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Abstract

In this paper, adaptive neural control is proposed for a class of uncertain multi-input multi-output (MIMO) nonlinear state time-varying delay
systems in a triangular control structure with unknown nonlinear dead-zones and gain signs. The design is based on the principle of sliding
mode control and the use of Nussbaum-type functions in solving the problem of the completely unknown control directions. The unknown time-
varying delays are compensated for using appropriate Lyapunov—Krasovskii functionals in the design. The approach removes the assumption
of linear functions outside the deadband as an added contribution. By utilizing the integral Lyapunov function and introducing an adaptive
compensation term for the upper bound of the residual and optimal approximation error as well as the dead-zone disturbance, the closed-loop
control system is proved to be semi-globally uniformly ultimately bounded. Simulation results demonstrate the effectiveness of the approach.

© 2007 Published by Elsevier Ltd.
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1. Introduction

In the past decade, adaptive control system design of non-
linear systems using universal function approximators has re-
ceived a great deal of attention (Ge, Hang, Lee, & Zhang,
2001; Lee & Tomizuka, 2000; Sanner & Slotine, 1992; Su &
Stepanenko, 1994; Yesildirek & Lewis, 1995). Typically, these
methods use either neural networks (NNs) or fuzzy logic sys-
tems to parametrize the unknown nonlinearities (Sanner & Slo-
tine, 1992; Su & Stepanenko, 1994; Yesildirek & Lewis, 1995).
Direct adaptive tracking control was proposed for a class of
continuous-time nonlinear systems using radial basis function
NNs (Sanner & Slotine, 1992). Using a families of novel in-
tegral Lyapunov functions for avoiding the possible controller
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singularity problem without using projection, adaptive neural
controls have been investigated for a class of nonlinear systems
in nonlinear parametrization (Ge, Hang, & Zhang, 1999b) and
in a Brunovsky form (Zhang, Ge, & Hang, 2000), and for a
class of MIMO nonlinear systems with a triangular structure in
the control inputs (Ge, Zhang, & Hang, 2000). Decentralized
indirect adaptive fuzzy control was proposed for a class of
nonlinear systems with unknown constant control gains and
unknown function control gains (Zhang, 2001).

When there is no a priori knowledge about the signs of con-
trol gains, adaptive control of such systems becomes much
more difficult. The first solution was given for a class of first-
order linear systems (Nussbaum, 1983), where the Nussbaum-
type gain was originally proposed. When the high-frequency
control gains and their signs are unknown, gains of Nussbaum-
type (Nussbaum, 1983) have been effectively used in control
design in solving the difficulty of unknown control directions
for higher order systems (Ye & Jiang, 1998), and nonlinear
systems with unknown time-delays (Ge, Hong, & Lee, 2004),
among others.

Dead-zone is one of the most important non-smooth nonlin-
earities in many industrial processes, which can severely limit
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system performance, and its study has been drawing much in-
terest in the control community for a long time (Cho & Bai,
1998; Selmic & Lewis, 2000; Tao & Kokotovic, 1994, 1995;
Taware & Tao, 2003; Wang, Hong, & Su, 2003, 2004). To han-
dle systems with unknown dead-zones, adaptive dead-zone in-
verses were proposed (Cho & Bai, 1998; Tao & Kokotovic,
1994, 1995). Continuous and discrete adaptive dead-zone in-
verses were built for linear systems with unmeasurable dead-
zone outputs (Tao & Kokotovic, 1994, 1995). Asymptotical
adaptive cancelation of unknown dead-zone is achieved analyt-
ically (Cho & Bai, 1998) under the condition that the output of
the dead-zone is measurable. A compensation scheme was pre-
sented for general nonlinear actuator dead-zones of unknown
width (Selmic & Lewis, 2000). Given a matching condition to
the reference model, adaptive control with adaptive dead-zone
inverse has been investigated (Wang et al., 2003). For a dead-
zone with equal slopes, robust adaptive control was developed
for a class of nonlinear systems (Wang et al., 2004) without
constructing the inverse of the dead-zone. In the work (Shyu,
Liu, & Hsu, 2005), decentralized variable structure control was
proposed for a class of uncertain large-scale systems with state
time-delay and dead-zone input. However, the parameters u;_,
u;+ of the dead-zones (Shyu et al., 2005) and gain signs need
to be known, and the disturbances satisfy the matching condi-
tion. Adaptive output feedback control using backstepping and
smooth inverse function of the dead-zone was proposed for
a class of SISO nonlinear systems with unknown dead-zone
(Zhou, Wen, & Zhang, 2006). However, the problem of over-
parametrization still exists.

Time-delay is often encountered in various systems, for ex-
ample, in the turbojet engines, aircraft systems, microwave os-
cillators, nuclear reactors, rolling mills, chemical processes, and
hydraulic systems, etc. (Liu & Su, 1998). The existence of time-
delays in a system frequently becomes a source of instability,
and may degrade the control performance. Therefore, a number
of different approaches have been proposed in order to stabi-
lize such systems with time-delays (Nguang, 2000; Niculescu,
2001; Richard, 2003). Using appropriate Lyapunov—Krasovskii
functionals to compensate for the uncertainties from unknown
time-delays (Hale, 1977), thorough adaptive neural controls
were presented for classes of nonlinear systems with unknown
time delays and virtual control coefficients as either unknown
constants or unknown functions with known or unknown sign
(Ge, Hong, & Lee, 2003, 2005; Ge et al., 2004).

In this paper, we consider a class of uncertain MIMO nonlin-
ear state time-varying delay systems with both unknown non-
linear dead-zones and unknown gain signs. To the best of our
knowledge, there are few works dealing with such kinds of sys-
tems in the literature at present stage. The main contributions
of the paper include:

(i) the novel description of a general nonlinear dead-zone
model which makes the control system design possible
without necessarily constructing a dead-zone inverse using
the mean value theorem;

(ii) the removal of the need for known parameter bounds of
dead-zones and the linear functions outside the deadband;

(iii) the use of integral Lyapunov function in avoiding the con-
troller singularity problem which may be caused by time-
varying gain functions;

(iv) the use of the Nussbaum-type functions and multilayer
NNs in solving the problem of both unknown control di-
rections and unknown control gain functions; and

(v) the combination of Lyapunov—Krasovskii functional and
Young’s inequality in eliminating the unknown time-
varying delay t;(f) in the upper bounding function of
the Lyapunov functional derivative, which makes NN
parametrization with known inputs possible.

This paper is organized as follows. The problem formulation
and preliminaries are given in Section 2. In Section 3, adaptive
NN control is firstly developed for SISO time-varying delay
systems with nonlinear dead-zones by using integral Lyapunov
functions, then, it is extended to MIMO systems. Simulation
results are performed to demonstrate the effectiveness of the
approach in Section 4, followed by conclusion in Section 5.

