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Abstract—As is well known, dead-zone nonlinearity often
exists in practical actuators and unknown actuator failures
may occur during system operation. However, available
results based on adaptive approaches to compensate
unknown failures of such actuators are still very limited. In
this paper, we address such a problem by considering a class
of uncertain nonlinear systems with dead-zone hysteresis
nonlinearities inputs. An adaptive control scheme is
proposed by using backstepping technology to compensate
the uncertainties caused by unknown failures of dead-zone
actuators. The boundedness of all signals is established for
the closed loop system and the desired output tracking
performance is maintained for any unknown actuator
failure.

Index Terms—Nonlinear systems,
control, Hysteresis

Dead-zone, Adaptive

1. INTRODUCTION

As we all know, hysteresis nonlinearity exists in many
physical actuators such as dead-zone, backlash, saturation,
and so on. Furthermore, these non-smooth nonlinearities
in such actuators are often unknown in parameters and
time-variant. The presence of hysteresis nonlinearity in
feedback control systems may cause severe deterioration
of the system performance. Thus, more and more
researchers have tended to pay more attention to the study
of non-smooth nonlinearities in practical systems.

Dead-zone is one of the most important hysteresis in
practice. It will severely limit the performances of system.
But in order to simplify the design process, it is often
ignored in control design and stability analysis. This
neglect will affect the performance of closed-loop system
inevitably, even lead to the instability. So the designer
must face the difficulties caused by dead-zone hysteresis.
Several control schemes based on adaptive techniques
have been proposed to compensate for dead-zone
hysteresis in recent years, for example in [1-6]. The
adaptive output feedback control scheme was proposed
for a class of uncertain nonlinear systems with non-
symmetric dead-zone input. The boundedness of all the
signals can be ensured by this output feedback controller.
In [4], a DIARC scheme was proposed for a class of
uncertain systems with non-symmetrical dead-zone
nonlinearity. In [5], by introducing a smooth inverse
function of the dead-zone, an output feedback control
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scheme was developed. The system performance was
improved.

On the other hand, fault seems inevitable in practice
control systems [6-7]. Such failures which may lead to
instability or even catastrophic accidents are often
uncertain in time, value and pattern. In recent ten years,
several adaptive design methods have been proposed to
address the unknown failure compensation see for
example [8-12]. Based on prescribed performance bound
technology, an adaptive control scheme was developed in
[11] and transient performance was guaranteed by this
control law. In [12] infinite number of failures and faults
are considered and a new adaptive compensation scheme
was proposed to result this important issue.

Because actuator failure is inevitable and dead-zone is
a inherent characteristic of actuators, so it is important to
study the controller design under unknown failure of
dead-zone actuators. Recently we have given the adaptive
compensation controller design for nonlinear systems
with unknown failures of backlash actuators [13-14].
However there is still no result about the compensation
for unknown failures of actuators which exhibit dead-
zone hysteresis nonlinearity. In this note, we will address
such a problem for a class of nonlinear systems with
dead-zone hysteresis. Note that unknown actuator failures
are uncertain in patterns, values and time. Thus the
designed control signals for the actuators should
accommodate such uncertainties in addition to system
parametric uncertainties. Also they should be able to
compensate for failure and dead-zone hysteresis effects of
the actuators and maintain system stability as well as
tracking performance. An adaptive control scheme is
proposed in this paper. By introducing the smooth
function tanh,(x) in the controller design, the possible

chattering caused by traditional control scheme was
avoided. With the properties of functiontanh,(y), the
boundedness of all closed-loop system signals are

guaranteed and the desired output tracking performance
can be ensured too.

II. PROBLEM STATEMENT

The following nonlinear systems with uncertain
parameters is considered
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X =X +(/’1T (X1)‘9

m 1
% =0,00+0] 00+ by +d
i=1
y=¢'x
where X=[X,X,,":-,X,] are system states, yeR is

output and U, e R is input. ¢,(X)eR and ¢ €R" are

known functions. g =[1,0,---,0]' is an unit vector.

6eR” and b eR are unknown constants. d(t) is

bounded disturbance.

We now consider the i th hysteretic actuator which
may fail during its operation. It exhibits dead-zone
characteristic behavior denoted as v, = D;(u;) with v, as
output and U, being input. The mathematical model of
dead-zone described by

m; (U _bri) Uy = bri

v, =40 b, <uy <b; @)
mi (uci _bli) uci < b|i

where b; >0,b; <0and m, >0 are unknown constants.
According to the analysis in [1], we can get

i (0) = Mg (1) + d; (Ug) (3)
—-mb, u; by,
d; (Ug) =4 —muy by <ug <by
_mbli Uy <0,

It is clear that JI is bounded as shown in [1]. As in
[12]- [14], the failure of the i th actuator at time instant
t; can be modeled as follows
(Vizt, 50, =0) “)
where o, €[0,1] and U, are unknown constants. The i th

actuator is called partial loss of effectiveness when
0<g,<1. If §,=0, it indicates the total loss of
effectiveness.

