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

LI Ping' YANG Guang-Hong'

Abstract 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 efforts. Backstepping technique is employed to get the adaptive fuzzy controller for the considered
unknown nonlinear system with triangular structure. Nonlinearly parameterized fuzzy logic systems are used to design the control
scheme which ensures the stability of the closed-loop system and satisfactory tracking of the output to the given reference signal. A

numerical example is included to show the effectiveness of the approach.
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Dead-zone nonlinearity is ubiquitous in many of practical
systems, for example, some mechanical and electrical com-
ponents like valves, DC servo motors and so on are all with
dead-zone inputs. The existence of such a non-differential
nonlinearity has caused much difficulty in control design
since the dead-zone parameters are unknown in most cases.
As it may cause severe deterioration of the system perfor-
mance and serious problem in high precision control, many
efforts have been made to deal with dead-zone nonlinearity
for various systems.

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 rude knowledge of the dead-zone
characteristics; and the third one models the dead-zone as
a combination of a linear term and a disturbance-like term,
then robust control technique can be used to obtain the
required control performance. The first approach is intu-
itional for control design and will be effective if the dead-
zone parameters are all known. Though successful control
was obtained in [1] for linear systems and in [2] for some
nonlinear systems, it is assumed that the dead-zone pa-
rameters are constants. The approach based on fuzzy rules
was used to control some mechanical systems in [3] and [4].
However, it depends much on the experiences of operators
or experts, when no good rules can be acquired about the
dead-zone nonlinearity, this method will not be feasible.
The existing results using the third method®~° employed
the upper bound of the disturbance-like term to achieve ro-
bustness of the system. Though satisfactory performance
was obtained, such design is conservative to some extent.

The above mentioned results assumed that the sys-
tems under control are well-known, but in many practical
systems, the dynamics of the system are not completely
known. Since Wang'” proved that adaptive fuzzy sys-
tems are universal approximators, many control strategies
have been proposed for unknown nonlinear systems based
on adaptive fuzzy approximation[11_15]. These results were
obtained with the restriction that the system is feedback
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linearizable. For systems without this restriction, the au-
thors of [16-18] employed backstepping technique to devel-
ope adaptive fuzzy tracking control for single-input-single-
output (SISO) systems!*%17 and multiple-input-multiple-
output (MIMO) systems!'®!| respectively. Though many
complicated nonlinear systems have been studied in the
existing works, so far there is no result on control of
non-feedback-linearizable unknown systems with perturbed
dead-zone inputs to the best of our knowledge.

This paper proses a control scheme for unknown non-
linear systems with dead-zone inputs. The considered sys-
tems are general as they are not required to be feedback
linearizable. more general for the matching conditions are
not required for the system functions and the nonlineari-
ties in the controlled plant are all unknown. Actually, ac-
tuators are not strictly linear even without dead-zone, but
may be perturbed or vary with time. We give a dead-zone
model which possesses time-varying and perturbed actua-
tion 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 un-
known and estimated explicitly by an adaptive law, so the
control scheme has the ability to adapt the uncertainties of
the width caused by circumstance changes. The unknown
functions in the design are approximated by nonlinearly pa-
rameterized adaptive fuzzy system, backstepping technique
is employed to derive the controller. The proposed control
scheme can guarantee the stability of the closed-loop sys-
tem and satisfactory output tracking to the given reference
signal.

The rest of this paper is organized as follows. Section
IT formulates the problem first. Section III introduces the
proposed adaptive fuzzy control scheme in detail. In Sec-
tion IV, a simulation example illustrates the effectiveness of
the control scheme. Finally, Section V concludes the paper.

1 Problem Formulation:

Consider the following nonlinear plant

s = fi(®:) + gi(@i)rit1 1<i<n-—1
Tn = fn(in) + gn(a_:n)—@(u) (1)

Yy=x1

where x1, x2, ---, z, are the states of the system which
are available, Z; = (z1, - -, xi)T, and £ = Z, =
(z1, -+, xn) € U C R™ is the state vector, U is a com-
pact set in R"™. y is the system output, u; is the designed
control law, and Z(u) is the output of the actuator with
dead-zone characteristic to the plant. The nonlinear func-
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tions f;(Z;) € R and ¢;(Z;) € R with ¢ =1, ---, n are
unknown but smooth.