2. Problem formulation and preliminaries
2.1. Problem formulation

Consider a class of uncertain MIMO nonlinear time-varying
delay systems with dead-zones in the following form

Plant:

X1j = X1,j+1,

Xy = f1(0) + fr (1t =11 (0), ...,
X (t — T (1)) + b1 (x1)uy,

j=1...,n1—1,

Xij=Xij+1, Jj=1,...,n —1,
Xing = fi(x,up, oo ui—1) + fi (1t =11 (0), .. ., (H
X (t = T (1)) + bi (X1, ..., XU,
i=2,...,m,
xit)=¢;@®), t€[—Tma,0l, i=1,...,m,
YI=X11s -« Ym = Xml-
Dead-zone:
gir(vi) if v; =2 by,
ui =D;(v;)) =10 if b;; <v; <bj,, 2)
gir(vi) if v <by.
where x = [x[,x],...,x01T € R" is the state vec-

tor, x; = [xil,...,x,-n,.]T, i=1,....m n = Y7 n;
functions  g;,(v;), gi1(v;) are unknown smooth nonlin-
ear functions; y; € R denotes the ith subsystem out-
put; f1(x), fa(x,ur)s ooy fm(x ur, oo um—1), fic(x1(t—11
), ..., xn({t — 7,(t))) are the unknown continuous func-
tions; bi(xy), ba(x2), ..., by (x,) are the unknown differen-
tiable control gains, X; = [xlT,sz, ...,xiT]T; T1(t), ..., T (1)
are unknown time-varying delays, ¢ (¢), ..., ¢,,(¢) are known
continuous initial state vector functions, Tmax as will be de-
fined later is a known positive constant; #; € R is the output of
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Fig. 1. Nonsymmetric nonlinear dead-zone model.

the ith dead-zone (and the input to the ith subsystem), v; () € R
is the input to the ith dead-zone, b;; and b;, are the unknown
parameters of the ith dead-zone; and the nonsymmetric nonlin-
ear dead-zone with the input v; is shown in Fig. 1.

Assumption 1. The dead-zone outputs uj, ..
available.

., Uy, are not

Assumption 2. The dead-zone parameters b;, and b;; are un-
known constants, but their signs are known, i.e., b;, >0 and
by <0, i=1,...,m.

Assumption 3. The growth of the ith dead-zone’s left and right
functions, g;;(v;) and g;,(v;), are smooth, and there exist un-
known positive constants k;;o, ki1, kir0, and k;,1 such that

0 < kiro <gj; (vi) <kirn,
0 < kiro < g, (vi) <kir1,

Yv; € (=00, bif], (3
VU[ € [birv +OO), (4)

where gj;(v;) = dgii(z) /dz|.=y, and g;, (v;) = dgir(2)/dz| =y,

For convenience, g;;(v;) and g;i,(v;) in (3), (4) are assumed
to be true for v; € (—o0, b;;-], and for v; € [b;;, +00), respec-
tively.

According to the differential mean value theorem, we know
that there exist &;;(v;) € (—o0, b;y) and &;,(v;) € (b1, +00)
such that

it (vi) = gir(vi) — git(bir) = gi; (& (i) (vi — bip),
for &;;(v;) € (vi, bip) or (b, v;), %)

gir (Vi) = gir (i) — gir(bir) = g1, (&ir (V) (Vi — biy),

for &, (vi) € (v, bir) or (bir, v;). (6)
Define vectors @;(¢) and K;(t) as follows:
b; (1) = [, (1), oy (D],

Ki(t) = [g}, (&ir (i (D)), gy (& i )T

with

(1) = {1 if v; () > bjy, A
P =0 it v <bu
1 if vi(r) <biy,

@i (t) = {0 if v () > by ®)

Based on Assumption 3, the dead-zone (2) can be rewritten as
follows:

ui = D;(vi) = K (1) ®; (1)vi + d; (vy), 9)
where
—g;,. (& (V)b if v; >b;,
d;(v;) = _[gj](éil(vl‘)) . (10)
+g;, (& (i)]v i by < v <byy,

=81 CuwiNby  if vi<by

and |d; (v;)| < p}, p; is an unknown positive constant with p =
(kir1 + kgin) max{b;,, —b;}.

The control objective is to design adaptive control v;(¢) for
system (1) such that the output y; follows the specified desired
trajectory vig,i =1,...,m.

Define x;; and ¢; as

. (nj—1),T
Xid = [Yid» Yid» -~ > Yig' 1
_ _ T
ei =x; — Xig = lei1, €2, ..., ein,]

and the filtered tracking error s; as

d ni—1 ni—1

si = (E + ;»i) el = Z Aijeij + €in; (11
j=1

where Jij=CJ 0N =1 ni =14 > 0,i=1,....m

are positive constants, specified by the designer.

Assumption 4. Smooth functions b;(x;) and their signs are
unknown, and there exist constants bijo and b;; such that
0<b,~o<|bi(ii)|<bi1,‘v’ii € R"/ with flj = Z;:lnjvi =
1,...,m.

Assumption 5. The desired trajectory vectors are continuous
and available, and %iq = [x), y"T € Qi C RU*! with
known compact set Q;q, i =1,...,m.

Assumption 6. The unknown continuous functions f; (x1(t —
T1(2)), ..., Xxm(t — 1 (t))) satisfy the inequality | f; :(x1(t —
U)Xt — T OIS TG 0 Cat — (1)) with
0;x(xk(t)) being known positive continuous functions,
i=1,...,m.

Assumption 7. The unknown state time-varying delays t;(¢)
satisfy:
0<t () <Ttmax, T <Tmax <1, i=1,....,m (12)

with the known constants Tmax and Trax.
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2.2. Nussbaum function properties

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

() lim supl/SN(C)dC=+oo, (13)
S_) o0 O
(11) 11m inf — / N d{=—c0 (14)

Commonly used Nussbaum functions include: &% cos(0),
% sin({), and exp(Cz) cos((1/2){) (Ge et al., 2004; Nussbaum,
1983; Ryan, 1991). For clarity, the even Nussbaum function,

N = e’ cos((n/2){) is used throughout this paper.

Lemma 1 (Ge et al., 2004). Let V(-), {(-) be smooth functions
defined on [0, ty) with V() >20,Vt € [0, tf), and N(-) be an
even smooth Nussbaum-type function. If the following inequal-
ity holds:

t
V(t)<co+ e_c”/o g(x(ﬂ:))N(C)éeC‘Tdr

t
C‘tf {e“'®dt, Vre[0,1y), (15)
0

where cq represents some suitable constant, c¢| is a positive
constant, and g(x (1)) is a time-varying parameter which takes
values in the unknown closed intervals 1 =[17,17], with 0 ¢1,
then V (1), {(1), fé g(x(r))N(C)Z;'dr must be bounded on [0, t ).

According to Proposition 2 (Ryan, 1991), if the solution of
the resulting closed-loop system is bounded, then ¢y = 0o

2.3. Multilayer neural networks (MNNs)

NNs have been widely used in modeling and control of non-
linear systems because of their good capabilities of nonlinear
function approximation, learning, and fault tolerance. In this
paper, three-layer NNs will be used to approximate a continu-
ous function i(z) : R? — R as described by (Ge et al., 2001;
Lewis, Yesildirek, & Liu, 1996)

han(z, W, V) = WIS(VT2), (16)
where z = [z1,...,2p]", Z=[0. 11 V =[v1,...,v] €
RPTDXL W =Twy, ..., w;]T € R! are the first-to-second layer

and the second-to-third layer weights, respectively; S(V1z) =
[s(T2),...,s@f 2), 11T with s(z,) = 1/(1 +e77%*) and con-
stant y > 0; and the NN node number [/ > 1.

