm17x2’...’xk 1,
0z(t) + B(t), Trt1, -+ ,Tn)dO

The proof of Lemma 2 can be found in [18].
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Lemma 3. For any € > 0 and any g € R, the hyperbolic
tangent function fulfills

0 < |gq| — ¢ tanh (g> < ke
€

where £ is a constant that satisfies k = e~ "+ (i.e.,

0.2785).

The proof of Lemma 3 is omitted due to space limitation.

Assumption 3. For system functions g;(Z;) (1 < ¢ <
n), there exist positive constants ¢; and g, such that g; <
19:(@)| < giu-

From Assumption 3, it can be concluded that the un-
known functions g;(Z;) are not zero. Without loss of gen-
erality, it is assumed that g;(Z;) > 0.

Assumption 4. There exist constants 9 , &, and &
such that HGZHOO <0 et loo < T and |0t < & for
i=1,2,---,n, where || - |« denotes the infinity-norm of a
vector.

R~

2.2 Control design

Step 1. define z; = x1 — y,, then

= fi(Z1) + g1(Z1)x2 — Yr 9)

Consider a Lyapunov function candidate as

21
V1:/ pPL(p+ yr)dp + 0 T+ ”1TF e
0

1~1T ~151
-0 ' —6
29 + 1

(10)

where Pi(p + y-) = g7 (p + yr), To1, T'e1, and T'p1 are
positive definite matrices with proper dimensions, v is a

01*, él Al 1%

=¢' —¢e!*, and 6! =

o' — a * with 8" , ¢!, and 6! are the estimates of 8%, ¢'*,
and o'*, respectwely, 61 =061 — 61 with 67 defined later, 51
is the estimate of 47 .

From Lemma 2, the derivative of V; is

~1 a1
positive constant 6 =6 —

1
Vi = 2197 A1+ Grzigr — 213%/ Py(921 + yr)dd +

élTFgfél 1TF é +01TF 10 + —6151 =

21 (1‘2 =+ Afl) —+ élTFé)_llél + clTl‘; C —+
5‘1TP;11&1 +4 i(31151
Y1

(11)

where Afi = g7 (z1) fi(x1) — 9r fol Py (921 + yr)dY. Ac-
cording to Lemma 1, for a given e; there exists a fuzzy
logic system 0*T¢(z1, €', 0'*) such that

Af _ 01*T§(m1,cl*,al*) + El(Il,Cl*,Ul*) —

12
0 6 _(ongl 01*T£1*)+51(171,Cl*,0'1*) ( )

with e1(z1,¢"*,6') being the approximation error and
A1
ler(z1,e',0™)| < e, & = €&(21,¢",6"), and £
€(z1,¢'",0M).
~ 1
Define 67 = e1 + ||6]1, &y = % | (e =

~ 1 .1
¢'o' =6 and €, = % | (¢! = é

Then, by Taylor series expansion of £'* at

élTél _ ol*Tfl* —

é é- _‘_ol*Tg/ ~1 01*T£01&1 —OI*TO(IEl,&l,&l) —
0" Tg 10 0 -0~ 5
6" o(-) =

f?i(éf—é;lél—f G40 ELE 40 et
elT(§;1lcl* + 5 0,1*) ol*TO( ) _

qlT(; f’ e &6 +0" ¢, ”+0 Téet

0 cl 01*T£/ A1+01*T§/ ~1+9 § 10'
el*Té-(lir A1+01*T£ ~1+01*T(£ 51*_ v ~1 é;l&l):

TE e -6 10" 10 g;, 5l
91T(g;101*+é:,10'1 ) 01*T(§/ Al-‘r& 6_1)

* 21 *

S

0 (€ —¢ne a0 )+0 e+ et

AT e = 0 TA/ 7oA *

167 Eulne! + 116 Eulhat + 1€ae! + €16 16" + 167
(13)

51
where o(-) = o(x1,6",6%), and ||§ —€"||oe < 1 is used.
According to (13), (11) can be rewritten as

Vlzzl[xﬁé”élm(m,c ) ”(él—é’ ¢~

0'
€n0) =0 (€ne +€,:6") =87 (et + & x
0_1*) GI*T (:L‘l,él,~1)]+é 01 +CITP 14 1
&1TF;1“1 7155

alea+ 08 0@ —Ene - 16
~1T

6 (.ﬁ’ Nl—f—f 10 )] ‘Z1W1‘+|2151‘+0 F 101
~1TF11+01TF 10'+15161

(14)