Considering the dead-zone hysteresis and the unknown
actuator failures given in (4), system (1) can be rewritten
as follows

X =X, +¢ ()0

U =0V, +;

X, =@, (X)+¢I(X)9+Zm:bi5imiuci +Zm:b|U| +d(t) ©)

i=1
y=e'x
where d(t)=>_5,d;+d,(t) . Similar in [13] [14], the
i=1
term d(t) is bounded.

III. DESIGN OF ADAPTIVE CONTROLLERS

Our control purpose is to design state feedback
adaptive control law to guarantee the stability of closed
loop system in the meaning of all signals are bounded. To
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derive a suitable adaptive control scheme, the following
Assumptions are made.
Assumption 1. b, # O0and sign(b,) is known. Without

loss of generality, we let b, > 0.
Assumption 2. Reference signal y, (t) and it's i -order
(i=1,2,...,n—1) derivatives are known and bounded.

The following assumption about actuator failure is
needed.

Assumption 3. The control objectives can be achieved
by the remaining actuation power for any up to m—1
actuator failures. Also any actuator can change only from
normal to partial failure or total failure once.

Remark 1: As explained in [8], [12] and [13], the
above assumption is a basic assumption to ensure the
controllability of the closed-loop system with the
remaining actuation power. Any actuator fails only once
and the amount of actuators is finite. Hence, there exists a
finite time instant T, after which no new failure will

occur.
First of all, the function tanh, () is defined as follows
a*—a”*
tanh,(x)=——- (6)
a‘*+a’”
where a >1 is a constant. It is clear that this function is
sufficient smooth.

The following changes of coordinates are introduced
for using backstepping technology to design adaptive
control law.

Z,=X-Y
L (7
L =%-o,-Y, , (i=2,-,n)
where variable z, is tracking error and ¢; , (i=1,2,...,n)
is the virtual control in step i .

Step 1: From (4) and (6) the derivative of z, is

2, =X-Y, =2, +a,+¢ (X)0 (8)
The virtual control ¢, is designed as
a,=-cz,— @ (x)0 9)

where ¢, is a positive constant and € is an estimate of

unknown parameters 8. We define a positive definite
Lyapunov function as follows

(10)

where 0 =60-0,T isa positive definite matrix. From (8)
(9) (10) the derivative of V, is

v =1z lorg
2 2

V=2’ +22,-0'T"(0-1) (11)
where turning function 7, is
=Tz, 12)
Step 2: The derivative of z, is
oa Ooa, 4 Oa
5 T 1 T 1 1,0
L, =, +a,+0, 0 —(X, +¢, ) ——0——=Y,
2 3 2 2 axl 2 1 69 ayr
(13)

Virtual control ¢, can be chosen as
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o
a, =—C,z, -1, _(¢2T aXI 2 )‘9 aX: 2
0 0 0 (14)
+ﬂy§”+iA1 — % ,(6-6,)
, o0 0

where c,,l, are positive constants and 6, is positive

designed constant. The turning function z, is

oo,
7, =7+ (o, __Xl¢’1)zz (15)
1
We consider the following Lyapunov function
A :Vl+%z§ (16)
Then the derivative of V, is
2 ~ A
=-> ¢z +2,2,-0'T(0-1,)
" amn

oa, A A
—I _él(e_fz +1,(0-6,))

Step i(i=3,...,n-1) :

Lyapunov function V, is considered

In this step, the following

V, =V, +%zf (18)
We choose the virtual control as
i—1 aa
& =Gz —Z_ _(‘/’iT - T)‘g
! kZ:‘ X,
i—1 6
+ 2 (X, =y)
= axk et 8y(k » (19)
i-1 a :
+ k’\—11—~((pi _ @i, )Z
= a0 kZ‘ ox
GO0 0% 5 g
0 00

where ¢, is a positive constant and turning function z; is

=1, +0(p— Z—(/}a Dz, (20)
k=1 k
Step n: From (7) , we have
Z, =X~ — yﬁnil) (21)

And then, the derivative of z, can be rewritten as

n-1

2, =0, g0+ RO, )~ 3 A, 4l )
X

i=1 k=1 K

n-1 aa ®

- ]ay(k 1) yr (22)

