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Adaptive Fuzzy Control for a

Class of MIMO Nonlinear
Systems with Unknown

Dead-zones

ZHANG Tian-Ping! YT Yang?!

Abstract A design scheme of adaptive fuzzy controller for a
class of uncertain MIMO nonlinear systems with unknown dead-
zones and a triangular control structure is proposed in this pa-
per. The design is based on the principle of sliding mode control
and the property of Nussbaum function. The approach does not
require a priori knowledge of the signs of the control gains and
the upper bounds and lower bounds of dead-zone parameters to
be known a priori. By introducing the integral-type Lyapunov
function and adopting the adaptive compensation term of the
upper bound of the optimal approximation error and the dead-
zone disturbance, the closed-loop control system is proved to
be semi-globally stable in the sense that all signals involved are
bounded, with tracking errors converging to zero.

Key words Dead-zone, fuzzy control, adaptive control, sliding
mode control, Nussbaum function

1 Introduction

Dead-zone is one of the most important non-smooth non-
linearities in many industrial processes, which can severely
limit system performance. Thus the study of dead-zone
models involved has been of great interest to control re-
searchers for a long time’™%. An immediate method for
the control of dead-zone is to construct an adaptive dead-
zone inverse?.  Continuous and discrete-time adaptive
dead-zone inverses for linear systems with unmeasurable
dead-zone outputs were built, respectively. The work done
by [3] continued the above research and an asymptotically
adaptive cancellation of an unknown dead-zone achieved
under the condition that the output of a dead-zone was
measurable. In [4], giving a matching condition to the
reference model, an adaptive controller with an adaptive
dead-zone inverse has been introduced. In addition, a new
adaptive control approach was studied without construc-
ting the inverse of the dead-zonel®.

In recent years, the analytical study of adaptive nonlin-
ear control systems using universal function approximators
has received much attention(®~'%. Typically, these meth-
ods use fuzzy logic systems and neural networks as approx-
imation models for the unknown nonlinearities. In [8], the
approach was able to avoid the requirement of the upper

Received August 28, 2005; in revised form May 16, 2006

Supported by National Natural Science Foundation of P.R. China
(60074013), the Foundation of the Education Bureau of Jiangsu
Province (KK0310067&05KJB520152), and the Foundation of Infor-
mation Science Subject Group of Yangzhou University (ISG 030606).

1. Department of Computer, College of Information Engineering,
Yangzhou University, Yangzhou 225009, P.R.China 2. Research
Institute of Automation, Southeast University, Nanjing 210096,
P.R. China

DOI: 10.1360/aas-007-0096

© 2007 by Acta Automatica Sinica. All rights reserved.



No. 1

ZHANG Tian-Ping and YI Yang: Adaptive Fuzzy Control for a Class of MIMO Nonlinear Systems - - - - - - 97

bound of the first time derivative of the control gain by
using integral Lyapunov function. The problem of adap-
tive control for a class of MIMO nonlinear systems with a
triangular structure in control inputs was discussed in [9)].
Furthermore, two design schemes of adaptive controller for
SISO/MIMO uncertain nonlinear systems were proposed in
[11, 12], and ensured tracking error converged to zero. In
[13], the problem of direct adaptive fuzzy control was stud-
ied for a class of MIMO interconnected systems with known
gain signs and without dead-zone inputs. Nussbaum func-
tion was introduced in [14]. The Nussbaum gain technique
for coping with the unknown sign of the function control
gain was employed in [15].

In this paper, we consider a class of uncertain MIMO
nonlinear systems with both unknown dead-zones and un-
known gain signs. Based on the intuitive concept and the
piece-wise description of a dead-zone model, a robust adap-
tive sliding mode control is introduced. Compared with the
above mentioned references, our controller design approach
has four features: 1) The approach does not require the bor-
ders of dead-zone model parameters to be known; 2) Based
on the approximation capability of the fuzzy logic systems
and the property of Nussbaum function, the signs of the
function control gains may be unknown; 3) The adaptive
compensation term of the optimal approximation error is
adopted to minimize the influence of modeling error and
parameter estimation error and ensures that the tracking
errors converge to zero; and 4) Jittering can be eliminated
by smoothing out the discontinuous sign function.