A1T o A1T & R _
where wy = [0 €[ +[0 &[0 +]€ae +E€,16M 16"
Choose the virtual control in this step as

o = —qiz1 — élTél — wltanh(zlwl) — Sltanhzlél (15)
st T1
where ¢1, w1 and 71 are positive constants.
é PI‘Oj[Fngj(él —516 —é 1&1)—R9191]
= Proj[l’ Clzlé Tg' —R 6] (16)

Proj[T, 121§ 19 — R 10]

=121 — 161

S

where Ry1, R.1, and R, are positive definite matrices with
proper dimensions, r1 is a positive real constant. Proj[-] is
the projection operator to ensure that ||0*]|c < 6", ||€*|lcc <
¢, and ||6*||oc < 7 for 1 <7 < m. Let 20 = z2 — 21,
the following inequalities can be obtained with the help of
Lemma 3.

. N N 210
Vi < —quzi + 2122 + |2161| — z161tanh( : 1) + |z1wi|—
T1
1 KT
switanh(Z) = 2970 Ry 6 + 91 TPl x
1
~1x 1. 1 4. 1.
Rpi0 " — &I R + - T Raet™ — 61 x
2 2 2
-1 U S N 1% 1 % I cio
I TR0 + -0 ' [R0 " — 1+ -—0"<
g 2 g 2 1 2’}/1
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m min
2 "o Aat BT 1
— g1z TC 1C —

)\mlﬂ

~ ~1T1“;11¢71 — ﬁél + z122 + k(1 + T1)+
1 p1eT 1 Al* 1 1er o1 1%
50 FGI R910 —+ EC Fcl Rclc +

1 * - * 1 *
oI 'Ra0™ + —6}7 (17)
2"}/]_

2
where )\3‘1‘“, min - and )\mm are the minimal eigenvalues of
Ry, R.1, and Ral, respectlvely

Step 2.

2o = fo(Z2) + g2(Z2)xs — da (18)

Then, take a Lyapunov function candidate as

22
V2:V1+/ pPa(z1,p+ a1)dp + 0 F 0+
0

1

19)
B 1 (
5 2TF20 +2

~2T
r 24 —6
2’72 2

with Pe(21, p+a1) = g5 '(z1,p+a1), [y2, T2 and I', 2 are
positive definite matrices with proper dimensions, 2 is a

2%

.. ~2 ~2 ~ ~ ~ ~
positive constant, 8 = 0~ —0%*, &2 = ¢*—¢**, 6% = §°—0**,

and 52 :82 —(5;

V2 = V1+2292 Z2 + 0412292 — Zzal/ Py (922 + a1)dd+

Mﬁal)dﬁ + 02TF92102 + cQTFCQ &4

833’1
~2TF—1 22 —5252
Y2
Vit za(ws + Afa) + 07 15007 + &6+
2T1—\021 A2 i5252
Y2

(20)

where Afz = g;l(ig)fz(ﬁg) — a1 fol P2(1922 =+ a1)d'§ =+

2201 fo 0%&9‘ Asin Step 1, A f> is approximated

by a fuzzy logic system, and following similar manipulation
as (13), we get

ézTéz _62*T£2* S

02 e &1 2 ~2

0T (€ e - .67+ 078 0716

ST 4 ~oT 4

167 Ela11e® + 1167 21157 + ||€28" + £,267]16% + 16|

(21)

83, 522, é;z, and ws are defined similarly to d7, f;l, é;l, and
w1 respectively, with subscript 2 instead of 1. Design the
virtual control and parameter updating laws in this step as

Q2 = —(Qoza — 21 — 92T£2 — wytanh (Zﬂ ) — bptanh 2202
2 T2
(22)
92 = PI‘Oj[FgZZQ(é2 — ££2é2 — 522&2) - R9292}
: = Proj[I’,, 2225 92 — R.2c ] (23)

= Proj[l’, 222§ 0 — R,267)