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

(m(t) + ¢(@))(u—b) u=b
D(u)=4¢ 0 —b<u<bd (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 exit constants m and m satisfy
0<m<m(t)+ o) <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 rewritten the dead-zone char-
acteristic as

P(w) = (m(t) + 6(2))u + 1(z, u,b) 3)
with n (short for n(z,u,b)) defined as
(mgt) oE)b u>b
)+

)
n=4q —(m@)+o@)u
(m(t) + o(2))b

We further treat n as the sum of a hyperbolic tangent func-

tion and a disturbance-like term which is bounded. That
is

—b<u<b (4)
u<b

0 =—(m(t) + 6(z))btanh(; p) TY@) ()

where () satisfies

V@) =+ (o) + s@tanh()
< [m(®) + o@)bl1 — tanh(1)]

Then from Assumptions 1-2, it is obvious that () 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 y.(t) as
closely as possible though the nonlinearities of the system
are unknown and the actuator are with the time-varying
perturbed dead-zone characteristic described by (2).

2 Adaptive Fuzzy Control Design

2.1 Preliminaries

In this section, a new adaptive fuzzy control for system
(1) will be presented in detail. Because 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 1.0 For any given real continuous function
F(z), on a compact set @ C R", there exists a fuzzy logic
system Y (z) = 0T§(:L') such that Ve > 0,

sup |F(z) —0"€(z)| < ¢ )

zEQ

where § = (01,02, - ,9M)T is the vector of connection
Weightsz andg(m) = ("Sl (1’), &2 (I), t 7€M (x))T is the vector
of fuzzy basis functions, M is the number of fuzzy rules.
One can refer [11] for more details.

In most existing designs, the fuzzy basis functions are
assumed 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 x; in the jth rule can be defined by

/“LAji(xi) _ e*[ﬁji(fﬂi*ﬂji)lz
with o;; and cj; unknown to the designer. This is the case
considered in our design. We choose the fuzzy basis func-
tion for j rule as

g]‘(f:kvcﬁaj

k

)= Hlu’qu‘,(xi) (8)
=1

where ¢; = (cji, ¢, Cyk) » 05 = (051,052, o) "

with 1 < k < n. Denote ¢ and o are the corresponding

vectors of ¢; and o in the ith step design, and 0] is the

connection weight of the jth rule in step ¢. Supposes there
are M, rules in the ith step design, define parameter vec-

tors 0 - (9 9%7 . 0}\/[1)T> ci = (c’iT7c%Ta e 7C§\JiT)T
g = (ot ,aéT,--- ,af\/[iT)T, where 1 = 1,2,---
sponding to n step backstepping design respectively. 6",
¢ and 6 denote the optimal parameters which minimize
the following expression.

and

, M corre-

sup |F'(z) — 0' {(x,ci,ai)
zcU

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 2.8 Let Pz, x2, -, z,) be a real-value con-
tinuous function and satisfy 0 < am < P(z1,22, - ,Zn) <
an with a,, and apar being two constants. Define functions
V(t) as follows:

V(t) = Z(t) pP(z1,22,- -
+ﬁ( )s Tt 1,77

y Lhk—1, P
, Tn)dp

where z(t) and ((t) are real-value functions with ¢ € [0, c0).
Then the integral function V() has the following proper-
ties.

%amz2(t) <V() < %aMz2(t)

iv(t) = Z(t)P(‘T17:1227”' 7xk717z(t) +/8(t),Ik+1,"' ’
230 4 P2,k 1,
2(t) + B(t), Trp1, o wn) + 22() 110
i=1,i#k
ii(t)£P($1,$27~ Ly Tk—1,%7 (t)+ﬁ(t)7:rk+17
2)]d0 — 2(t)B(t) [} Pla1, 22,
92() Bt )793k+17 o an)do

The proof of Lemma 2 can be found in [18].