In this paper, || - || denotes the 2-norm, || - || denotes the
Frobenius norm, || A||; 222:1 lax| with A=[ay, ..., a] € R,
Jmin(B) and Amax (B) denote the smallest and largest eigenval-
ues of a square matrix B, respectively.

Let

h(Z) = hnn(Z: W*3 V*) + E(Z)v VZ € QZ - Rp» (17)

where W*, V* are ideal NN weights, Q. C R” is a compact
set, and e(z) is the NN approximation error.

The ideal weights W* and V* are “artificial” required for
analytical purposes. According to the discussion (Ge et al.,
2001; Polycarpou & Mears, 1998), W* and V* are defined as
follows:

(W*, V*)=arg min | sup |hp(z, W, V)
W) | zeQ,

—h(z)l}, (18)

which are unknown and need to be estimated in control design.
Let W and V be the estimates of W* and V*, respectively, and
=0 —0).

Lemma 2 (Ge et al., 2001). For NN (16), the NN estimation
error can be expressed as

WwTswTz) — w*ltsv*Tz)
=W S -8V + wr'sv'z +4,, (19)
where § = S(V'7), §' = diag{§], ..., §_,, 0} with s'(5]2) =

d[s(Zx)]/dZaIZFﬁgz, k=1,...,1—1, and the residual term d,,
is bounded by

du IVHIEIZWTS e + IWHIIS VIZI+ W . (20)
From Egs. (17) and (19), we obtain
h(@=WIS(WT)-WT(E-8VT)-WT§VTz—d,+e(2).
(21
The following even function ¢ (x|c) is introduced for the pur-
pose of the control design in Section 3.1:

1 for |x|>c,

q(x|c) = { Vx € R 22)

0 for|x| <c,

with any given positive constant ¢ > 0.
3. Control system design and stability analysis
3.1. Adaptive NN control for SISO system (m = 1)

To illustrate the design methodology clearly, we first consider
the SISO system (m = 1).
From Egs. (1), (9) and (10), we obtain

§1=fi(x) + 71 + b1 K| ()1 (1) (1)
+ fr.: (1t = 71(0))) + b1 (x1)d1 (v1(2)), (23)
where 7, = 21—1 Ajerj+1 — yldl).
For (23), motivated by the definition of integral Lyapunov
functions (Ge et al., 1999b, 2001), define a smooth scalar func-
tion as follows:

S1 o
v1=/ L (24)
S G e+ B

(n1=1)

ny— + T
Whereﬁl Y1d Z : )ljelj’xl _[xlls""-xl,nl—l] .
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By Second Mean Value Theorem for Integrals, Vi1 can be
rewritten as Vg = s12/2|b1(321+, As1s1 + f1)] with Zg1 € (0, 1).
Because 0 <bjo<|bi(x1)], it is shown that Vy; is positive
definitive with respect to sj.

Differentiating Vi with respect to time #, we obtain

) —1 R
/ ST TS Olby G o+ By
Vi1 = s +/ g X1,
T el L; axne Lk
oy (&, .
" by " (X 0+ﬁ1)|ﬁ1 do. @5)
op,
Because fiy =~y and 0167 (5 o+ B)| /@0 =01y (F . o+
BI1/0p,, it is shown that
—1,-
/“ LG ot Bl
0 op,
V151 /Sl 71
- + - do. (26)
bl Jo bR, o+ B

Substituting (23), and (26) into (25), and applying Eq. (9), we
obtain

2
Va<sigi@vr +s101(z1) + 2b2( 5
1 2 *
+lel(Xl(t—Tl(t)))+|S1|P1, 27
where
by(x1) T
1) = Ky (®)®(1), 28
g1(t) by 1 (OP1(1) (28)
Loy -1 -+
fi(x) /‘ ' 0IbT G Os1 4 By
Z1) = + 51 0
Q1) =1 ol 2 oxir
PP g m— do (29)
[b1 (X", Os1 4+ B
with 1= [x’lr’slv 715 BI]T € Rpls p1=ni +3

To overcome the design difficulties from the unknown time-
delay t(z), the following Lyapunov—Krasovskii functional can
be considered

t

V = U d 30

U, (1) 20— ) e 1(x1(7)) dt (30)
with Uy (x1 (1)) = 03, (x1(1)).

The time derivative of Vi, (¢) is

Vi, (1) = [oF, (x1(1))

1
2(1 - %max)

IGIRTON S AONE 3D

which can be used to cancel the time-delay term on the right-
hand side of (27), and thus eliminate the design difficulty from
the unknown time-varying delay | (¢) without introducing any
uncertainties to the system. For notation conciseness, the time
variables 7 and ¢ — 71 (¢) will be omitted, after the time-varying
delay term are eliminated, from here onward. Accordingly, we
obtain

Vi1 + Vi, <s1g1(0) vy + s1hi(z1) + Is11p7, (32)
where
0.551 05
hi(z1) = Q1(z1) + + _ (x1). (33)
! b%(xl) (1 _‘[;max)slgll

Define a compact set
Qo = {Ix], 51,71 Bl Ien € @1, F1a € Qual, (34)

where 1 C R"™ is a sufficiently large compact set satisfying
Q1 D Qo as defined later in Theorem 1.

Note that if &1(z1) is utilized to construct the control law,
controller singularity may occur since (1/2(1 — Tmax)s1) X
Q%l(xl) is not well-defined at s; = 0. Therefore, care must be
taken to guarantee the boundedness of the control as discussed
(Ge et al., 2004).

For similarily, let us define sets Q. ~C € and Q(Z)l as

follows:
Qc,, ={zills1l <y, x14 € Qua},s (35)
Q(Z)l = QZI - QC‘TI 4 (36)

where ¢, is a positive design constant that can be chosen arbi-
trarily small and “—"" in (36) is used to denote the complement
of set Qc, in set £;,. In addition, it has been shown that Q(Z)1
is a compact set in Ge et al. (2004).

Let WIT S (VIT Z1) be the approximation of the three-layer
NNs, which are discussed in Section 2.3, on the compact le
to h1(z1), then we have

hi(z1) = WISz — WS — §1vTz))
— WISIVZ1 — dut + e1(21). 37)

where z1=[z11, ..., 21p, 17, Z1=[z], UTsVi=[011, ..., D] €
RPIHDXI and Wy = [y, ..., Wy, 1T € R denote the esti-
mates of ideal constant weights Wl* and Vl*, respectively, 3‘1 =
SIVIz)=[s(®f,z0), ... s@], _ 1z, 1T withs(z,)=1/(1+

e 70%) and constant 7y, >0, 3’1 = diag{5],, "'751,11—17 0}
with §1, =s"(0,21) =dls (2)1/dzal,, gtz k=1..... 1 = 11

and the NN node number /; > 1; and the residual term d,,; is
bounded by

\dua | < IIVEIRIZIWE SR + IWE IS VEZO + IWE I, (38)

the approximation error £1(z1) satisfies |e1(z1)] <e7,
Q?l with constant £ > 0.