The adaptive control law and parameters update laws
are designed as following.
Control law:

(n)
-y -

oa, | A
—LA+d(b)
00

(23)

vector

AT
uCI :/Lt (2

where 4 is the estimate of

:u:(/uls/uzp'“
pattern. @ = (a,1,---,1)"

constant
,4,,)" which value is based on the failure

is a known vector and has the
same dimension with £ . « is the virtual control in this
step
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1

_((pn Z U T

k=

a=—CZ, -7, ,—

IS oa,_ 60:
+Z( Xk+1 (k=1) yﬁk)) z-n
5 6 % o0
Lo (24)
+ z k:l F - n—l
Zh g 1 kz; X, )
_ 9% (5-0,)+y™ —tanh, (*)D
o0 £
Update laws:
D nz,tanh ( L) —nlg (D D,)
(25)

Hzrn—lgr(ﬁ—é’o);ﬁ:—ryzna) WL (=)

where ¢ is a positive constant and I', is a positive

matrix. D are estimations of D and D is the upper
bound of disturbance. 7,1,I .« » D, are positive constants

and g, is positive vector. Turning function 7, is

designed as

7, =7, +T(p, - Z—cok)z (26)

X,
k=1
Remark 2: Noting that if D, =6, =0and g, =0, the

control scheme is just the traditional control scheme.
These constants introduced in control scheme will be
used to discuss the boundedness of all signals of closed-
loop system.

Suppose that p; actuators are faulty and no new
normal actuator fails in time interval (T;,T;,,)
(j=0,1,---,f ). Let the set Q;; denotes the actuators of
total failure in interval (T;,T;,) . Now consider the

following Lyapunov function in time interval (T;,T;,,)

v, =V, , +—z B it bs'm' AT ~+i B2 27)
ieQjr
where ji= y—j1 and D = D—I5 . We choose u as
H :(Z bié’imi)%; Hyi =0, (i E(jjT)
< (28)
iy = b (= Z bigimi)A’ (ie QjT)
iEQJT
It is clear that Y shmu'w=a- Y bl . With (27),

iEGJT
the derivative of V,; is

ieQjr
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chzk+z(¢n Z Tt T

82‘"1(0 7, +1,(0-6,)+2,d()

n-1
a“kl(e r 41, (0-8,)-L1DBD

il
0
Q‘:

“ oar (29)
(g, —=9,)
k=1 a k

'S aO‘k 1
k=2 00

—z, (tanh, (—)D)—z Y. shmi'w
ieQjr

”uF -0'T" (6 Tot)

_Zbil

iEQlT
The derivation of V,; can be rewritten as

. n oa, X ~
Vy =25 L0, +1,0-6,) +2,0()
n
__ZEIC E
k=1

Zb. MmN (a+T,2,0)
ieQjr

0T (O r)l 5D

\‘s

(30)

-1, (tanha (Z_n) Ij)
&

Lemma 1: To tanh,() function the following
inequality can be achieved

L l-gtanh D)< X v eres0 (1)
e Ina
where k =0.2785 .
Proof: From (6) we can get
a —a - elna;( _e—lna;(
tanh,( )= l+al:eml+€mlzmmwmag)ﬁm
So we have
ke
| x| —xtanh, (—) =/ | - ytanh( )<— U
(e /l na)” Ina
With Lemma 1, the derivative of V,; can be rewritten
as
chzk o'r! (9 ) Zz a¢k91 (9

7, +1,(0-0,)+]z, | D—zn(tanha(—”)lﬁ)
&

~ Y BEMAT; ({4 T, 2,0) -~ BD
ieQjr ’7

<Nz -0 0-1,)- 1 62‘2}-‘ Oz,
k=1 k=2

+1,(0-0))— Y bsmA' T, (4+T,2,0)  (33)

iEGJT
1B -pz tanh, 2y +-E-D
n £ Ina

With the update laws (25), we have

©2013 ACADEMY PUBLISHER

1289

n & - n -
s—;csz +ED+6’TIH(9—¢90)+ DI,

(34)
(D=Dy)+ D bsma'l, (1)
ieQjr
Noting that the following inequalities
|D|5(|5—D0)3—1|D|52+1|D(D—D0)2
2 2
U IR |
1,67 (H—HO)S—EL,H 9H2+5|9H 0-6,F  (35)
I ~T o ~ < 1| ~ 112 1| 2
p (,U—ﬂo)—_g#”ﬂ” +5,,H(ﬂ—ﬂo)ll
Then
<>z - Zbémilyn,&”z "l\ or -5z
k=1 IEQJT 2
(36)
where
1
=y =5l 0-6JF + 3, bom ~ Sl =) I
1<Qir (37)

1 &
+=1,(D-D,)*+—D
2 o ) Ina

Because 0, u, D, 6,, u,, D, are constants and

lp,1,.15.1na, &, Z b.o;m, are positive designed constants,
ieQjr

E; is positive and bounded.

