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Abstract: In this paper, a direct adaptive fuzzy tracking control scheme is presented for a
class of stochastic nonaffine uncertain nonlinear systems with unknown dead-zone input. Based
on the first-type fuzzy logic system’s online approximation capability, a direct adaptive fuzzy
tracking controller is developed by using the backstepping approach. It is proved that the design
scheme ensures that all the error variables are bounded in probability while the mean square
tracking error becomes semiglobally uniformly ultimately bounded(SGUUB) in an arbitrarily
small area around the origin. Simulation results show the effectiveness of the control scheme.
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1. INTRODUCTION

Recently, the adaptive control of uncertainty nonlinear
system has been extensively studied. As a breakthrough
in nonlinear control area, a recursive design procedure,
backstepping approach, was presented to obtain global sta-
bility and asymptotic tracking for a large class of nonlinear
system, mostly the strict-feedback system(Krstic et al.
[1995]). In addition, some adaptive fuzzy or neural network
controllers, which ensured the stability of the closed-loop
systems, have also been constructed for nonlinear systems
with unknown nonlinear functions (Chen et al. [2007];
Wang et al. [2006]; Zhang et al. [2007a]) by means of the
backstepping approach.

Nevertheless, relatively fewer results have been obtained
for the nonaffine feedback systems. The nonaffine feedback
system has a more representative form than the strict-
feedback systems, and there are many systems falling into
this category(Wang et al. [2006]). Several special cases
of pure-feedback systems are studied by combined the
backstepping technique with the neural network or fuzzy
system function approximation property in (Wang et al.
[2002]; Ge et al. [2002]), while they are still affine in control
u, the paper of Yu et al. [2004] considered the exter-
nal disturbances or unmoulded dynamics in some pure-
feedback systems, the completely pure-feedback system are
investigated in the work of Wang et al. [2006] via small
gain theory. On the other hand, some backstepping-based
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control laws (Deng et al. [1997]; Deng et al. [2000]; Arslan
et al. [2002]; Arslan et al. [2003]; Pan [2002]; Liu et al.
[2004]; Ji et al. [2002]; Liu et al. [2003]; Wu et al. [2007];
Liu et al. [2007]) for stochastic strict-feedback systems that
include a Wiener process have been developed to guarantee
stability, known as stability in probability. Combined prob-
lem of the control of stochastic strict-feedback nonlinear
system with nonlinear uncertainties is firstly studied in the
paper of Psillakis et al. [2005].

Nonsmooth nonlinear characteristics such as dead-zone,
backlash, hysteresis are common in actuator and sensors
such as mechanical connections, hydraulic actuators and
electric servomotors. Dead-zone is one of the most im-
portant non-smooth nonlinearities in many industrial pro-
cesses (Tao et al. [1996], Lewis et al. [1999]). Its presence
severely limits system performance, and its study has been
drawing much interest in the control community for a long
time (Zhou et al. [2006], Zhou et al. [2007], Zhang et al.
[2007a], Zhang et al. [2007b]). In the paper of Zhang et al.
[2007a], an adaptive neural controller was developed for a
class of uncertain multi-input multi-output nonlinear state
time-varying delay systems in triangular control structure
with unknown nonlinear dead-zones and gain signs.

In this paper, we consider adaptive fuzzy tracking con-
troller for a class of stochastic nonaffine uncertain nonlin-
ear systems with dead-zone input. With the mean value
theorem, we change the nonaffine nonlinear system into
the structure that backstepping can handle. As in the work
of Zhang et al. [2007a], the dead-zone output is repre-
sented as a simple linear system with a static time-varying
gain and bounded disturbance by introducing character-
istic function. The first type fuzzy system is employed
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to approximate the unknown nonlinear system. Extensive
stability analysis proves that all the error variables are
bounded in probability while the mean square tracking
error becomes semiglobally uniformly ultimately bounded
in an arbitrarily small area around the origin.

This paper is organized as follows. The preliminaries
and problem formulation are presented in Section 2. In
Section 3, a systematic procedure for the synthesis of
the adaptive fuzzy tracking controller is developed. In
Section 4, simulation example is used to demonstrate
the effectiveness of the proposed scheme. Finally, the
conclusion is given in Section 5.