Vz1 €
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Consider the following control law:

v (1) = q(s1les )N Do ()s1 + WESI(VTz))

+ 618 (z1) tanh(s1 €, (z1)/p )], (39)
&= qsiles)kio(t)s? + WIS (VIz))sy
+ 61&1(z1)s1 tanh(s1 & (z1)/p))]s (40)

where ¢(-|-) is defined by Eq. (22), N({;) = eﬁ cos((n/2){y),
p; is a positive constant, 01 is the estimate of 0; with ) =
max{|| V[, W], IW Il + e] + pi} at time ¢,

& (1) = 12 WISt IIE + IS VT zil + 1, (41)

k1o(t) = k11 + k12(¢) with k11 being any positive constant and
ki2(t) chosen as

k
ki (1) = 139 (s1lcsy)

2
= = o1 (x1(7)) dt (42)
2(1 = Tmax)slz f—Tmax i

with k13 a positive constant specified by the designer.
The adaptive tuning laws are defined as

W1 =q(siles)Twil(S1 — 81 VEz1)s1 — a1 Wi, 43)

Vi=qGiles)TotlZ2iWES)s1 — ap1 Vi1, 44)

31 =q(stles)m [Mfl(ﬂ)tanh (@) - 0151] , (45
1

where 'y >0, I'y1 >0, 0y1, 001,17, p; and o are strictly
positive constants.

Theorem 1. Consider the closed-loop system consisting of the
plant (1), the adaptive control given by (39), (40), (43)—(45).
Under Assumptions 1-7, for bounded initial conditions, the
overall closed-loop neural control system is semi-globally sta-
ble in the sense that all of the signals in the closed-loop system
are bounded, the parameter estimates

~ A A ~ a A - 2/,4
(W1, V1, 01) € Qui = { (Wi, Vi, ol W P < ———,
jvmin(rwl)
~ 2’u -
IViIE < ——= 16 P <2 ¢
min vl

(46)

and ¥x1(0) € Q19 (as will be defined later in the proof), the
state vector

X1 € Qe = {Xl Hlx1 = x1a2ll <cro(1 + [ A1ID w1 (0)]]
14 | 41])e
+ |:1 + (”Aﬂ] max{y/2b11 4y, Cs }
1

X1d € Qld} C 2, 47)

whose size can be adjusted by appropriately choosing the de-
sign parameters.

Proof. The proof includes two steps as discussed in (Ge, Hang,
& Zhang, 1999a). We shall first assume that x| € Qp, V¢ >0,
on which NN approximation (37) is valid, and construct stable
adaptive NN control over Q1. Then, we shall show that there
exists nonempty initial set Q¢ such that the state x; indeed
remains in the compact set 21 for all ¢ >0, if initial state x1(0)
initiates from Q.

The proof is indeed a bit more complex than the model based
adaptive control design where the model is valid over the entire
space. Through the process of the proof, it is clear that there is a
nonempty initial compact set, as long as initial state x (0) starts
from @9, the state x| will never escape out of the conservative
compact set, Q1., belonging to the chosen compact set i,
as will be shown later in the proof and in Fig. 2. Because
NN approximation is only valid on a compact set, we have to
present the idea in the above manner, and at the same time avoid
the so-called circular argument as commonly understood in the
classical model based control as detailed in Ge et al. (1999a).

Step 1: Suppose that x; € €y, V¢ >0, then NN approximation
(37) is valid. Consider the Lyapunov function candidate

1 e o~
Vi) = Vs (0 + Vi, () + S W T W
| I 2
+ Etr{Vl Fvl Vl} + %51 (48)
Differentiating V(¢) with respect to time ¢ leads to
Vi(t) = Var (0) + Vo, (6) + W T W
~ X 1~ x
+ VI Vi) + n—él(s]. (49)
1
Case i: If |s1| >cy,, then g1 (s1]cs;) = 1. In this case, substi-
tuting Eq. (27) into Eq. (49), and noting Egs. (37) and (38),
and using control law (39) and (40), it follows that
Vi) <s1g1(Dvr + s1h1(z1) + Is11pf + WlTF;{Wl
~ A 1~ 2
+ (VT Vi) + n—élél
1
_ ; P 2 WwTe 0Tz
=g1ONCDE + 8 —ko@)sy — Wy Si(Vy z)s1
— 81&1(z1)s1 tanh(s1¢, (z1)/py) + W] S1(VZ))
— WS — 81 Vizy) — WS vz
—dy1 + &1(z)]s1 + |s1]pT
~ A - 2 1~ A
+ Wi, 1w, +tr{v1Tr;11v1}+n—0151. (50)
1
Using adaptive tuning laws (43)—(45), and the inequality:
0< |xJ —X Eanh(x/s) §0.2785£, for e >0, x € R, and the fact
that W8]V z; = tr{V['z; W[5}, we obtain
ki3

Vi <giONCOG + & — kst - 201 = o)

t
X /
I—Tmax

—O’wlwgwl —O’vltl‘{VIT‘;]} — 0’15131. (&2))

Ui (x1(7)) dt + 0.278501p4
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Fig. 2. Compact sets in Theorem 1.

By completion of squares, the following inequalities hold:

B R W 2 W 2
_6w1W1TW1< _ awt Wil 0'wl”z 1” , (52)
o "} 2 Vv 2
_ O'Ultl‘{VlTvl}S _ autll 1”1: autll 1 ”1:7 (53)
2 2
~2 2
~ A 6]51 (7151
— 010101 < — — + ——. 54
010101 5 > (54
Therefore, we obtain
Vi) < —knsz—L l Ui(x1(7))de
h : 2(1 - %max) t—Tmax
. owlIWi?
+e1ONEDEG + G — wT
sl VilE 018,
v F 191
- - 0.27856
3 3 + 191
ol lWi 12 oull ViR 010}
. (55)
2 2 2
Define the following constants:
10 = min{2k11b10, k13, Gwt/Amax (T},
le/jvmax(rljll)v a1k (56)
ol IWFI?  anllViIE 010
=0.27850 )
Hio 1P+ ) 5 5
(57)
Thus, we have
Vi) < = 210V1(0) + g + (@1(ON () + DEy. (58)
Multiplying Eq. (58) by e#1% yields
d , . .
E(VI (1e"10)) <eM1 [y + (g1 (ONCDE + LD (59
Integrating Eq. (59) over [0, ¢], we have
" t .
Vi) <Cyo + ef’““’l/ (g1 (DN () + DEetot de (60)
0

with C1o = w0/410 + V1(0).

From Egs. (7), (8), (28), and Assumption 3, we know that
g1(t) € [min{ky;, k1, }, 2 max{ky, k1,}] C (0, 400), Vi >0 or
g1(t) € [-2max{k, ki,}, — minfky;, k1,}] C (=00, 0), Vi =0.
According to Lemma 1, we know that Vi(z), {;(¢), fot g1(1)
N(&,)¢) dr are bounded on [0, £ ). Therefore, 1, [| Wy |, || Vi ||
and |s;| are bounded on [0, 77) for all 17 > 0, i.e., all signals in
the closed-loop system are bounded on [0, t¢) for all t5 > 0.
According to the discussion (Ryan, 1991), we know that the
above conclusion is true for ¢y = +00. Let C¢; be the upper

bound of e~*10f fot(gl(r)N(Q)—l- )¢ e*107 dz on [0, 00),

=80 4 vi0)+ ca. 61)
0

then s1\2b11V1(t)<2b11,u1 Similarly, ||W1||2<2u1/

Jmin (T IV IE <2081 /2min(T ), and [8112 <2y

Case ii: If |s1| <cy,, then q1(si|cs,) = 0. In this case, the
control 51gnal v = 0, él =0, Wl 0, \71 0 and 51 0, ie.,
{1, W1, V] and (31 are kept unchanged in bounded values.