Remark 3: The value of E;is based on the failure
such as values of (3jT , 0, and u in time interval
(T;,T;,) . Because in (T;,T;,,) all above parameters are
fixed, =, is constant in this interval.

Theorem 1: Considering the system (1) with the m
hysteresis inputs modeled in (2) and unknown failures
described by (4), under the control law (23) and update
laws (25), all signals in close-loop system are bounded. In
addition, the following tracking performance is achieved,
ie.

[1]

lim_, |y-y,I<,|— (38)

o |

Proof: In time interval (T;,T;,,), From (27) and (36)

we can get the following inequalities

V, < rmn{ck, ; S, .,39, (sz+|lu|l +l 6
52 —_
+DY)+E;
(39
and
n ~ ~ b.o,
v, <tz lorigy 3 XM g, s
253 2 = 2n
maxl" /1 -1 1 u 2
<max{— zb| it L 5_}(zzk (40)
ieQjr 2 277 k=1

+|| 2| I 6P + D?)
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where 4 ,and 4 are the maximum eigenvalues
max I, max I”

of T,', I''From (39) and (40), we have

Vy -0V, +E (41)
where
min{ck, Z b,§ i L
|€QT 2
0, = :
max{ maxl' ! L}
IeQIT 277

It is clear that ©;is a positive constant in time interval

(T;,T;.,) - Then we can get

V) < (VM) =—De ™+ L vte (T.T),) (42)
®j ®i

From (27), the difference between V,; and V,, , is
only the coefficients in front of the term z'I",/&z. Since
the possible jumping of 4 is bounded at time instant T;,
we can get

H] :an(T’)_Vn(j 1)(Tj)

b.om, bom . . b.om, .
=(x 20 5 20T e 3 200 T

iQjr i€Q(jnyr ieQjr

is bounded, where A;, is the jumping of 4 . So from
V., (0) is constant and (41), we can get V,,(T))
bounded and V,(t) is bounded for any te(0,T)) .

Namely all signals are bounded in this time interval. Then
V,T) , V,(T,) are bounded. From (42) V(1) is

bounded Vte(T,T,). Then all signals are bounded in
time interval (T, T,). So by using the same argument as
above we can ensure all signals are bounded in (T;,T;,,),

further we can get in (0,+0) all signals are bounded.
From (36), we can get

n
<Yz +E,
k=1

<=¢ |z, |2 +Ey,

(43)
te(T,,+w)
By applying the Lasalle-Yoshizzawa theorem, it

follows also that lim_,_ [y—y, |< |[— 0
1

IV. SIMULATION

In this section, we use the aforementioned
methodology on a simple system. It can be described as

follows
X=g(x)' 0+bu, +b,u, (44)
where U, U, are the control signals of system and exhibit

dead-zone nonlinearity. The known function @(X) is

—X

(p(x)_1+e
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The actual values of parameters are =2 and
b,=b, =1 . Reference signal is 12.5sin(2.3t) . The
unknown parameters in dead-zone are

=1 b, =b; (i=1,2) In simulation we choose a=¢e

> Mri

Wthh indicates tanh, (-) =tanh(-) . Feedback gain ¢ =30,

,=02,I=02,7=02 and £=0.1 . The design
parameters are chosen asl, =I,=1,=0.1 and D, =3,
6,=09 , u,=0 Initial value are chosen as
follows: 2(0)=0.5 , u,(0)=u,(0)=0 , 6(©0)=0 |,

D0)=0, x(0)=0.

Figs.1, Figs.2 and Figs.3 are tracking error and input
u,(t),u,(t) when the actuator u,(t) is stuck at an
unknown value 20 at t =1.6 second. Figs.3, Figs.4 and
Figs.5 are tracking error and input u,(t), u,(t) when all

actuators works normally. Clearly the proposed scheme
has been verified effective by these simulation results.