2. PRELIMINARIES AND PROBLEM
FORMULATION

2.1 Stochastic Stability

The following notation will be used throughout the paper.
R, denotes the set of all nonnegative real numbers, R"
denotes the real n—dimensional space. For a given vector
or matrix X, X7 denotes is transpose, Tr{X} denotes its
trace when X is square, and |X| denotes the Euclidean
norm of a vector X. C* denotes the set or all functions
with continuous ith partial derivatives. £ denotes the set
of all functions: Ry — R, which are continuous, strictly
increasing and vanishing at zero, %5, denotes the set of
all functions which are of class # and unbounded; ¢ .
denotes the set of all functions ((s,t) : Ry x Ry — Ry
which is of class % for each fixed ¢, and decreases to zero
as t — oo for fixed s.

Consider the following stochastic nonlinear system:

dx = f(x)dt + h(x)dw, Ve R" (1)

where z € R™ is the state of the system, w is
r—dimensional independent standard Wiener process de-
fined on a probability space (2,.%, P). f(-), h(:) are locally
Lipschitz in z.

Definition 1 For any given V(z) € C?, associated with

stochastic system (1), we define the differential operator
Z as follows:

ov 1 o?V T

2V(@) = T fa) 4y Tr (S e @) (2)

Definition 2 For the stochastic system (1) with f(0) =
h(0) = 0, the equilibrium z(t) = 0 is

(i) globally stable in probability if for any ¢ > 0, there
exists a class ¢ function v(-) such that P{|z(t)] <
Y(|zol)} = 1 —€,Vt > 0,Vzo € R™ — {0};

(ii) globally asymptotically stable in probability if Ve >
0, there exists a class .2 function §(-,-) such that
P{lz(t)| < B(Jxo|,t) > 1 —¢€,Vt > 0,Vzg € R™ — {0}.

Lemma 1. (Psillakis et al. [2005]) Consider the stochas-
tic nonlinear system (1). If there exists a positive definite,
radially unbounded, twice continuously differentiable Lya-
punov function V' : R — R, and constants ¢; > 0, ¢ > 0
such that

LV (z) < —aV(z) + cay (3)

then (i) the system has a unique solution almost surely
and (ii) the system is bounded in probability.

2.2 Fuzzy System

In this paper, we adopt the singleton fuzzifier, product
inference and the center-defuzzifier to reduce the following
fuzzy rule:

R;: IF 7 is F} and --- and w, is F!, THEN y is B’
(Z: 1a27"'aN)'

where = [z1,---,2,]7 € R™ and y are the input and
output of the fuzzy system, respectively. Since the strategy
of singleton fuzzification, center-average defuzzification
and product inference is used, the output of the fuzzy
system can be formulated as

S 0T e ()
yla) = S (4)
Zi:1[Hj:1NF]? (z5)]
where [ (zj) is the membership of F;, and 0; =
[T, kpi ()
(). Let & = = =
maXyeR UB;(y) © f] (x) Zjil[l_[?zl “F; (xj)]’ f(l‘)
[61(2), &2(@), -+, Ev(x)]T and O = [0y, -+, On]". Then the
fuzzy logic system above can be expressed as follows:

y(x) = 07¢(2). (5)
If all membership functions are taken as Gaussian func-
tions, then the following lemma holds.

}T

Lemma 2. Let f(z) be a continuous function defined on a
compact set 2. Then for any constant € > 0, there exists
a fuzzy logic system (5) such that

sup |f(2) — p(x)| = sup | f(z) — 0T&(z)| < e (6)
e €N

Define the ideal estimation parameter as
0* = arg min[su z) —0T¢()|],
sminlsup |/ (z) — 07 (2)]

where © and ) denote the sets of suitable bounds on 6
and x.