Define w; = [61],...,61’,“_1]1‘ e R"~!. From Eq.
(11), we know that (i) there is a state space representation
for mapping s; = [ATl]el, ie, w1 = Az w1 + bgs; with
Ay = Dty evos Amy—11Y, b, = [0,...,0, 11T, Ay, being a
stable matrix; (ii) there is a positive constant cjo such that
||eA51t|| gcloe_}“”, and (iii) the solution for w; is

t
w1 (1) =e*1 w1 (0) + / e =Dp s1(1) dr.
0

Accordingly, it follows that
! 2
loor ()| < crollar () fle™ " + 610/ e 1 gy (1) dr.
0

Let ity = max{,/2b11 1, cs,}. Therefore, we have
clofly

loor @) <crollwi (0)]| + p

(62)

Noting 51 = Afw +eip, and e] = [a)T, elnl]T, we obtain

lerll <llotll + len, <@+ [ArDllor ]l + Isi].

Substituting Eq. (62) into the above inequality leads to

lerll <cio(l + A1 D1 O)] + [1 +

1+ ||/11||)010} _
1 My
!

(63)

Since cjg, || 41]] and A; are positive constants, and w;(0) and
51(0) depend on x1(0) — x14(0), we conclude that there exists a
positive constant Ry (cy, x1(0), W1 (0), V1(0), 51(0)) depending
on ¢y, x1(0), W1(0), V;(0) and 51(0) such that

lerl < Ri(c1, x1(0), W1(0), V1(0), 01(0)), V¥r=0 (64)

with ¢; = ,ulo//h().
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Noting x1 = e + x14 and Assumption 5, we obtain

xil <llerll + llxiall <cro(l + [[Ar DIl (0)]

(I + I 41Dero

+ [1 + B } By + lIx1dll € Leo. (65)
Therefore, we can conclude from Cases i and ii that all
the closed-loop signals are semi-globally uniformly ultimately
bounded for bounded initial conditions.
Step 2: In the following, we shall find the conditions such

that x; € Q1, Vr >0. Firstly, define a set
Q10 = {x1(O){x1[llx1 — x141l < R1(0, x1(0), 0,0, 0)}
C 21, X14 € 14}, (66)

which is not empty. It is easy to see that for all x;(0) € €0 and
X14 € @214, we have x1 € Qy, V¢ >0. Then, for the system with
x1(0) € Q19, bounded Wi (0), V(0), 61(0) and %14 € Q14 the
following constant ¢} can be determined by

¢t = sup {erl{xilllxr — x1all < Ri(cr, x1(0), Wi (0),

c1ERT
V1(0), 61(0)} C Q1, %14 € Q1) (67)

From Eqgs. (56) and (57), we know that if the adaptive con-
trol parameters oy, 041,01, and p; are chosen to be suffi-
ciently small, and kjy, k13, 77y, Amin(I'w1) and Amin({'y1) are
taken to be sufficiently large, then the constant ¢ = f19/410
can be made arbitrary small. Therefore, for the initial condition
x1(0) € Q10, bounded W;(0), V;(0), 3;(0) and 14 € Qig, if
the adaptive control parameters are appropriately chosen such
that py0/210 <cy, then system state x; indeed stays in Q; for
all time. This completes the proof. [J

3.2. Adaptive NN control for MIMO system (m >2)

In this section, the design in Section 3.1 is extended to MIMO
system (1), which contains m interconnected subsystems. For
the ith subsystem:

)'cij=xi,j+1, j=1,...,ni—1,

Xin; = filx,ur, ... ui—1)
+fi (1t = 11(0), o, X (t — T (1)) (68)
+b;i(x1, ..., x)u;, i=1,...,m,

Yi = Xil-

The filtering tracking error s; is given by Eq. (11). From
Egs. (9), (10) and (68), we obtain

$i=fi,ur, . i) + 7+ bi G K (0@ ()i (1)
+ fi (i — 11 (@), - Xt — T (1))
+ bi(xi)d; (vi (1)), (69)

where y; = Z;lg] Aij€i, j+1 — yl(d )
Define a smooth scalar function as follows:

Si o
V:/ — o, (70)
Y Do G a + B

= ny’*” - Z : 11211‘311’ o= [, ""xiT—l’
Xils ey Xig—1]T.

By Second Mean Value Theorem for Integrals, V; can be
rewritten as Vy; = s2/2|b ()E+ Asisi + Bi)] with g € (0, 1).
Because 0 < bjo < |b; (X;)|, it is shown that V; is positive defini-
tive with respect to s;.

Differentiating Vy; with respect to time ¢, applying Eqgs. (10)
and (69), we obtain
i—1

I+Zf, (1t =T (1)), -

where f;

Vsi

Ib( il

alb; ! (& ,0+/3i)|d
ax]'n.

ot = T (D)) / s
0

alb MEr 6+ﬂ)|
/ D3 T

j=1 k=1
i—1 —1,=-+
b7 (& o+ Bl
+j§l ! alx”lj [fj(xrul""vujfl)

-I—bj()_cj-)Dj(vj)] do
— i +~/'/Si b7 (&, o+ Bl do
x| Sy P '

<sigi (v +5: Qi (z;)

LS = n ) = @)
|b,(x,)| n
i—1
+ ) i@ —n@), ...,
j=1
si =gt )
xm(t—rm(t)))/ Gl Kot Bl 1)
0 axjnj
where
bi(xi) 1
(1) = K (1)@ 72
git) = br G| @O P; (), (72)
o Jibun o uiy)
Qi) == Gl
‘ a|b X, 0si + Bl
+ .
fo ;; ax]’k i
_ 61) , Osi + B
Z | (x P )
i 0x jn;
+bj(&)D;j())) | +7ilb; (&, Osi + Bl ¢ dO,
(73)
=[xT,s,~,yi,[)’i,v1,...,vi_1]T
=[2i1,2i2s -+ Zip ) s Pi=n+i+2. (74)
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By utilizing Young’s inequality and Assumption 6, we obtain

i—1
D i = Ti®), Xt = T (1))

j=1
/ olb; ' & g+ By
X o d
0 axjnj
<mt—1 m 5
<7 2.2 Gl = w()
j=1k=1
st ([ A G0+ Bl
+?Z</0 0 o ) (75)
j=1
and
i fio o1t — 1), .o, X (t — T (1))
|b; (%))
2b2( wa ;Q,k(xk(f—fk(f))) (76)

Substituting Eqgs. (75) and (76) into Eq. (71), we have

2
Vsl <sigi (v +5i0i(2i) + —5— 2b2( B
m i m
+ 5 2 D Ol — w) + il
j=1k=1

Rl RS T AN
EX_:( f Sm o) . (77)

To overcome the design difficulties from the unknown time-
varying delays, 7((¢), ..., t,(¢), the following Lyapunov—
Krasovskii functional can be considered

i m

t
Vi (1) = LZZ | Gneen a9

2(1 — Tax) “ —1 k=1 (@)