» Th—1,
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Lemma 3. For any € > 0 and any g € R, the hyperbolic
tangent function fulfills

0<|q|— qtanh(g) < ke
€

where  is a constant that satisfies k = e~ (**t1

0.2785).

The proof of Lemma 3 is omitted for space limitations.

Assumption 3. For system functions g;(Z;) (1 < ¢ <
n), there exist positive constants g; and g,such that g; <
|9:(@:)] < 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 6, ¢ and &° that
10700 < 0%, |Ic']lco < & and || < & for i = 1,2,---,m,
where || - ||oO denotes the infinite-norm of a vector.

(ie.r =

2.2 Control Design

1)Step 1. Define z1 = 21 — y», then

= fi(Z1) + g1(Z1)z2 — Yr 9)

Consider a Lyapunov function candidate as

1T ~1 5 L
= [ pPi(p+yr)dp+ 30 T,'0 + 2T e+
15177151 )
yo + —5
(10)

where Pi(p + ) = g7 (p + ur), To1, Tox and T'p1 are
positive definite matrices with proper dimensions, v is a
1

_01*7 El — él _cl*

A1 R . y

with 8, & and 6! are the estimates of ', ¢
and a'*, respectively; §; = 01 — 67 with §7 defined later, &,
is the estimate of 47 .

From Lemma 2 the derivative of Vi is

~1 ~ ~
positive constant, 8 = 0 and 6! =

1

~1
&l _ o

zlyr fo Py (921 + y,)dY
1
7 6151

Vi = Z1gl Z1 + yrzlgl

+0 F 101 +ClTF C +01T1—\ 12 1

=2z (IQ + Af1) + 0 Fellol ClTl_‘Cllcl
FETTE + L6

(11)

where Afi = g7 (x1) fi(x1) — 9 fol Pi(9z1 + yr)dY. Ac-
cording to Lemma 1, for a glven €1 there exists a fuzzy
logic system Gl*Tf(:z: c'*, o) such that

Afl _ 01*T€($1701*,0'1*) +€1(£E1,Cl*,0'1*)
=0 —(0"E —0VTE™) 4 ey (a1, o)
(12)

with e1(z1,¢'*,6'*) being the approximation error and

-1
lei(z1,e',6™)| < e1, € = &(z1,¢',6") and € =

£(zr,c'", o).
~ 1
Define that &7 = e1 + [|0"*]|1, £, = 2ELLo) | (¢! =
~ 1 1
éo' =6 and €, = % | (¢! = é&'o! = &)

Then by Taylor series expansion of £'* at (&',6"),

one has

£1+01*T£-/ ~1 +01*T€ 6'17
€407 +0 ¢, —
1

(5 —Ee - 40 0

-9
+é (é— 1CI*+§ a_l*) ol*T ()
=0TE — -6 +0 ¢, al+e e st 10
Aélc 01*T§/ ~1 01*T£/ ~1 +0 § 0.1* ol*T
5/ +01*T€ ~1+01*T(§1 g f é —52,15'1)
=07 € — e - o) 10 e 166
+0 (fél 1*+é;10_1*)701*T(£/ A1+£ 6’)
ol*T(él 51*)
TE-e, él—ﬁ 6 +0"¢e +0E e 0"
cllll 116" €L [1a" + [1€ae + €161 18" + 16" 1
(13)

51
where o(-) = o(z1,&",6"), and || — £€"||ec < 1 is used.
According to (13), (11) can be rewritten as

Vl = Z1[.%‘2 —‘rélTél +€1($1,Cl*,0'1*) —6

AT ~ I ~1T  »

—&.0)—6 (s'lawg'l&l) 0 (Eac™ +En
0_1*)+01=«T (CCI cl 6’1)]+0 F 101 lTl—\;l 1
+67r l6t + -+ 5101