2.3 Problem
Consider a SISO nonaffine nonlinear systems in the follow-
ing form:
Plant:
dﬂj’l = lL’th
dl‘z = :L‘gdt
: 7
dT,—1 = x,dt @
dx, = F(z,u)dt + hT (z)dw
y=a
Dead-zone:

u=D(w)=<0 if b <o <by, (8)

gi(v) if v <by,

{gT(v) if v>b,,
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where * = (x1,---,2,)T,y € R are state variables
and output, respectively. w is r—dimensional independent
standard Wiener process defined on a probability space
(Q,#,P). F(x,u) is unknown smooth function. u € R
is the output of the dead-zone. v(f) € R is the input
to the dead-zone, b; and b, are the unknown parame-
ters of the dead-zone. The reference signal is y4(t), and

ya(t), y ¢ )( t), ~,y§") (t) are smooth and bounded.

For the unknown dead-zone input, we make the following
assumptions

Assumption 1. The dead-zone output, u, is not available.

Assumption 2. The dead-zone parameters, b, and b;, are
unknown bounded constants, but their signs are known,
ie., b. >0 and b <O0.

Assumption 3. The functions, ¢;(v) and g, (v), are smooth,
and there exist unknown positive constants, kg, ki1, kro,
and k,1 such that

0 < kio < g,(v) < Ky,
0 < ko < g, (v) <k,

Yo € (—o0, by (9)
Yv € [by, +00) (10)
and [y < min{kzlo, kro} is a known positive constant, where
g,(v) = L., and g, (v) = 45

Based on Assumptlon 3, the dead-zone (8) can be rewritten
as follows as shown Zhang et al. [2007al:

|zv

u=D() = KT ({0 + d(v). (1)
where
a(t) = [+ (0. (1)) (12)
pn(t) = {(1) i zgg g Zﬁ (13)
=15 if ol S (1)
K1) = (Ko (0(0). Ki(v(t))]” (15)
K0 = {5 o it b oty < 200, 09
Ki(o(t) = {gZ (&(v(1))) g U—(t<)><>2<b:(t) <b (7
~g, (& ()b it v>b,
A(w) = { ~[gi(&(w)) + 9,6 D]o i b <0< b,(18)
o1& ()b it o< b

and |d(v)| < p*, p* is an unknown positive constant with
p* = (krl + kll) max{br, —bl}.

Remark 1 There are many results for the case of linear
dead-zone outside the deadband, but equation (11) is to
capture the most realistic situation. As shown in Zhang
et al. [2007a], we known that K7 (t)®(t) [Bo, kin +
k,‘»,-l] C (07+OO)

The control objective is to design an adaptive fuzzy con-
troller v(t) for the system (7) such that the output y fol-
lows the specified desired trajectory y4 with guaranteeing
that the system is bounded in probability.

Define g(z,u) = 01 8Fa£

nonlinear function satisfying the following assumption.

l¢=suds, which is an unknown

Assumption 4. There exist positive constants gg, g1 such
that 0 < go < g(z,u) < g1,V € Q, C R™, where Q, is a
compact set.

Remark 2 In Assumption 4, although ¢(-) appears to be
similar with the affine terms in a strict-feedback system,
a major difference lies in that g(-) is a function of u, and
thus, it is still a nonaffine term in character. Furthermore,
we don’t need the assumption that g(-) is independent
from z,,.

3. CONTROL DESIGN AND STABILITY ANALYSIS

In this section, we will use backstepping to design an
adaptive fuzzy controller. First, we introduce the error
variables

i=1,2,---

Zp =X — 041'71(2[7:—1], y([ii—l})7 ,n (19)

where o;_1 (2[1—1], yg_l]) to be given in the following steps,

a0 = Ya, O = U, Zo] = (21,0521, y{[; U
[ydayda"'ayd ] 2 = Z[n]-
step 1  The derivation of z; is

dz = dry — gadt = (22 + (21, Yd, Ya) — Ya)dt.

Consider the following Lyapunov function candidate

n=13, (20)
the time derivative of V7 is
dV1 = zldzl
= z1(22 + @1(21, Yd, Ya) — Ya)dt. (21)
Select virtual control a1(z1,¥d, Y4) as
a1(21,Yd,Ya) = —k121 + Ya, (22)
with design constat ki > 0, it is easy to get
dVi < (2122 — k12%)dt. (23)

step 2  The derivation of oy is day =

80(‘11> dy(l), so the derivation of z9 is dzo = (23 + g —
dauy)dt = (25 + a2 — (§2der + Gotdya + 2% dy())dt.
Consider the following Lyapunov function candidate

