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Abstract. In this paper, a new tuning function backstepping control scheme is proposed for a
class of parametric strict feedback nonlinear systems to accommodate actuator failures/faults
and dead-zone constraints, where the failures/faults are uncertain in time, pattern, and values,
and the dead-zone parameters are not available. Roughly speaking, such a scheme is developed
in two steps below. First, by using an adaptive smooth inverse function to compensate for the
dead-zone nonlinearity, we separate the coupling actuator dynamics into two parts, i.e., the
dead-zone compensation errors and the nominal failure dynamics. Afterward, we further handle
these two parts based on the techniques of robust adaptive approach and parametrization
method. With our scheme, the global boundedness of the signals in the closed-loop system are
ensured, and the tracking error is steered to zero asymptotically. These results have also been
verified through simulation studies.

1 Introduction

In a practical control system, dead-zone characteristic ubiquitously exists in gear friction, hydraulic
valves, DC motors and mechanical connection, which usually degrades the performance of the system.
In recent years, adaptive compensation control schemes for dead-zone nonlinearity in the presence of
parametric uncertainties have been developed. In [1], the dead-zone nonlinearity is regarded as an
external bounded disturbance which can be mitigated through robust control design by using a direct
decomposition method (DDM). Apart from DDM, the inverse compensation method (ICM) is another
effective strategy to eliminate the effects of nonsmooth nonlinearities. Compared to the compensation
method DDM, ICM can completely cancel actuator dead-zone by constructing an inverse compensator
through parameter identification; see [2]. However, it is usually costly for offline parameter
identification. Thus it is of significance to develop an adaptive inverse compensation method (AICM)
by using the adaptive technique to estimate unknown dead-zone parameters online; see [3].

Besides the inherent actuator nonlinearities mentioned above, the failures/faults of suddenly
getting stuck and losing partial effectiveness may also occur in practical actuation mechanisms.
Recently, studies on actuator failures started by handling the linear system failure in [4], and the
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results were further extended to nonlinear system failure in [5] by the utilizing backstepping
technique. With backstepping recursive design, a new prescribed performance bounds (PPB) based
controller is proposed in [6] to guarantee the tracking error within the prescribed bounds. Moreover, in
the recent work [7], a robust adaptive fault-tolerant control scheme is further proposed for
compensating failures in dead-zone actuators. However, such a scheme mainly treats the actuator
failures and dead-zone nonlinearity as bounded disturbance-like effects, and thus the perfect
asymptotic tracking performance cannot be obtained even for the case of finite number of actuator
failures.

Motivated by observations above, in this paper, we study the problem of direct adaptive failure
compensation control for a class of uncertain multiple inputs and single output (MISO) nonlinear
systems with actuator failures and dead-zone constraints. Such problem is successfully addressed with
our newly proposed control methodology with the following contributions.

1) Note that we take actuator failures and dead-zone nonlinearities into account simultaneously in
control design, which thus is more general than the existing work [8] that only considered dead-zone
effect and [5] that solely focused on actuator failure compensation. Moreover, perfect asymptotic
tracking control performance is achieved, irrespective of the existence of such both adversaries.

2) The smooth adaptive inverse is firstly utilized to compensate for dead-zone nonlinearity, such
that the compensating errors containing failure parameters between actual function value of dead-zone
nonlinearity and its designed dead-zone output, which is then eliminated in the subsequent design.

3) Recently, the authors in [7] proposed a new and novel robust adaptive control scheme, which
has been shown to be applicable to compensate for actuator dead-zone and failures/faults. However,
such a scheme cannot recover the perfect asymptotic tracking performance when the number of
actuator failures become finite. This issue is also successfully addressed with our proposed scheme.

The outline of the paper is organized below. In Section 2, the control problem is formulated, and
the related assumptions are given. In Section 3, a desired controller for addressing control problems is
constructed and the stability analysis is provided at the end of this section. Finally, simulations on
mechanical system with dead-zone and failures/faults are shown in Section 4.

2 System model and problem statement

In this paper, the following uncertain nonlinear system for the adaptive actuator failure compensation
problem is considered.

X, =X, +¢l.T(xl,x2,...,xi)19,i =12,..,.4-1
q

X, =@, (x,m) + @, (x,))3+ > by (x,nu,
J=1

y=x

where x, € R’ are state variables, y € R is the system output, u ,€R for j=L2,...,q denotes
the j th control input to the plant, @, €R,@(x)eR’(I=12,.,4) and
7;(x,m)#0(j=1,2,...,q) are known smooth nonlinear functions, $€R” and
b j( j=1,2,...,q) are unknown parameters and control coefficients, respectively. Denote T, as the

input of the j th actuator (j =1,2,...,), u; as the output of the j th actuator (j =1,2,...,¢). An
actuator with its input equals to its output, i.e., T, =u,, namely the failure-free actuators.

As previous analysis, dead-zone is inevitable in most mechanical devices, which can be denoted as

M
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m(z,-d,) 7,2d,
v;=D(7,)=40 d <z <d, @
m(t,—d ) 7,<d

where v, for j =1,2,...,q is the j th output of the dead-zone actuator. d <0,d, >0 and

m_>0,m, >0 are unknown constants.

Considering the dead-zone actuator with possible unknown failures/faults, the effect of failure
nonlinearity can not be simply taken as an external disturbance-like term without considering its
structural information, thus the mathematic model for failure is needed below:

U, =pyv;+v

Sj’

vizt, 3)
pvy;=0,j=12,.9 “4)

where p; €[0,1) , v ;and 7, are all unknown constants.