<21[$2+91T€1*é1T(§ —&het —¢6h)

—0' (L8 +E,6M)] + |mw| + [2167] o' r-lel
+61TF611 1 +0.1TF610, + «,11 51(51
(14)

A1T 4 A1T 4 . _
wherewy = 07 & [het +[16° & [ho! +[I€a e +E:67 10"

Choose the virtue control variable oy as

o1 = —qiz1 — élTél — wltanh(zlwl) — gltanhzlél (15)
1 T1
where ¢1, m1 and 71 are positive constants.
9 PT’Oj[Fngl(él —élé —EA;l&l)—Rglél]
é = PTO][F 12151T0 — Rclé ] (16)
ol = Proy[Falzlg 0 — R,16"]
5 Y121 — 1161

where Rg1, R.1 and R,1 are positive definite matrices with
proper dimensions, r1 is a positive real constant. Proj[] is
the projection operator to ensure that [|6*]|cc < 87, ||¢*[|co <
¢’ and ||0‘i||oo < giforl<i<n. Let zo = x2 — 21, the
following inequalities can be obtained.

Vi< —quzt+ 2122 + |z1(§1| — zlgltanh(zlal) + |z1w1 |
—zlwltanh(zl“’l) — 19 F 1R910 + IHI*TF;I
R910 — 1T R + %CI*TI\ TR el — éleT
I [R,6' +_ 30 T Rie' — S67 + L7

< —qlz% 7191 — Eéwf o é!
%”TP_I t— —61 + 2122 + K(m1 + 71)
01*TF 1R910 + LTI R et

+ 1*TFU1R ol + 3“ 512

(17)

where Lemma 3 has been used, )\mm, znlm and are

the minimal eigenvalues of Ry1, R.1 and R,1, respectively.

)\min
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2)Step 2. 6" = Proj[Ty:zi(€' — é;,-éi —€.6") — Ryib']
— — . X == P ] i A9 A,FLFAZ (3 &t
22 = fo(Z2) + g2(Z2)z3 — A1 (18) roj[leizifei @ — Reit'] (26)

Then take a Lyapunov function candidate as

Vo =Vi+ [)? pPa(z1,p+on)dp+ 3 19° F 9+ (19)
IQTF12+§2TF20'+2 52

with Pa(z1, p+a1) = g5 ' (z1,p+ 1), [p2, [z and I',2 are
positive definite matrices with proper dimensions, s is a

02*7627A2 2% ~2 ~2 2%

e 72 A
positive constant, § =0 — =¢"—c,6°=6"—0

and 52 = 82 — 05 respectively.

Vo=Vi+ 229y “20 4 Q1zagy b — 2200 fol Py (922 + a1)dd
+ iy [ 920zt gy 1 62T )67 1 T T
I &le—\fl 52 1 5252
= V1 =+ 22(1’3 =+ Afz) + 0 F 102 +62TF;21é2
+0’2TF 20‘ + L 5252
(20)

where Afy = g;l(£2)f2(£2) — fol P2(1922 + a1)d'§ +
Z2%1 fol 0%@&9. As in step 1, A fs is approximated
by a fuzzy logic system, and following similar manipulation
as (13), one can get

92 é2_02*T€2*
<6 —Eczc — 8,67 407 L 107 L5 1167
39 e +|I0 £2||10 + [|€26 + € 267116 + 6% |1

(21)

83, €5, €, and wo are defined similarly to 47, 521, é;l and
w1 respectively, with subscript 2 instead of 1. Design

Q2 = —(q2z2 — 21 — 92T£2 — wgtanh(z 2002 ) — bata nhz—(32
T T2
(22)

0> — PTO][F9222(€ - 5' & — 5;262) - R9292]
& = Proj .2 225620 — R.2&%

. < (23)
&% = Projll,222€/50° — R,267]
02 = 7222 — 202
Then (20) can be rewritten as
2 min _p /\:Lm T
2[ jz; — ~%4—60T,'6 T e
- A"” T 67 — 5 62 k(5 + 75) (24)