0.5
0.4 4
03 |
02F —
0.1 -
D\/W

o1 4

Tracking ermar

o 0.5 1 1.5 El Z2.5 El 35 4 4.5 5
t{sec)

Figure 1. Tracking error (failure)

Cantrol input u )

o o I5 1‘ 1 .I5 é 2.'5 é 3.'5 4: 4.'5 L=
tisec)
Figure 2. Dead-zone input ul (failure)

Control input uz(t)

o 05 1 15 E 2.5 El 35 4 4.5 5
t{sec)

Figure 3. Dead-zone input u2 (failure)
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0.5

0.4 N

Tracking error
o
N
T
L

o
L

0 0.5 1 1.5 2 25 E} 3.5 4 4.5 5
t{sec)

Figure 4. Tracking error (no failure)

Cantrol input Uy t)

] 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
t{sec)

Figure 5. Dead-zone input ul (no failure)

Control input uz(t)

~o 0.5 1 1.5 2 25 E} 35 4 4.5 5
t{sec)

Figure 6. Dead-zone input u2 (no failure)

V. CONCLUSION

A new state feedback control scheme is proposed by
using backstepping technology for a class of nonlinear
systems preceded by unknown dead-zone hysteresis
nonlinearities. The stability in the meaning of all signals
being bounded system and desired output tracking
performance can be guaranteed by this control law and
parameters update laws. Finally Simulation results also
illustrate the effectiveness of the control scheme.

ACKNOWLEDGMENT

The work was supported by Zhejiang Provincial
Natural Science Foundation of China under Grant No.
LY12F03019.

REFERENCES

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

[2] P. Li and G. H. Yang, Adaptive fuzzy dead-zone control
for unknown nonlinear systems. In: Proceedings of the
2009 American Control Conference. St. Louis, 2009,
pp.5671-5676.

©2013 ACADEMY PUBLISHER

1291

[3] H. J. Ma and G. H. Yang, Adaptive output control of
uncertain nonlinear systems with non-symmetric dead-
zone input, Automatica 46(2) (2010) 413-420.

[4] C. X. Hu, B. Yao and Q. F. Wang, Integrated
direct/indirect adaptive robust control of a class of
nonlinear systems preceded by unknown dead-zone
nonlinearity, In: Proceedings of 2009 48th IEEE
Conference on Decision and Control and Chinese Control
Conference. Shanghai, 2009, pp. 6626-6631.

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

[6] B. Liu, S. Yang, L. Shi, .etc, Modeling of failure detector
based on message delay prediction mechanism, Journal of
Software 6(9) (2011) 1821-1828.

[71 Y.J. Xu, S.D Xiu, .etc, Application of fault phenomenon
vector distance discriminance in woodworking machinery
system fault diagnosis, Journal of Software 6(5) (2011)
842-848.

[8] X. D. Tang, G. Tao and S. M. Joshi, Adaptive actuator
failure compensation for parametric strict feedback
systems and an aircraft application, Automatica 39(11)
(2003) 1975-1982.

[9] X. D. Tang, G. Tao and S. M. Joshi, Adaptive output
feedback actuator failure compensation for a class of
nonlinear systems, International Journal of Adaptive
Control and Signal Processing 19 (2005) 419-444.

[10] X. D. Tang, G. Tao and S. M. Joshi, Adaptive actuator
failure compensation for nonlinear MIMO systems with an
aircraft control application, Automatica 43 (11) (2007)
1869-1883.

[11]W. Wang and C. Wen, Adaptive actuator failure
compensation control of uncertain nonlinear systems with
guaranteed transient performance, Automatica 44 (12)
(2010) 2082-2091.

[12] W. Wang and C. Wen, Adaptive compensation for finite
number of actuator failures or faults, Automatica 47 (10)
(2011) 2197-2210.

[13] J.P. Cai, C. Wen, H.Y. Su, X.D. Li and Z.T. Liu, Adaptive
failure compensation of hysteretic actuators in controlling
uncertain nonlinear systems, In: Proceedings of the 2011
American Control Conference. San Francisco, 2011,
pp.2320-2325.

[14] J.P. Cai, C. Wen, H.Y. Su, Z.T. Liu and X.B. Liu, Robust
adaptive failure compensation of hysteretic actuators for
parametric strict feedback systems, In: Proceedings of
2011 50th IEEE Conference on Decision and Control and
European Control Conference. Orlando, 2011, pp.7988-
7993.

Jianping Cai was born in 1975. He received
his M.S. degree in Department of
Mathematics, Tongji University in 2004. He
is currently a associate professor in Zhejiang
Water Conservancy And  Hydropower
College. His main research interests include
nonlinear systems and adaptive control.

Ye Bao received her Bachelor degree in Hangzhou Normal
University. She is currently a associate professor in Zhejiang
Water Conservancy And Hydropower College.

Lujuan Shen received her M.S. degree in Department of
Mathematics, Hangzhou Normal University in 2004. She is
currently a lecture in Zhejiang Water Conservancy and
Hydropower College.