8(11 80¢1
ey dz1+ Gordya +

1
Vo=V + 523, (24)

the time derivative of V5 is

dVa < (z122 — k127 + 22(23 + g — dovy) )dt

8041

8&1
(5%,

dz +

—d
A Yd

= [2’12’2 — klzf —+ 22(23 —+ Qg —
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e}
+—dy "))t (25)
(1)
0y,
Select virtual control as(z1, 22, Yd, Yd, Jd) as
L oy oy (1)
= —kozo — g aatl
(21, 22, Yd Yd» ) 229 — 21 + 97 21 + 904 Ya
9o (2)
o ) 26
e Ya (26)
with design constat ke > 0, it is easy to get
dVy < (2023 — k125 — ko23)dt. (27)

step k (3<k<n-—1) A similar procedure is employed
recursively for each step k. The derivation of aj_1 is

k—1 —

dog_| = (Z Oa,— Ly Z 1 (]+1) )dt

j=1 Zj j=0

then the derivation of z; is

dzy, = [Zk+1 + oy — doy,— 1]dt
k—1 k—

:[2k+1+ak_zaak 1 Z

j=1 3 j=0

Oék 1 (]—0—1 dt
)

choose the Lyapunove candidate functions and the virtual
control laws as follows,

1
Vi = Vi1 + 52,%, (28)
)
agp = —kgzp — 2k— 1+Z kol
aOék 1 ]+1
+ Z (29)
7=0 ay
and we get
k
AVi < (zezpp1 — Y kj27)dt (30)
j=1
stepn  The derivation of z, is
dz, = dx, — do,—1
T -« aO‘n—l
= F(x,u)dt + h* (z)dw — ( dz;
) 5‘zj
j=1
aOék 1 j+1)
+ Z )dt, (31)
7=0
use the mean value theorem, we get
dz, = F(z, O)dt + g(x, u)udt —|— RT (x)dw
* Dop_1 30ék 1 1
f(z iz +Z y§ e, (32)

j=1 i yd

choose Lyapunov candidate as

!
Vo=V,_1+ Zn, (33)
then
2 2 kn 4 3 o1
LV < —kyz] —kozy — -+ — > #n + §znh h+ zn[zn-1
kn s, N
+ 5 “n + 2z (F(x,0) + g(z,u)u — dp—1)]-
Consider the following inequalities:
3 1
22nh" (@)h(z) < c *CHh( iz YC>0  (34)
1 1
Znn— 1 f (35) —12;11 (35)
So,
1 1 n—1
LVn < = - Z %5 — 72 + Zn{F(’I,O) +g(x,u)u
=t
. 9 1,3
i1+ L@+ 1t + ),

Then use the first type fuzzy systems to approxunate
f(a) = go ' (F(2,0) = éum1 + 15¢[[A(2) ]| *20)

fla) =0T¢(x) + ey, (36)
where €7 is approximation error, according to Lemma 2,
there exist epy > 0 such that |ef| < epr. Let 0 is the
estimation of 0*, and 6 = 6 — 0.
We define the overall Lyapunov function as

1= -
V=V, + ieTr—le, (37)
and choose the adaptive law as
0 = Tlgot ()23 — o(0— 6°)], (39)
with gain matrix I' > 0, then
1 1 — *T
1,3, kn, S
g, uu+ [ﬂf)ﬁz:t_l By i,
on the other hand
AT (5 00 Lozo 1o o
~0o(0—0°) <~ 01 + 30"~ )
in (L) ~ ~ 1
< —70)%;”( )eTr—le + §||9* —0°)1439)
So, we get
1 1 3¢ AT
2V < cter 201V + 23{g007 €(x) + g(z, u)u
1,3¢ 4 4 kn 1
G+ o e+ pa (40)

Let py = mini<i<n{(1 = €)ki, 0 Amin (D)}, 1§ = 3]16* —
0°]12 4 go€a,. It is easy to see pg > 0 and py > 0. Choose
the control law v as follows:
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1
v=——(—Uur —u 41
Bo( /) (41)
where
znéTf T
ug = 07 () tann (20D, (12)
_1,1,3¢ k 1 g3
1 3.4 n 2 1.2
with § is a positive constant. Using the inequality
0< |z - xtanh(%) < 0.27856 (44)
Then
2 (900" () + g(x, w)uy)
R R W07
= 22(gomnbTE (@) — g, u) 2007 € () tanh(zTg(x)))
R R W07
< 200(1z007 ()] — 200" tan (20 EED))
< 0.2785022 go
1
where k = %(0.2785905)3/2 is a positive constant,
P 92
2ng(z,w)d(v) < Zpan +p* (46)
From (40), it holds true that
LV < -2V + po. (47)

with po = u + K + p*2.