IGJ*TF_leje + 1 J*TI-\—IRCJCJ*

l J*T 1 VES 1 *2
+20 FUR]U +2’y§ }4’2223

3)Step i. (3< i< n-1) Let z; = x; — aj—1, and design

~iT ~d 5
zi—1—0 fl — wztanh e tanh
T Ti

(25)

Oy = —(QiZi —

PTO][FG;ZZEITO
S—'ylzl 7"261

01&7:}

Then the Lyapunov function
Vi=Via +f0 pPi(Zi-1, p+ozz Ddp + 10° I‘_10 +
1 ZTF &t +10_'LT1—\ gt +752
(27)
satisfies the following inequality when taking its derivative

nz in min

A N

Vi < Z[—%‘ZJQ' -
Am?’n

el 6T 67 — S (52+l€(ﬂ']+7’])+

loj*Tl-\ IRQJG + 107*TF 1RCJCJ +
U]*Tl—\ 1R 0_]* 1 . 5*2] + ZiZit1
Vi

FTT e -

(28)
4)Step n. Let 2z, = &n — @n—1, 2 can be written as

in = [n(@) 4 gn(@)[m(t) + G(@)]u — gn (@) [m(t) + $(z)]

btanh(¥) + g (@)[m(t) + ¢(@)] 5D

O te@ — On-1

(29)

gn @En1,p +
and the Lyapunov

Choose Pn(m,Zn-1,p + an-1) =
an—l)[m(t) + ¢ @n-1,p + an—l)]_l
function candidate
Vn— n 1+f0 PP mxn 1,P+06n 1)dp+10 F@_n
6" + ieMrLle 4+ 6™ e + —62 + 2—b2
o

(30)

where I'gn, I'cn and I'yn are posmve definite matrices, v,

and ~, are positive constants. b = b— b with b the estimate
of b. Define

Afn = gn" @)[m(t) + 6(@)] " fu(®) — o L P02
+Oén—1)d19+zn Z j;j f()l Mdﬂ
Jj=1

oz ;
+ 2o [ 92 tean 1) 4y 4 btanh(u/b)

Then we can get

Vn = Vn_1+ 2n [’LL =+ Afn 7m(2§fd)>(:c)} + 9 anlen
+& T e + 67T 6" + 15,6, + bb
< Vs —|— zn{u+ Afn + sgn zn)b[l - tanh(l)]}
+0 anlan nTFCnC +o,nTF 1A n
a1 1
Yn 6”6" + Vb bb
(31)
where the boundary of ¢(z) described in (6) has been used.
By choosing control signal

~nT ~n
— _ _ _ EnWn
U= —Qnzn — 2n—1—0 & wntanh —

— 5ntanh%
— sgn(zn)b[1 — tanh(1)]

(32)

with ¢n, ™. and 7, being some positive constants, Sn is
AnT ~
the estimate of &5 = &, + [|0™ |1, wn = 0" &n|rc” +



No. X

LI Ping and Yang Guang-Hong: Preparation of Papers for Acta Automatica Sinica 5

||énT£;n 16"+ ||Ene" +E,n6™]|10", and the adaptive laws
are

0" = Proj[Tonzn(€" — €né" — €,n6™) — Ron8"]

¢" = Proj[len znégen — Rcné"]

6" = Proj[Tonznéh6" — Ryné™ (33)

6n - ’Ynzn - Tn(sn

b= Y[l — tanh(1)]|zn| — ryb

with Rgn, Rcn and Rs» being positive matrices with proper
dimensions, 7, and r, are positive constants, and taking
(28) into account with ¢ =n — 1, (31) can be rewritten as
. n Amin ~iT _1~j )\mzn . s
Vi < _Zl(—quf- -0 1,0 - 5T ¢
‘]: .
_ e ST g 12 Ly S [
2 0 1,0 27, % T 2, ) 1“ 5
j=
. ~ % . .
1) + 50T R0 4 e T Rl
+ 50']* Fcrj Ro.jO'J* + Wéﬂ* + ﬁb ]
(34)

with A\J5"", A" and A”%" being the minimal eigenvalues
of Ryj, R, and R, j, 1 < j < n, respectively. Then it is
ready to give the main result next.