2 Problem statement and basic assump-
tions

Consider a class of uncertain MIMO nonlinear systems
with dead-zones and a triangular control structure in the
following form.

:t1j = x17j+1,j=1,~~~,n1—1
Tiny, = fi(@) + bu(@)wi(t)
Ty = Tigr,j=1,---,ni—1
Ein, = fi(@) + bir(@)w1(t) + biz(z)w2(t)
+ F b1 (@) wi—1(t)
+bii(x1,$2, e 7xl)wl(t)77‘ = 27 e, Mm
Yyir = Ti1, " Ym = Tml
) 1)
where z = (z{,z3, - ,%,) € R" is the state vec-
tor, x; = (i1, - ,xin,)", n = dS.m; wi(t) € R
i=1
is the output of the dead-zone model with the in-
put vi(t) € R, y; € R denotes the system out-
put; fi(zx),- -, fm(z) are the unknown continuous func-
tions;  bi1(x1), b21(x), ba2(Z2), -+ ,bm1(Z), -+, bm,m—1(x),
bmm(Zm) are the unknown control gains, Z; =
(mrlrvmga"' 7xZT)T'

The dead-zone model with input v;(¢) and output w;(t)
is described as follows.

wi(t) = Di(vi(t))
Eir (vi(t) — bir), for vi(t) > bir
0, for by < vi(t) < by (2)
ki (vi(t) — by), for vi(t) < by

The key features of dead-zone in the control problem inves-

tigated in this paper are

Assumption 1. The dead-zone output w;(¢) is not
available for measurement.

Assumption 2. The dead-zone slopes in positive and
negative regions are the same, ki, = ki = kj.

Assumption 3. The dead-zone parameters b;,, bii, k;
are unknown bounded constants, but their signs are known,
ie. bir >0,b; <0 and k; > 0.

Based on the above features, we can redefine dead-zone

model as
wi(t) = Di(vi(t)) = kivi(t) + di(vi(2)) (3)
where
—kibir,  for vi(t) > bir
dl(’l)l(t)) = —k’i’Ui(t), for b; < ’Ui(t) < bir (4)

—k;bi, for ’Ui(t) < by

and |d;(v;i(t))| < pi, pi is an unknown positive constant.

The control objective is to force the system output y;
to follow the specified desired trajectory y;q. Define xiq, €;
and the filtered tracking error s; as

. i—1\T
Tia = (Yid, Yid, " 7.%(3 ))
e = T —Tia=(ei1,€i2, - ,Cin;)
i—1
d n;—1 E
T (E + \) €1 = Z cijeij +ein;  (5)
j=1
where ¢;; = Cg‘li__llA;liij’j =1--,n—1LXA >0is a

positive constant, specified by the designer.
From (1), (3), and (5), we obtain

$1 =

filz) + 71 + b11(z1)k1v1(t) + bii(z1)d1 (vi (L))
$i= filx)+ ; bij (@) Dj(vs) + vi + bis(Ti)kivi(t)

+bii(Z:)d;i (vi(t)), i=2,---,m
(6)
n;—1 (n)
where v; = Y cijeijr1 — yin® .
j=1
In order to design a stable adaptive fuzzy control, we

make the following assumptions.

ASSllmptiOIl 4. 0<bpp < |b” (d_,‘l)| < bi1.

Assumption 5. (i%,ygg“)T € Qg C RMHL,
where b;p and b;1 are known constants; €2;4 is a known
bounded compact set; i =1,--- ,m.

In order to cope with the unknown control gain sign,
the Nussbaum gain technique is employed in this paper. A
function N(c) is called a Nussbaum -type function if it has
the following properties.