The main result on the asymptotic stability of the closed-
cloop system is summarized in the following theorem.

Theorem 3.  For the stochastic uncertain nonaffine non-
linear systems (7) satisfying Assumptions 1-4, with control
law (41) and adaptive law (38), then the tracking error is
bounded and the mean square tracking error enters inside
the region

QZMWERWMW*M@WS%% Vi > T,)(48)

wherein it remains for all time thereafter, and the variable
Ty will be given later.

Proof From (47) and Lemma 1, it is easy to get that
the system is bounded in probability and the mean value
of the Lyapunov function satisfies

d

ZEW] < =2 BV ()] + pe. (49)
So,
t
E[V(t)] < e 2", (0) 4 uo / < e 2=y
0
<e 2ty (0)+ 22w >0 (50)
24

there exists a time T}

0
Time(sec)

Fig. 1. The response of z

M2

T, = max{0, iln[ ). (51)

such that

mww—umwﬂSmens%? 0

4. COMPUTER SIMULATION

Consider the following nonlinear systems:
dr1 = zadt
1
dzo = (172 + 1.1u + cosu)dt + g(ﬂig +sinay)dw (53)

Yy=1x

where D(v) as follows:

0 if —1.5<v<2.b,
v+0.5 if v < -0.5.

with initial conditions x1(0) = 0.5, z2(0) = 0.1, and the
reference signal y4 = 0.5(sint 4 sin(0.5¢)). It is easy to get
go = 0.1,g1 = 2.1,y = 1. In the simulation, the fuzzy
membership functions are defined as

—(x 2
s () = exp[ =52

s () = exp[ =]
Fj p 4 ’
— exp| =1’
NF?(x) = exp[ ] ]

J

1.5(v—2) ifv>2,
{ (54)

—(x 2
o pre () = exp[ =5,

—(x— 2
s () = exp[ =52,

We choose the virtual control law and the control law as

ay = —k121 + Ya, (55)
_ gt 2078@)) 138 ke 1,
v=—0"&(z) tanh( 3 ) 10[4(4) t5 5%
9% 2
-Fzzg]zz7 (56)

where 21 =y — yg = &1 — Y4, 22 = T2 — a1, k1 = ky = 2,
6 = 0.2, £ = 2. The adaptive law

6 =Tle(2)23 — o0 — 0)), (57)

where I' = 21, 0 = 2, 6% is randomly taken in the intervals
[—1,1]. The simulation results are shown in Figure 1 and
Figure 2. From Figure 1, it can be seen that fairly good
tracking performance is obtained.
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-4

20
Time(sec)

Fig. 2. Control signal
5. CONCLUSION

In brief, a novel adaptive fuzzy control scheme has been
presented for a class of nonaffine uncertain nonlinear
systems with unknown dead-zone input, which is driven
by unknown covariance noise inputs. The proposed control
scheme ensures that all the error variables are bounded in
probability while the mean square tracking error becomes
SGUUB in an arbitrarily small area around the origin.

ACKNOWLEDGEMENTS

This work is partially supported by the Hwaying Ed-
ucation and Culture Foundation, the NSF of China
(N0.60404006 and No.60574006), and by the NSF of
the Jiangsu Higher Education Institutions of China
(No.0TKJB510125).

REFERENCES

M. Krstic, I. Kanellakopoulos, and P. V. Kokotovic. Non-
linear and adaptive control design. Wiley, New York,
1995.

D. Wang, J. Huang. Adaptive neural network control for
a class of uncertain nonlinear systems in pure-feedback
form. Automatica, 38:1365-1372,2002.