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 control
law (32) and the adaptive laws (33), together with the in-
termediate variables (15), (22), (25) and the parameter up-
dating laws (16), (23), (26) in the design steps can ensure
all signals in the closed-loop system remain bounded. Fur-
thermore, for any given value e¢p > 0, the tracking error z;
meets tlim | 21 I’°< €§

Proof. Let g, = gil and g; = @iy for 1 < i < n —1,
g, = mgn and g, = Mgnu, then from Assumption 1 and
Assumption 3, one can get g; ! < g7 (%) < gi_l for 1 <
i<n—land g, <g,'(@)(m(t)+¢()) <g =" Then,
from Lemma 2 it follows

1

—gzi < —/ pPi(Zi—1,pt+ai—1)dp 1<i<n (35)
I 0

It can be concluded from (34) and (35) that
. n 2 _ )\g;in ~5T
Vn < _Zl[_ngQj fo pPj(Zj—1,p+ aj—1)dp — -0
5=
_1ad )\7Cn;1m,~'T e
[0 — =" T;¢ —

— L1)2] —+ Z [H(ﬂ'j + ’Tj) + %Gj*TP;leejé]*
j=1

AT 1~ 1 %2
oi _miTp—1sj _ .
2 o Foj o 2"/]‘ 6]

27
+ 3¢ T R.;¢" + 367 "'T /R, ;07"
+ ié}*z + ﬁbz]
(36)
where p = min{Qquj, )\g;i", Azr}in, /\;”,m} and 8 =
Z?Zl[lﬁ(ﬂ'j + Tj) + %Bj*TF;jIRméJ* + %cj*TFc_lecjcj* +

%a’j*TF;leojaj* + %jéf + ibﬂ. Then for t > 0

ﬁ —pt é

Vo < [Va(0) - 1 ]+ " (37)

From Assumption 2, b is a nonnegative bounded constant,
besides, m;, 7;, I');' Rgs, I ' R.5, T R,5, ~; and ~, are all
determined by the designer, so 8 is bounded and can be
designed as small as possible to obtain the desired tracking

performance. It can be seen from (37) that z;, él, &, 6" 6
and b are bounded by the set Q. = {(2:,0',&,6",8;,0)|Vy, <

A1

max(V,(0), %)} Thus it can be deduced that z; 8 , &, 6",

0; and b remain bounded for bounded V4, (0).

Note that p and 8 can be tuned by choosing different
design parameters, then one can always select appropri-
ate parameters such that for any ¢y > 0, the inequality
% < €4/(2q1) is true. Then according to Assumption 3 and

Lemma 2, the following inequalities can be obtained.
1 2 ot
o 10 [T on < 3)
g1 0

From this, we can further get that
) 2_ g o _B_ 2
tlzm |z |I°< 1tlzm 21V1 <2g1= < ¢ (39)
—00 — 00 u

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. a
Remark 2. Compared with the existing methods [8-12],
the control design presented in this paper has the following
advantages:

1) Unlike [8-12] where 7 is considered as a disturbance-like
term, we further treat n as the sum of a nonlinear term
and a disturbance-like term 1 (z), where the nonlinear
term can be approximated by fuzzy logic system together
with the unknown system functions, and ¥ (x) has smaller
upper bound than 7, so the control effort needed to
eliminate the disturbance-like term will be smaller than
the one that treats n totally as a disturbance-like term;

2) The design of robust control against the disturbance-
like term can be designed with neither the bound of
m(t) + ¢(x) nor the bound of b, while the exiting methods
need at least one of them;

3) The considered system (1) is more general than in
[8-12], since there are unknown nonlinear functions in the
dynamics of each x; 1 < i < mn. Furthermore, the con-
sidered dead-zone model in this paper is with time-varying
and perturbed slope which the existing methods cannot be
applicable.