1) SETOO sup + [ N(s)ds = +o0; and
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2) hm inf 1 fo ¢)ds = —

For clamty7 the even Nussbaum function N(s) =

2
e* cos((m/2)s) is used throughout the paper.

Lemma 1%, Let V(.),¢(-) be smooth functions de-
fined on [0,tf) with V(¢) > 0,Vt € [0,tf), and N(-) be
an even smooth Nussbaum-type function. If the following
inequality holds.

t
VO <e+ [ GN@+D@r  veeloty) M)
0
where ¢ is a nonzero constant and ¢ represents some suit-

able constant, then V(¢), fo (gN(s) + 1)¢dr must be
bounded on [0, ¢f).

3 Adaptive fuzzy controller design and
stability analysis

3.1 Discontinuous adaptive control law and stability

analysis
Let
i—1
fi(z) + Zlle(x)DJ(UJ)
. . — =
ilz) @]
si — = O |b; @ o+ B)]
+sj/ {U[Z O0xjk Lik+1
0 j=1k=1 J
n;—1 —1/=+
a‘bii (x; :U+ﬁi)|
+ i
2 e

Vi
T E PRl L ®)

where z; = (xTy‘Sh’yivﬁhvly"' 7vi—1)T7 ﬂl = yf;‘lil) -
n;—1
Y Cij€ij, Tjn;4q = &jng, j = 1,---,i — 1. Define the
j=1
compact sets €2, and ., as follows.

Qzl = {($T781,71,ﬁ1)T| x; € QHj?

.]:17 , T, i‘ldEde}
in = {(zT7Si7Wiaﬁi7v17 e 7Ui—1)T‘ T; € Qﬂj7
j=1,---,m, Tpqg € Qa, k=1,--- ,i}

where Q,, will be defined later in Theorem 1,4 =1,--- ,m.

Let h;(2:,6;) be the approximation of the second type of
fuzzy systems on the compact set ., to h;(z;), i.e.

& 2 (zi5—at;)?
ij
ZZ Yi Hl eXp(—m)
—1 j= ij
hi(zi,0:) _ (9)
T el S,
exp(— i3,
=1 j=1 (b3;)2+bo
1 1 M; M;
01' = (yiv'“ayq, blw“'abn+z+2ﬂ“ blzv'“vbn+z+217
1 1 M; o Mi T .
A1is " 5y Qngig2, 45" " A A iy 2, 1) is the ad-

justable parameter vector. M; is the number of fuzzy

rules, by is a positive constant specified by the designer.

Let

Qi = {0 10s]] < Mo, }

0; = hi(z:)]]  (10)

arg min [ sup |h;(2;
g 1€QI[Z7€£ |hi(z:,0:) —

where My, is a positive constant, 91(15) € Q; is the esti-
mate of 8] at time ¢t. Using the Taylor series expansion of
hi(zi,07) around 6;(t), we have

hi(2:,07) — hi(2i,05)
X Ohi(z;:,0; ~
=008 o )
where él(t) =07 féi. Let

1O(16:]°) + hi(zi) — hi(2:,67)]  (12)

0; = max
2,€Q;,,0,€Q;

then §;(¢ = 1,--- ,m) are the unknown bounded constants.
Considering the following control law.

vi(t) = N(s)[kios: + hz(zzyél) + éisgn(s:)]  (13)

G = kiost 4 hi(zi,0:)si + & |si (14)

where N(g;) = e cos ((w/2)s:), kio is a positive constant,

6;,¢; are the estimates of 8] and ¢; = d; + p; at time t.
Adopt the following adaptive laws.
IE 10411 < Mo, or 16 = M,
AL on;(z;,0;
and s;0; % <0

. Ohi(zi,85)
Ni1Si Oél

0; = ) S_Bhi(zi,éi) s 9iéiT 8hi(;i’éi) (15)
Ti1 'LA 36,; Mi1 llléTYHZ 8?1‘ )
if [|8:]| = Mo, and s;8; 211208 > ¢

& = mialsil (16)

where 7,1 and 7,2 are strictly positive constants which de-
termine the adaptive rate.
Define a smooth scalar function as follows.