The time derivative of Vi, (¢) is

Vi, (1) = m DO )

j=1k=1

=Y tat —n @)U —w@®) |, (79

j=1k=1

which can be used to cancel the time-varying delay terms on
the right-hand side of (71) and thus eliminate the design diffi-
culty from the unknown time-delays, 71 (¢), ..., 7, (), without
introducing any uncertainties to the system. For notation con-
ciseness, the time variables ¢, t — 71(f), ..., — 7, (t) will be

omitted after time-delay terms have been eliminated. Accord-
ingly, we obtain

Vii + Vi, <sigi(Ovi + sihi(z1) + Isi|p}, (80)
where
hi(z) = Qiz) + —— + —— =

(z:) = 0;(z; -

fe S22y 201 — Tman)si

X Z Z Q?k (xx)

j=1k=1

s ([ O G 0si 1 Bl
+ L Z( / Bm d()) 81)

Define the compact sets €., and Q, as follows:

Q ={x" sy Bl xj € Qi =1,...,m,
X14 € Qia}, (82)
Q= 1{Ix" s,y By vi, v Ty € Q. j=1,...,m,

ikdegkdvkzlv"‘9i’ (WJ’ ‘7]’81) eij’
j=1,...,i—1} (83)

where Q; C R"/ is a sufficiently large compact set satisfying
Q; D Qjo which is similar to the definition of €9 in Theorem
1, j=1,...,m; Qy; will be defined later in Theorem 2, j =
L...,i—1,i=2,...,m

For ease of discussion, let us define sets Q. C €, and le_
as follows:

Qc,, =A{zillsil <cg, Xia € Qia}s (84)
R =2, -Q,, (85)

where ¢, is a positive design constant that can be chosen arbi-
trarily small. As shown in Ge et al. (2004), we know that Q(z),-
is a compact set.

Let WlT S (f/iTZ,') be the approximation of the three-layer NN,
which are discussed in Section 2.3, on the compact Q(Z)i to
hi(z;), we have

hi(zi) = W S;(VTz) — WE(S: — §VTz)
— WESIVIZ: — dui + & (z0), (86)
where z; =[z;1, ..., zipi]T, Zi= [ziT, 0 vi=[om,..., Vil €

RPitDXli and Wi =[w;1, ..., ﬁ)ili]T € R'i denote the estimates
of W* and V¥, respectively, W and V* are ideal constant
weights; S; = S,-(\Z.TZ,-) = [s(ﬁilei), e s(viT’lﬁlZi), 11T with
$(zy4) =1/(14e770%), and constant ;> 0, 3‘{ =diag(s],, ...,
Sii—1» OF with § = s'(0}Z) = dls@a))/dzal, g1z . k =
1,...,l; —1; and the NN node number /; > 1; and the residual
term d,,; is bounded by

|dui | <IVFIeNZ WES e + IWHIISI VI Z N+ IWE L, (87)

the approximation error &;(z;) satisfies |&;(z;)|<e&], Vz; € Q(z),-
with constant &7 > 0.
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Consider the following control law:

vi (1) = q(siles; )N () hio(t)si + WIS (VT2)

+ 6i;(zi) tanh(s; &; (zi)/ p )]s (88)
¢ = qsiles)kio(n)s? + WS (VEz)s:
+ 0i i (zi)si tanh(s; & (z0)/ po)], (89)

where ¢ (-|-) is defined by Eq. (22), N({;) = eCi2 cos((n/2){;),
p; is a positive constant, ¢; is the estimate of J; with J; =
max{([[V;*lg. IWF Il Wl +ef + p?) at time 7,

&) = 1z W S{IE + 18V zill + 1, (90)
kio(t) =ki1 +ki2(¢) with k;1 being any positive constant, k;> (t)

chosen as

mk;3q(silcs;)

kia (1) = Gra(dr (91

»j

2(1 _Tmax)sl =1 k=1 Tmax

with k;3 being a positive constant, specified by the designer.
The following adaptive tuning laws are shown as

= q(siles) Tuil (S; — Gwi Wil (92)

Vi=qGiles) ) TilziWESlsi — aui Vi1, (93)

S V Zl)S,'

5 = a(siles milsi s (o) tanh(si & (20)/ py) — 03911, 94)

where I'y; >0, I'y; >0, 0y, 0vi, 4;, p; and g; are strictly pos-
itive constants.

Theorem 2. Consider the closed-loop system consisting of the
plant (1), the control law (88), and adaptation laws (92)—(94).
If Assumptions 1-7 hold, then for bounded initial conditions,
the overall closed-loop neural control system is semi-globally
stable in the sense that all signals in the closed-loop system
are bounded, the parameter estimates

24,

(Wi, Vi, 0,)€Qui= {(Wi, Vi, Si)|||Wi||2<m,

2,

IVillg < ——-
—1
Amin(I";")

|5 | <2r/l,ul], 95)
and Vx; (0) € Q,o, the state vector

Xi € Qic = {xilllxi = Xidll <cio(1 + 1 4; 1D leo; (O) ||

1+ ||4;
+ [1 ( ||) ”) 101| {m’ Cs,
g
Xid € Qid} C Q;, (96)

whose size can be adjusted by appropriately choosing the de-
sign parameters; w;=[e;1, . . ., e,',ni_1]T e RM~L =A5,wi+
by, s; is one state space representation for mapping s; = [AiT 1]e;

with Ai =21, « -+, Ain—11%, bs; =[0,...,0, 11T € R"~1 A,
being a stable matrix, and c;o being a positive constant satis-
fying e[| <cioe ™ i =1,....m.

Proof. The proof includes two steps as in Ge et al. (1999a).
We first suppose that x; € €; holds for all time, and find
the upper bounds of system states. Later, for the appropriate
initial condition x;(0) and the adaptive controller parameters,
we prove that the state x; indeed remains in the compact set €;
for all £ >0.

Suppose that x; € ©;, V¢ >0, then NN approximation (86) is
valid. Consider the Lyapunov function candidate

|
Vilt) = Vai (1) + Vi, (0) + s W T Wi
) 1 ~2
+ 5tr{V,.Trm.l Vi}+ 2—71_5,.. 97)
1
Differentiating V;(¢) with respect to time ¢ leads to
Vi(t) = Vi (1) + Vi, (0) + W T [ Wi
~ x 1~ %
+ VI Vi + 11—5,6,-. (98)
i
Case i: If |s;| > cy,;, then g; (si|cs;) = 1. In this case, substi-
tuting Eq. (80) into Eq. (98), and using control law (88), (89),
and (86) and (87), it follows that
Vi) <gi (NG + & — kio)s] — WS (V1 z)si
— 0 &(zi)si tanh(si & (z0)/ p;)
+IWSi (V2 = WES; = 8iViz)

— WISiVTZi — dui + & z)lsi + Isi|p}
~ A ~ X 1~ 2
+ W Wi +w(vIr v + n—éiéi. (99)
i

Using adaptive tuning laws (92)-(94), and the inequality:
0< |xJ —Ax~tanh(x/s) §O.2Z85§, for ¢ >0, x € R, and the fact
that WiTSl{ Vl-TZ,' = tr{ ViTZ,' WiTSl.’}, we obtain

mki3

7. . N b kg2 —
Vi) <gi (DN + & — kins; 30— )

>y

]lkltTmax

051 (e (1) dt 4 0.27856; p;

— oui WIWi — ouitr{ VT Vi} — 0189 (100)

By completion of squares, the following inequalities hold:

s n AWill2 wi|WE|2
— o Wi < — 7 ”2 a “””2 il (101)
o . ‘7 2 o | V* 2
—avitr{l/iT‘/i}é _ Oyi ||21||F vl”Z, ”F, (102)
~2
a 5 52
— 0198 < — UT JT (103)
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Substituting Eqs. (101)-(103) into Eq. (100), we obtain