= Y222 — T2bs

0'1> Q>

Then, (20) can be rewritten as

) . .
. Arrfln — — )\mln ) .
Vy < Z[quzf- - o', 'e - A

c; IS — 5l )
f

eﬂ*Tr TR0 + cﬂ*Tr TR+

]*TF_IR ]O'J* + 7(2 ] + 2923

2
(24)
Stepi (3 <i<(n—1)). Let z; = x; —a;—1, and design
AT ni 5
Q= —qizi —2i-1—0 & — wltanh — b tanh
T T
(25)
éi = Proj[lgizi(€ — 5’ & — £ .6%) — Ryif']
o A/TAZ
- PI‘OJ[ szlf ct ] (26)

& = PrOJ[FUizZ 'T9 R_i6"]

Then, define Lyapunov function as

i _ 16T =i
Vi=Via +/ PP (Zi—1,p+ ai—1)dp + 59 ngzle +
0

AN S O (N 1 =
R A
(27)
and its derivative satisfies the following inequality
_1 Amll’l T _1
%<Z[ 4% 10— ST e
)\mln B L 1 -
¢'Tr 67 - géz + w(m; + 75)+
%eﬂ*Tr—lRmo + fc?*Tr—ch]cf*+
X 1
§0J TF(,J‘ R0’ *+ 27%6]' ] + ZiZi+1
(28)

Step n. Let z, =z, — an—1, Zn can be written as

Zn = [n(@) 4+ gn(@)[m(t) + O(@)]u — gn(@)[m(t) + o(2)]x

banh(§) + . (2)m(t) + 6@

_dn—l
(29)
Choose Pn(m,Zn-1,p + an-1) =

an-1)[m(t) + ¢@n—1,p + an-1)]""
function candidate

9o @n-1,p +
and the Lyapunov

Vi :Vn71+/ ( Tn-1, p+an 1)dP + o an on+
1o 1. 2 -
~nTph—1~n —1l~n T2
—¢c I's A — —
3¢ Cc+2 ga+ 6—&—2%b

(30)

where I'gn, I'cn, and I'yn are posmve definite matrices, vy,
and 7y, are positive constants. b =b—b with b the estimate
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of b. Define
Afn = gii(w)[m(t) + (@) fulz) —
P, (ﬁzn + anfl)d'ﬁ +
Jo
n—1 1
W [ o e
j=1 0 Ox;

E aPn(ﬁzn +an71) U
ntt Y———F————=d¥ + btanh(—
z m/o B + btan (b)

dnfl

Then we can get

Y (x)
m(t) + ¢(z)
&Trotem + 6" Trte" + 75n5n + 7bl% <
. n b
Vi1 + zn{u + Afp + sgn(zn)b[1 — tanh(1)]}+
0" ;0" + & TN 16T e

5.5, + L5b
Yn Yo

Vi = Voo + zalu+ Afn + | +0" T,0m+

(31)

where the boundary of () described in (6) has been used.
By choosing control signal

U= —QnZn — Zn—1 — 9nT£n — wntanhm—
5 o (32)
~ Z’Vl n A~
Ontanh — sgn(zn)b[1 — tanh(1)]
Tn

with ¢n, 7, and 7, being some positive constants, J, is

~AnT ~
the estimate of &5 = &, + [|0™ |1, wn = [|0" &nlrc” +
~nT ~ “ “ _
16" €0 nll16™ + ||€ne” + €.n67]16™, and the adaptive laws
are

" = Proj[Tonzn (€ — &né™ — €16") — Ron8"]
" = Proj[Cen 2@ — René"]

D>

¢
6" = Proj[Ton2,€/h0" — Ryn6™] (33)
gn = Ynin — Tngn

b= 5[l — tanh(1)]|zn| — r5b

with Rgn, Rcn, and Ry,n» being positive matrices with
proper dimensions, r, and r, are positive constants, and
taking (28) into account with ¢ = n—1, (31) can be rewrit-
ten as
. n )\Irf_iﬂ 5T . )\mjn
2 0 J —1p7 c
L N s ST
j=1

J

)\mjn ) . 1 - 1 n
J ~jTp—1 2

ol &I Fa,o-

&drrte -
C:

1 j — % 1 j — *
5 T, R0’ + ¢ T R+
1 . . 1 1
0TI 'R ;07" + —0;2 + —V*
27 o Ren0 g 0t g,

(34)
with )\g}i“, /\’cr}i“, and /\g’]‘in being the minimal eigenvalues
of Ryj, R, and R,j, 1 < j < n, respectively. At this
juncture, we are ready to give the main result of the paper.