3 Simulation Example
We consider a dead-zone nonlinear system as follows.
1 = fi(z1) + g1(z1)22

T2 = fa(x) + g2(x) D (u) (40)
y=1x

where fi(z1) = 0.523, fo(x) = 2122 —2, g1 (1) = 140.123,
g2(x) = 2 4 cos(z122). Z(u) is defined as (2) with m(t) =
1.25¢(7001) " g() = 0.1sin(z1), and b = 10. The reference
signals are generated from the following system:

Tr1 = Tp2
g = —ar1 + 0.001(1 — 22,) 202 (41)
Yr = Trl, 1=1,2
The initial conditions are chosen as z,(0) = (1.5,0.8)7,
z(0) = (0.5,2)T. Two fuzzy logic systems with 11
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fuzzy rules for each on are used as approximators in
the backstepping design. The initial estimate values
are 9'(0) = 6°(0) = 0 € R, &'(0) = &(0) =
(—10,-8,—-6,—4,-2,0,2,4,6,8,10)7, 6'(0) = 6%(0) =
0.5I1; with I;; a unit column vector in R, 51(0) =
62(0) = 0, b(0) = 1. The design parameters are chosen
as 0" =1, ¢ =10, 8° = 0.5, ¢ = 1.5, Typi = 1.5011x11,
Fci = 1.5]11><117 ng = 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 Ty = 0.1.

Output tracking

5
time(s)

Fig.1 The output tracking curves of the dead-zone control:
y-(dash), y(solid)

Input of deadzone control
o
7

) 1 2 3 4 5 6 7 8 9 10
time(s)

Fig.2 The control input of the dead-zone actuator u

Onput of deadzone control

o 1 2 3 4 5 6 7 8 9 10
time(s)

Fig.3 The output of the dead-zone actuator Z(u)

40

301

20

10

Comparison of deadzone input
=)

time(s)

Fig.4 The input of the dead-zone actuator u from the
controller which is designed by viewing n as a disturbance-like
term totally

40 T T T T

201

10

Comparison of deadzone output

time(s)

Fig.5 The output of the dead-zone actuator 2(u) driven by
the controller which is designed by viewing 1 as a
disturbance-like term totally

The simulation results are showed in Figs. 1-3 where the
output tracking, 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 treat the dead-zone nonlinearity, we also design a
controller where 7 is viewed as a disturbance-like term to-
tally, and the input and output of the dead-zone actuator
are plotted in Figs. 4-5 respectively, it can be seen obvi-
ously that the control is more conservative than the ones
in Figs. 2-3.

Remark 3. The proposed control approach needs a
fuzzy approximator in each design step, so the computa-
tion burden may be heavy when the controlled system is
high-order and the fuzzy logic systems have lots of rules.
Generally speaking, the more fuzzy rules can lead the more
exact approximation to the unknown functions. Therefore,
the number of the fuzzy rules should be made as small as
possible on the premise that the desired control can be ob-
tained. As additional control is employed to compensate
approximation error, few rules are needed for each fuzzy
approximator to get a good control performance. Then
the online computation burden can be reduced so that the
controller can be achieved timely for application. We have
tested the time needed for realizing the controller of Exam-
ple 1 in matlab, it is 0.16s. The computer we have is with
Pentium 4, 2.93 GHz CPU and 512 MB RAM.
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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 apriori 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 ability
to adapt the width of the dead-zone actuator. By specially
treating the dead-zone characteristic as a perturbed linear-
like term, a nonlinear term and a disturbance-like term,
the robustness of the system can be achieved by less con-
trol efforts, thus the control law obtained is less conserva-
tive. It is proved in theory and showed in simulation that
the closed-loop system is stable and the output tracks the
given reference signal satisfactorily.
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