Vi) < — kins? — kia Vi, (0) + g ON(CDE;

owilWill®> ol Vill

+ & +0.27858;p; — PR

) 2 2 2
_ 0;0; I O'wi”W,'*” O-Ul'”Vi*”F + 0i0; . (104)

2 2 2 2

Define the following constants:

2io = min{2k;1bio, ki3, Gui / max (T,

vi [ 2max (1), aim; ), (105)
owilWHI?  owllVFEIE 607
f0 = 0.27850; p; + —— > = > E 12’ (106)
Thus, we have
Vi) < — AioVi() + o + & ON DG + & (107)
Multiplying Eq. (107) by e%0’ yields
i : Aiot Aiot . NP F
5 (Vi) e (o + &i (ON )G + Gl (108)
Integrating Eq. (108) over [0, ¢], we have
t .
Vi(t) < Cig 4 ¢ 0! / (g (DN ) + Detot de (109)
0

with Cio = w0/ 4io + Vi(0).

From Egs. (7), (8), (72), and Assumption 3, we know that
gi(t) € [min{k;;, k;,}, 2max{ki;, ki»}] C (0, +00),Vt>0 or
gi(t) € [=2max{k;, k;r}, — min{k;;, k;;}] C ( 00, 0), Vr >0.
According to Lemma 1, we have V; (1), {; (1), fo gi (‘E)N(CZ)CZ dt
are bounded on [0, #). Therefore, 5,, | W;ll, | Villr and |s;| are
bounded on [0, 77) for all #7 > 0, i.e., all signals in the closed-
loop system are bounded on [0, ) for all 77 > 0. According to
the discussion in Ryan (1991), we see that the above conclusion
is true for ¢y = +o00. Therefore, 5,, ||Wl || and ||V, ||p € L. Let
Cy; be the upper bound of g0t fo (gi (r)N(C Y +1){;e%07dr on
[0, 00), ;= #10/1104‘ Vi (0)+C§p then S <2bll Vi) <2bllﬂ1
Similarly, | Wi 2 <2p; /2min (T ), ViR <243 / 2min (T},
and |0; 2 <2u;1;.

Case ii: If |s;| <cy,;, then qi (silcsl) =0. In this case, the

control 51gnal vj =0, Cl =0, W; =0, V =0 and5 =0, i.e.,
i W,, V and 5 are kept unchanged in bounded values.

Therefore, similar to the discussion in Theorem 1, we can
conclude from Cases i and ii that all the closed-loop signals
are semi-globally uniformly ultimately bounded and Eq. (96)
holds. [

4. Simulation results

To demonstrate the effectiveness of the proposed approach,
we consider the following nonlinear system:

X1 () =x12(1),
X12(8)=x21()—0.3 sin(x21 (1))

+0.1x{, (t—71 (1) +(2—sin? (x11 (1))u1 (1),
Xo1()=x22(2),
X2 (D)=x7, (Du1 (1) +(x3, () +x11 (1)

+0.5 cos(x21 (1)))u? (1)+0.2x22 (1 —12(1))

x sin(x21 (t—12(1)))+ 3+ sin(x22(¢)))u2 (1),
yi@®)=x11(0), y2(t) = x22(1),

(110)

where u; (i =1, 2) are outputs of dead-zones.

Both NNs WZ.TSi(\A/iTZi),i = 1,2 contain 10 hidden nodes
(i.e., Iy = I, = 10) and the coefficients in activation function
s(-) are taken as 7,y = 7,9 = 3.5. The desired tracking trajec-
tories y14(t) = 0.5[sin(¢) + sin(0.5¢)] and y»4 = sin(0.5¢) +
0.5sin(1.5¢7). The design parameters of the above controller
are ¢g; = C5y = 1.0 x 1075,211 = 1.5,121 = 2, kll = k21 =
2,k13 =ky;3=0.001,7, =1n,=0.1,py=p,=02,01 =02 =
Ol =0w2 =0y =02 =0.01, I'y) =Ty =diag{2.5}, I'y1 =
I'y; = diag{10}. The dead-zones are assumed to have linear
functions outside the deadband. We select g;,(v;) = ki»(v; —
biy) and gj;(v;) = kijj(v; — b;;) with the parameters of the
dead-zones ki; = 0.5, k1, = 1.5, kyy = 1.5, ko, =2.5,b1; =
—0.5,b1, = 0.5,by = —2.5, by, = 2. The initial conditions:
x11(0)=0, x12(0)=0, x21(0)=0, x22(0)=0, time-varying delays
T1(t)= 02(1+s1n(t)) 72(t)=1-0.5cos(t), rmaX_Z rmax_06
(1(0) = (2(0) = 0, W1(0) = W2(0) =0, V1(0) and V2(0) are
randomly taken in the intervals [—1, 1] and [—0.5, 0.5], respec-
tively, 31(0) = 32(0) = 0, the simulation results are shown in
Figs. 3-5. From Fig. 3, it can be seen that fairly good tracking
performance is obtained.

0 10 20 30 40 50 60
Time (sec)

Fig. 3. Tracking errors e (solid line) and e (dashed line) with time-varying
delays.
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12 T T T T T

10

- 0 1IO 2IO 3I0 4IO 5I0 60
Time (sec)
Fig. 4. Control signal v with time-varying delays.
300 T T T T T
200 r 1
100
0
-100
-200
-300
-400 : : : : :
0 10 20 30 40 50 60
Time (sec)

Fig. 5. Control signal vy with time-varying delays.

5. Conclusions

A novel adaptive neural control scheme has been presented
for a class of uncertain MIMO nonlinear state time-varying
delay systems with unknown nonlinear dead-zones and gain
signs. The uncertainties from unknown time-varying delays
have been compensated for through the use of appropriate
Lyapunov—Krasovskii functionals. The controller has been
made to be free from singularity problem by utilizing integral
Lyapunov function. Based on the intuitive concept and piece-
wise description of dead-zone and the principle of sliding mode
control, the developed controller can guarantee that all signals
involved are semi-globally uniformly ultimately bounded.

Acknowledgements

This work was partially supported by the National Nat-
ural Science Foundation of the People’s Republic of China
(60074013 and 60428304).

References

Cho, H. Y., & Bai, E. W. (1998). Convergence results for an adaptive dead zone
inverse. International Journal of Adaptive Control and Signal Processing,
12(5), 451-466.

Ge, S. S., Hang, C. C,, Lee, T. H., & Zhang, T. (2001). Stable adaptive
neural network control. Boston: Kluwer Academic Publisher.

Ge, S. S., Hang, C. C., & Zhang, T. (1999a). Adaptive neural network control
of nonlinear systems by state and output feedback. IEEE Transaction on
System, Man, and Cybernetics-Part B: Cybernetics, 29(6), 818—828.

Ge, S. S., Hang, C. C., & Zhang, T. (1999b). A direct adaptive controller for
dynamic systems with a class of nonlinear parameterizations. Automatica,
35, 741-7417.

Ge, S. S, Hong, F., & Lee, T. H. (2003). Adaptive neural network control
of nonlinear systems with unknown time delays. /EEE Transactions on
Automatic Control, 48(11), 2004-2010.