Si O'
Vi :/ ——do 17
o |bi(ES 0+ 6 an

—+ _ (T T T
where 7 = (x1, - , i1, Ti1, Tiz, - - ).

By second mean value theorem for Integrals, Vi; can
be rewritten as Vi; = s7/2|bi; (2], Missi + B:)| with \is €
(0,1). Because 0 < bijg < |bii(Z
positive definitive with respect to s;. Differentiating Vj;(¢)

5 xi,nifl

i)|, it is shown that Vi; is

with respect to time ¢, applying (6), Assumptions 2 and 3,
we obtain

& o+ B
8$jk

Vei = =8+
|bii ()]

bt
T st + Z 1b:

‘7[228“)

j=1k=1

mz 70- + ﬁl)l
axzk

xi,kJrl} dO’

YiSi s -1/ -+
oy / b @0 + B)ldo
“Thu@al T,

bu (mz)
SiTT =T
|bii (Z:)]

IN

kivi + sihi(z:) + |si|pi (18)
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Theorem 1. Consider the MIMO nonlinear systems
(1) with the control law defined by (13) and (14). Let the
parameter vector 91-, €; be adjusted by the adaptation laws
determined by (15) and (16), and let Assumptions 1-5 be
true. Then,

1) if 8;(0) € €, then ||8;(t)|| < My, ,Vt > 0;

2) the overall closed-loop control system is semi-globally
stable in the sense that all the closed-loop signals are
bounded, and the state vector z; € Q,, = {z;(t)| |ei;(t)] <
2‘7_1)\g_ni,ui, J=1---,ni Tig € Qz‘d}, t > Ts;

3) lim s; =0, ie. lim e;1 =0,

t—oo t—oo

(ns — 1)/ As.

Proof. 1) Let Vio(t) = (1/2)(9?92 Similar to the analysis
in [7], we can know that if 6;(0) € Q;, then ||0;(¢)|] <

where p; = 4 /2bi1 sup, 5 Vi(t), Ty =

My, VYt > 0.
2) Define the Lyapunov function candidate
1 -7~ 1 5
Vi(t) = Vai(t) + =—6, 0, 1
O =Val) + 5010+ 52 (19)

Substituting (18) into the above equation, we obtain
< bzz(fl:?z)
[bii (Z4)]
0.0, Ohi(z:,0

T Uil; i(Zi, 04

+L;87;0i = #

l6:)>  o0;

where I; = 0(1), if the first (second) condition of (15)

Vi(t) kiN(si)<i + $i — kios?

(20)

is true If the second condition of (15) is true, then
5:0,; M > 0, and 0,0, = L[|0:]* — [16:]> —
le; — H } < 0. Therefore, we have
Vi(t) < —kios; + — = kiN () + S (21)
|bis (Z:)]

Integrating (21) over [0, t], we have

t
Vit) < Vi) + / kios2dr
0

< %(OH/O (|ZZE§3|]€¢N(§-L)Q+<i)d7' (22)

t by (Es) N
o TV (i)si

Slmllar to the discus-

According to Lemma 1, we have Vj(t
+¢i)d7, < (t) are bounded in [0,¢y).
sion in [15], we know that the above conclusion is true for
ty = +oo. Therefore, s;,&; € Loo. According to (19) and
Assumptlon 4, we have that s7 < 2b;;Vii(t) < 2b;1Vi(t) <

(i . Similar to the discussion in [8], the conclusion is true.