2.3 Main result

The main result is summarized in the following theorem.
Theorem 1. Consider the unknown nonlinear system
(1) which satisfies Assumptions 1~ 3, the designed con-
trol law (32) and the adaptive laws (33), together with the

intermediate variables (15), (22), (25) and the parameter
updating laws (16), (23), (26) in the design steps can en-
sure all signals in the closed-loop system remain bounded.
Furthermore, for any given value €y > 0, the tracking error
21 satisfies limy—oo || 21 [|°< €5.

Proof. Let g, = 9u and §; = @gin for 1 < ¢ < n-—1,
g, = mgni and g, = Mgnu, then from Assumptions 1 and
3, one can get g; ' < g;7'(%;) < g;l forl1 <i<n-1
and g,' < gn'(z)(m(t) + ¢(x))"" < gn_l. Then, from
Lemma 2, it follows

1 -

——2z; < —/ /PPi(i'iflap‘FOéifl)dpv
0

% 1<i<n (35)

It can be concluded from (34) and (35) that

. n zj Am‘in T
Vo < Z[—ngqj/ pP;(Zj—1,p+ cj—1)dp — gTjej X
j=1 0
_ymin o ymin .
l—\—‘10] cJ ~JT1—\—_1~] _ ol ~jTF—_1~g _ 752_
97 72 C i C 72 o G'JU 27] j
1 - ~ 1 P _ ~j*
0+ Y [k(m +75) + 567 T, Rys0' +
Z’yb =1 2
%cj*TFchjcj* + %aj*TF;}RJjaj*Jr
1 *2 1 2
— 5 b < Vi +
2v 7 2m J<—uVnt 6
(36)

)

where p = min{Qquj, g™, Amin s AmInY and 8 = Z[K}(ﬂ'j
j=1

1 B — AJ* 1 j % — j *
+ o)+ 5 T3 Re6 3¢S Rad +
1 Jj*xTr—1 Ed 1 *2 1 2
“o* T R, ;09" + 52 + —b*]. Then £
i i Rsic?" + ; 0;" + 2%b ] en for ¢ > 0,

/3 —pt

Vo S [Va(0) = e 148

"

From Assumption 2, b is a nonnegative bounded constant,
besides, m;, 75, Fe_leej, Fc_lecj, F;leoj, v; and 7y, are all
determined by the designer, so § is bounded and can be
designed as small as possible to obtain the desired tracking

(37)

performance. It can be seen from (37) that z;, él, &, 6" 6
and b are bounded by the set Qs = {(2, él, é 6, SZ,B)|V,L <
max(V;,(0), %)} Thus, it can be deduced that z; 8', &', 6,

0; and b remain bounded for bounded V,(0).

Note that p and [ can be tuned by choosing different
design parameters, then one can always select appropriate
parameters such that for any ¢g > 0, the inequality 8/u <
€2/(2g1) is true. Thus, according to Assumption 3 and
Lemma 2, the following inequalities can be obtained.

1 #1
27 | 4 |I< / pPi(p+yr)dp < Vi (38)
g1 0
From this, we can further get that
Jim | 21 I>< Jlim 26,1 < 2915 <e (39)

This proves that the tracking error can be made as small as
possible by appropriately choosing the design parameters.
So far, Theorem 1 has been proved. O

Remark 2. The control design presented in this pa-
per, compared with the results in [8—12], has the following
advantages:
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1) Unlike [8—12] where n is considered only as a
disturbance-like term, we further treat n as the sum of a
nonlinear term and a disturbance-like term ¢ (z), where the
nonlinear term can be approximated by fuzzy logic system
together with the unknown system functions, and the upper
bound of ¢ (z) is smaller than that of 7, so the control effort
for dealing with the disturbance-like term will be smaller
than that of controller, which is designed by treating 7 only
as a disturbance-like term.

2) The robust control against the disturbance-like term
can be designed with neither the bound of m(t) 4+ ¢(z) nor
the bound of b, while the existing methods require at least
one of them.