Ge, S. S, Hong, F, & Lee, T. H. (2004). Adaptive neural control of
nonlinear time-delay system with unknown virtual control coefficients.
IEEE Transactions on Systems, Man, and Cybernetics-PartB: Cybernetics,
34(1), 499-516.

Ge, S. S., Hong, F., & Lee, T. H. (2005). Robust adaptive control of nonlinear
systems with unknown time delays. Automatica, 41, 1181-1190.

Ge, S. S., Zhang, T., & Hang, C. C. (2000). Stable adaptive control for
nonlinear multivariable systems with a triangular control structure. /[EEE
Transactions on Automatic Control, 45(6), 1221-1224.

Hale, J. (1977). Theory of functional differential equations. (2nd ed.), New
York: Springer.

Lee, H., & Tomizuka, M. (2000). Robust adaptive control using a universal
approximator for SISO nonlinear systems. IEEE Transactions on Fuzzy
Systems, 8(1), 95-106.

Lewis, F. L., Yesildirek, A., & Liu, K. (1996). Multilayer neural network
robot controller with guaranteed tracking performance. IEEE Transactions
on Neural Networks, 7(2), 388-398.

Liu, P. L., & Su, T. J. (1998). Robust stability of interval time-delay systems
with delay-dependence. Systems and Control Letters, 33(4), 231-239.
Nguang, S. K. (2000). Robust stabilization of a class of time-delay nonlinear

systems. IEEE Transactions on Automatic Control, 45(4), 756—762.

Niculescu, S.-L. (2001). Delay effects on stability: A robust control approach.
London: Springer.

Nussbaum, R. D. (1983). Some remarks on the conjecture in parameter
adaptive control. Systems and Control Letters, 3(3), 243-246.

Polycarpou, M. M., & Mears, M. J. (1998). Stable adaptive tracking of
uncertain systems using nonlinearly parametrized on-line approximators.
International Journal of Control, 70(3), 363-384.

Richard, J. P. (2003). Time-delay systems: An overview of some recent
advances and open problems. Automatica, 39(11), 1667-1694.

Ryan, E. P. (1991). A universal adaptive stabilizer for a class of nonlinear
systems. Systems and Control Letters, 16(3), 209-218.

Sanner, R. M., & Slotine, J. E. (1992). Gaussian networks for direct adaptive
control. IEEE Transactions on Neural Networks, 3(6), 837-863.

Selmic, R. R., & Lewis, F. L. (2000). Deadzone compensation in motion
control control systems using neural networks. IEEE Transactions on
Automatic Control, 45(4), 602-613.

Shyu, K. K., Liu, W. J., & Hsu, K. C. (2005). Design of large-scale
time-delayed systems with dead-zone input via variable structure control.
Automatica, 41(7), 1239-1246.

Su, C. Y., & Stepanenko, Y. (1994). Adaptive control of a class of nonlinear
systems with fuzzy logic. IEEE Transactions on Fuzzy Systems, 2(3),
285-294.



T.P. Zhang, S.S. Ge / Automatica 43 (2007) 1021-1033 1033

Tao, G., & Kokotovic, P. V. (1994). Adaptive sliding control of plants with
unknown dead-zone. IEEE Transactions on Automatic Control, 39(1),
59-68.

Tao, G., & Kokotovic, P. V. (1995). Discrete-time adaptive control of systems
with unknown dead-zone. International Journal of Control, 61(1), 1-17.

Taware, A., & Tao, G. (2003). An adaptive dead-zone inverse controller for
systems with sandwiched dead-zones. International Journal of Control,
76(8), 755-769.

Wang, X. S., Hong, H.,, & Su, C. Y. (2003). Model reference adaptive
control of continuous time systems with an unknown dead-zone. IEE
Proceedings—Control Theory Applications, 150(3), 261-266.

Wang, X. S., Hong, H., & Su, C. Y. (2004). Robust adaptive control a class
of nonlinear systems with an unknown dead-zone. Automatica, 40(3),
407-413.

Ye, X. D., & Jiang, J. P. (1998). Adaptive nonlinear design without a priori
knowledge of control directions. IEEE Transactions on Automatic Control,
43(11), 1617-1621.

Yesildirek, A., & Lewis, F. L. (1995). Feedback linearization using neural
networks. Automatica, 31(11), 1659-1664.

Zhang, T., Ge, S. S., & Hang, C. C. (2000). Stable adaptive control for
a class of nonlinear systems using a modified Lyapunov function. /JEEE
Transactions on Automatic Control, 45(1), 129-132.

Zhang, T. P. (2001). Stable adaptive fuzzy sliding mode control of
interconnected systems. Fuzzy Sets and Systems, 122(1), 5-19.

Zhou, J., Wen, C., & Zhang, Y. (2006). Adaptive output control of nonlinear
systems with uncertain dead-zone nonlinearity. /IEEE Transactions on
Automatic Control, 51(3), 504-511.

Tianping Zhang received the B.S. degree in
mathematics from Yangzhou Teachers College,
Yangzhou, PR China in 1986, the M.S. de-
gree in operations research and control the-
ory from East China Normal University, Shang-
hai, PR China in 1992, and the Ph.D. degree
in automatic control theory and applications
from Southeast University, Nanjing, PR China
in 1996. he is now a professor at the Department
of Computer, Yangzhou University, Yangzhou,
PR China. From October 2005 to October 2006,
he was a Visiting Scientist in the Department of Electrical and Computer En-
gineering, National University of Singapore, Singapore. His current research
interests include fuzzy control, adaptive control, and nonlinear control.

Shuzhi Sam Ge, IEEE Fellow, P. Eng., is
a Professor at Department of Electrical and
Computer Engineering, the National University
of Singapore. He received his B.Sc. degree
from Beijing University of Aeronautics and As-
tronautics (BUAA), and the Ph.D. degree and
the Diploma of Imperial College (DIC) from
Imperial College of Science, Technology and
Medicine, University of London.

He has (co)-authored three books: Adaptive
Neural Network Control of Robotic Manipula-
tors (World Scientific, 1998), Stable Adaptive Neural Network Control
(Kluwer, 2001) and Switched Linear Systems: Control and Design (Springer-
Verlag, 2005), and over 300 international journal and conference papers. He
has been serving as Associate Editors for IEEE Transactions on Automatic
Control, IEEE Transactions on Control Systems Technology, IEEE Transac-
tions on Neural Networks, Automatica, and Editor for International Journal
of Control, Automation & Systems, and Taylor & Francis Automation and
Control Engineering Series. Dr. Ge is the recipient of the 1999 National
Technology Award, 2001 University Young Research Award, 2002 Temasek
Young Investigator Award, Singapore, and 2004 Outstanding Overseas Young
Researcher Award from National Science Foundation, China. His current
research interests include social robotics, intelligent control, hybrid systems,
and intelligent multimedia fusion.



	Adaptive neural control of MIMO nonlinear state time-varying delay systems with unknown dead-zones and gain signs62626262
	Introduction
	Problem formulation and preliminaries
	Problem formulation
	Nussbaum function properties
	Multilayer neural networks (MNNs)

	Control system design and stability analysis
	Adaptive NN control for SISO system (m=2pt=1)
	Adaptive NN control for MIMO system (m626262622)

	Simulation results
	Conclusions
	Acknowledgements
	References