3) From (22), it is easy to show that f+°° s7dt exists.
Using (5), (6) and (13), we have that $; € Lo

using the Barbalat’s Lemma, we have lim s; = 0. (]

t—+o0

. Therefore,

3.2 Continuous adaptive control law and stability anal-
ysis
Define

sia = 8; — pisat(si(t) /i) (23)

where saturation function sat(y) is defined as: sat(y) = vy, if
lyl < 1; sat(y) = sgn(y), if ly| > 1, ¢; is a positive constant
representing the width of the boundary. Let

i1
fi(z) + ; bij (@) Dj(v;)
hi(z:) = S
|b"($')\
o~ Al @ o + )]
AR
Sia =1 k=1 8"1:]’“
n;—1 —1/—
. 8|bn‘ (5'31 7U+ﬁi)|
XTj k1 + Z Do xz,kJrl]
i }
+—————tdo
|bii (&), 0 + B:)]
1 nit
where ﬁl yz(;”_ ) _ Z Cijeij + gpisat(si(t)/goi), Zi =
j=1
(a:T,siA,'yi,ﬁi,vl,--- ,vi,l)T. Therefore, sian + Bi = s; +
n;—1
vl Y - '21 Cij€ij = Tin,-
i=

Considering the following control law.

N(s)[kiosia + hi(zhéi) + &isat(si/pi)](24)
kiosia + hi (zi7éi)3iA + €isiasat(s; /p;)(25)

Ui(t) =

S

Adopt the following adaptive laws.

I 84] < Mo, or [0:] = M,
AT Oh (25 8.
and s;a0; W <0

o Ohi(2i,8;)
1i1SiA aéi

b = o Ohi(zi0:) 0,07 Bhy(2;,8,) (26)
T [ AT P
if [16:]| = Mo, and s;a8; 2290 5 o

& = milsial (27)

where 1,1 and n;2 are strictly positive constants which de-
termine the adaptive rate.

Theorem 2. Consider the MIMO nonlinear systems
(1) with the control law defined by (24) and (25). Let the
parameter vector 91-, ¢; be adjusted by the adaptation laws
determined by (26) and (27), and let Assumptions 1-5 be
true. Then,

1) if 6;(0) € i, then [|8:(t)|| < Ms,,Vt > 0;

2) the overall closed-loop control system is semi-globally
stable in the sense that all the closed—loop signals are
bounded, and the state vector z; € Q,, = {z;(¢)| |es;(t)] <
2j71)\zfniui, j=1- niZiqg € Qa}, t > T;

3) tlgrolo sin =0,

@i + 2bi1sup,so Via(t), Ti = (n — 1)/ .
Proof. 1) Similar to the proof in [7], it is easy to show
that the conclusion 1) is true.
2) Define the Lyapunov function candidate

SiA o
Via(t) = — 9 do+-—0,0;
a®) /0 |bis (@, 0 + B3| 7 2101 - 27]12
(28)

If |s;| < ¢4, then Via = 0; if |si| > @i, then s;a = si(t) —
pisgn(s;) and $;a (t) = $;(¢t). Similar to the calculations in

where p; = \/
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(18) and (20), and using (24)-(27), we have

. bii (%) .
i < —kios; —— RN (G)Si + <
VA(t) < koSzA + ‘b”(i'z)‘k N(§ )§ +g (29)
Therefore,
bobi(Z:) ..
Via(t) < Via(0) + / (=5 kiN(c)$ +<i)dr (30)
o |bii(@:)]

Similar to the proof of Theorem 1, it is easy to show that
the conclusion ii is true.

3) Similar to the proof of Theorem 1, it is easy to show
that tll>rg<> sia = 0.

In order to save space, simulation results are omitted. ]

4 Conclusions

Two adaptive fuzzy control schemes have been presented
for a class of uncertain MIMO nonlinear systems with
unknown dead-zones and a triangular control structure.
Based on the intuitive concept and piece-wise description
of dead-zone model and the principle of sliding mode con-
trol, the developed controller can guarantee that all signals
involved are semi-globally uniformly ultimately bounded
and the tracking errors asymptotically converge to zero.
By smoothing out the discontinuous sign function, the jit-
tering in practice can be eliminated.
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