3) The considered system (1) is more general than that
n [8—12], since there are unknown nonlinear functions in
the dynamics of each z;, 1 < ¢ < n. Furthermore, a new
dead-zone model is proposed, which is time-varying and
perturbed. The new dead-zone is more complicated, for
which the existing methods are not applicable.

3 Simulation example

We consider a dead-zone nonlinear system as follows:

21 = fi(z1) + g1(z1)z2
2 = fa(x) + g2(x) 2 (u)

y=x

(40)

where fi(z1) = 0.5z%, fo(x) = z122—2, g1(z1) = 1+0.127F,
g2(x) = 2+ cos(z1z2). Z(u) is defined as (2) with m(t) =
1.25e(7091)  4(x) = 0.1sin(z1), and b = 10. The reference
signals are generated from the following system:

i‘rl = Tr2
Fro = —xp1 + 0.001(1 — 221) 2 (41)
Yr = Tr1, 1=1,2
The initial conditions are chosen as z,.(0) = (1.5,0.8)T

z(0) = (0.5,2)T. Two fuzzy logic systems with 11
fuzzy rules for each one are used as approximators in
the backbtepplng design.  The initial estimate values
are 9'(0) = 6°(0) = 0 € R, &'(0) = &(0) =
(_103 _8a _67 _47 _27 07 2) 47 67 8? 10)T7 &1(0) = &2 (0) =
0.5I1; with I;; a unit column vector in R, 51(0) =
52(0) = 0, b( ) = 1. The design parameters are chosen
as 91 = 1 C = 10 0' = 05, qi = 15, ng = 1.5[11><117
Fci = 1.5[11><117 Fo.z = 1.5.[11><117 Rgi = 0.1.[11><117 Rci =
0.1111x11, Rgi = 0.1111x11, where I11x11 is the unit ma-
trix, v = 1.5, r, = 0.1, my, = 0.5, 7, = 0.5, for i = 1,2,
Yo = 1.57 rp = 0.1.

The simulation results are shown in Figs. 1 ~ 3 where the
output tracking, the control output of the controller, and
the control input of the plant are plotted, respectively. In
order to show that the proposed scheme is less conservative
by specially treating the dead-zone nonlinearity, we also
design a controller where 7 is viewed only as a disturbance-
like term. The input and output of the dead-zone actuator
are plotted in Figs. 4 and 5, respectively, it is obvious that
the control is more conservative than that illustrated in
Figs.2 and 3.

Remark 3. As there are three parameter vectors need to
be updated online in each approximator, computation bur-
den may be heavy when the controlled system is of higher
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Fig.5 The output of the dead-zone actuator 2(u) driven by
the controller which is designed by viewing 7n as a
disturbance-like term

order and the fuzzy approximators have lots of rules. Gen-
erally speaking, more rules lead to a better approximation
to unknown function, as well as heavier computation bur-
den. So, there is always a tradeoff between number of fuzzy
rules and control performance in existing method. In this
paper, however, additional control is employed to compen-
sate approximation error, which leads to a good control
performance with few rules in the approximators. Also,
because few rules are needed in our design, the online com-
putation burden is not heavy for general systems and the
controller can be achieved timely for application. We have
tested the time needed for realizing the controller of exam-
ple in Matlab, it is 0.16s. The computer used is Pentium
4 with 2.93 GHz CPU and 512 MB RAM.

4 Conclusion

In this paper, a class of unknown nonlinear systems with
time-varying and perturbed dead-zone inputs has been suc-
cessfully controlled by an adaptive fuzzy control scheme.
Since the system considered are not restricted to be feed-
back linearizable, backstepping technique is employed to
obtain the controller step by step. In each step, a nonlin-
early parameterized fuzzy logic system is used to approx-
imate the packaged unknown function because there is no
much a priori knowledge about the fuzzy membership func-
tions. Adaptive laws are given based on Lyapunov stability
to update the parameters online, so that the tracking error
can be made as small as possible. The dead-zone width
is estimated explicitly, thus the control scheme has the ca-
pability to adapt to the width of the dead-zone actuator.
By specially treating the dead-zone characteristic as a per-
turbed linear-like term, a nonlinear term and a disturbance-
like term, the robustness of the system is achieved by less
control effort. It is proved in theory and shown in simula-
tion that the closed-loop system is stable and the output
tracks the given reference signal satisfactorily.
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