S. S. Ge, C. Wang. Adaptive NN control of uncertain
nonlinear pure-feedback systems. Automatica, 38:671-
682,2002.

J. J. Yu, T. P. Zhang, and H. J. Gu. Robust adaptive fuzzy
control for a class of perturbed pure-feedback nonlinear
systems. Journal of Control Theory and Applications,
2:175-178,2004.

C. Wang, D. J. Hill, S. S. Ge, and G. Chen. An ISS-
modular approach for adaptive neural control of pure-
feedback systems. Automatica, 42:723-731,2006.

B. Chen, S. Tong, and X. Liu. Fuzzy approximate dis-
turbance decoupling of MIMO nonlinear systems by
backstepping approach. Fuzzy Sets and Systems, 158:
1097-1125,2007.

H. Deng, M. Krstic. Stochastic nonlinear stabilization —
I: A backstepping design. Systems and Control Letters,
32:143-150,1997.

H. Deng, M. Krstic. Output-feedback stabilization of
stochastic nonlinear systems driven by noise of un-
known covariance. Systems and Control Letters, 39:173-
182,2000.

G. Arslan, T. Basar. Risk-sensitive adaptive trackers
for strict-feedback systems with output measurements.
Automatic Control, IEEE Transactions on, 47:1754-
1758,2002.

Z. Pan. Canonical forms for stochastic nonlinear systems.
Automatica, 38:1163-1170,2002.

G. Arslan, T. Basar. Decentralized risk-sensitive controller
design for strict-feedback systems. Systems and Control
Letters,, 50:383-393,2003.

Y.G. Liu, J.F. Zhang. Reduced-order observer-based
control design for nonlinear stochastic systems. Systems
and Control Letters, 52:123-135,2004.

H.B. Ji, H.S. Xi. Adaptive output-feedback tracking of
stochastic nonlinear systems. Automatic Control, IEEE
Transactions on, 51:355-360,2006.

Y.G. Liu, Z.G. Pan, and S.J. Shi. Output feedback control
design for strict-feedback stochastic nonlinear systems
under a risk-sensitive cost. Automatic Control, IEEE
Transactions on, 48:509-513,2003.

Z.J. Wu, X.J. Xie, and S.Y. Zhang. Adaptive backstepping
controller design using stochastic small-gain theorem.
Automatica, 43:608-620,2007.

S.J. Liu, J.F. Zhang, and Z.P. Jiang. Decentralized
adaptive output-feedback stabilization for large-scale
stochastic nonlinear systems.  Automatica, 43:238-
251,2007.

H. E. Psillakis, A. T. Alexandridis. Adaptive neural
tracking for a class of SISO uncertain and stochastic
nonlinear systems. Proceeding of 44th IEEE Conference
on Decision and Control, and the FEuropean Control
Conference, 2005:7822-7827.

L.X. Wang. Stable adaptive fuzzy control of nonlinear
systems. Fuzzy Systems, IEEE Transactions on, 1:146-
155,1993.

G.Tao, P.V. Kokotovic. Adaptive Control of Systems with
Actuator and Sensor Nonlinearities. New York: John
Willey and Sons, 1996.

F.L. Lewis, W.K. Tim, L.Z. Wang, and Z.X. Li. Dead-zone
compensation in motion control systems using adaptive
fuzzy logic control. IEEE Transactions on Control
System Technology, 7:731-741,1999.

J. Zhou, C. Wen, and Y. Zhang. Adaptive Output
Control of Nonlinear Systems with Uncertain Dead-zone
Nonlinearity. Automatic Control, IEEE Transactions
on, 51:504-511,2006.

J. Zhou, M. J. Er, and J. M. Zurada. Adaptive Neural
Network Control of Uncertain Nonlinear Systems with
Non-smooth Actuator Nonlinearities. Neurocomputing,
70:1062-1070,2007.

T.P. Zhang, S.S. Ge. Adaptive neural control of MIMO
nonlinear state time-varying delay systems with un-
known dead-zones and gain signs. Automatica, 43:1021-
1033,2007.

T.P. Zhang, S.S. Ge. Adaptive variable structure control
of SISO nonlinear systems with time-varying delays and
unknown dead-zone input American Control Confer-
ence, 2007. ACC 07, 2007:1221-1226.

12241