The control objectives of this paper are to ensure all the signals of the nonlinear system bounded
and the system output ) asymptotically tracks the reference signal y, . To achieve the objectives, the
following assumptions are needed.

Assumption 1. The dead-zone parameters satisfy m, = m,,m, =2 m,,, where m_,,m,, are two
small positive constants, as described in [§].

Assumption 2. The reference signal y, and its first A th order derivatives yii)(i =1,2,...,4) are

known, bounded and piecewise continuous. ,(x,77) # 0, and the signs of b,, ie., sgn(b,) are

known.
3 Objective controller design for solving the problem

3.1 Dead-zone Inverse Model

In this part, to prevent the system from potential chattering phenomenon in the backstepping

recursion, V; needs to be designed as

AT ~ .
v,=—0,w,j=12,...,q9 (5)
where GJ.T =[m_ md, m, md ] is an estimate of 9/' ,
Vi
e”
WJT =[-D,(7)7,,D(7),~P,(7)7;,—D,(7)] is an identity matrix. D,(v,) == and
e? + eg
Vi
€
D,(v,)= _©  are designed as smooth continuous functions, where €, > 0 is a user-defined
Ty
e € + efu
parameter.

Then the corresponding actuator smooth dead-zone inverse model is obtained as:

3
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+m.d, v, +md_
sz—CD (Vd;) —Q) (Vd,) (6)
m, m,
The compensating errors between v ! and v 4 are obtained as
__JTy
v, =V, =—60;Ww,+ D, 7

where éj = l9j —éj ., Dy, = QIT(W] —w].) ) DM‘ can be guaranteed to be bounded for all >0,
see, [8].

3.2 Controller Design

In this subsection, the novel adaptive compensation scheme for actuator failures and dead-zone
constraints of nonlinear system is proposed. First of all, the following error variables are introduced as

1 zx_yr (8)
z=x—a_ —y'"i=23.,1 9)

V4

Step i (i=1,2,...,A—1). Based on the tuning function design scheme, the i th stabilizing

function @, and tuning function ¢, are chosen as

o =—cz,—@ 9 (10)
g 9%t aai—l 0. S 6“} !
O =—z,- 6z ~w; @/ §+ F +Z[ X T =G Y ]+Z T@z,i=2,.,4-1
xj a.yr Jj=2 a
(11
i1 aai—l 12
gi = gi + ZUIZt’ wi = (01- - ZW/ ( )
J=1 J

Step A . From the above definitions, Z, is obtained as

=@ +@;9-a, -y Zb7(x mp0, W+me N,+Zb7(plvd,+vs,) (13)

i=1 i=1 i=1

Remark 1: Based on the adaptive inverse compensation method (ACIM), the compensating errors
between actual function value and its designed dead-zone output are obtained, as seen in (7). By
combining the failure model (3)-(4), we can separate the coupling actuator dynamics into two parts:
the dead-zone compensation errors containing failure parameters and the nominal failure dynamics, as
shown in (13). These two parts can be compensated by synthesizing robust control approach,
parametrization method and direct adaptive approach in following steps.

Supposing one or more of failures suddenly occur in the dead-zone actuators during time interval

[T, T, ), where T, |, T, for k=1,2,....e,e+1(e < q) are a finite number of time instants. We
define two sets such that 9, = {jl,l’j1,2""’j1,qm,k}and O, = {jl,l’jl,z""’jl,q,mk} . As previous

analysis, the unknown parameters D, in (13) can be computed as
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|b.D,, |<|b, | D,, —|b|(D +D) (14)

Then the Lyapunov function V, is chosen as

i=l

i=1 ng“”k

where I', and I are two positive-definite matrices. If b, p, and v, for i =1,2,...,q,h € Qtotk are

known, K is a desired constant vector such that

g 1 -b,v
z k)[ |piKTIQ:al_ z bhj/hvsh?’(l =q—7K2,h :%(16)
= Qo Z |bi |pi z Ibz |pi

i=1i20,,, =120,
where h€Q,, and hef{l,2,..q}=kK,, =0, £=[K,& ] . & =[K,,K 5, K,]

o= [Oci,j/l,...,]/q]T . Then Vi can be computed as

A-1 a
a 6a oa
2 A— l A-1 (1) i 1
S—E ¢z, +zﬂ{zl_1+al+(00+wil9 Z[ X+ PG Y ] 3
i=1 i

q q ~ ~ B A - a_ A
+> by () (P +vi)+ D b | Py, Dy — yf.“} +97(c,-T"'9)+ Zzi Y LT, — 9

i=1 i=1 i=2

A 4 —— ey
Z b, | o,k (gzl+rlze)+2b|p, 0717z, 11701+ b | . Duill 7,2, | -Dy]
i=1

i=LigQ,,

(17)

To make V, non-positive, the tuning function ¢, and the stabilizing function ¢, are defined as

— _ N0y, (18)
ST TWZ,, W, =@ Z o 7
= OX;

» Oa < 0q,
T A-1 i-1
o,=-z, ,—¢,2,— @, ~w,3+—I'¢, + ~'w,z,
y -1 0 04 Si Z Y. 1

& oa oa q R - (19)
+;(fxi+l + oy (z/1 11) ) )_;h | 7Dy +
The final parameter update laws are chosen as
8=T¢, #=-T, 02,0 =T |yWz, D, =7z, | 20)

The control law v, is finally determined as
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v, = sgn(b)~ k"o, fori=1.2....q 1)

1

3.3 Stability Analysis

Theorem: Considering the closed-loop adaptive system consists of the plant (1) with the control law
(21) and the parameter update laws (20) in the presence of dead-zone nonlinearity (2) and actuator
failures (3)-(4) and under Assumptions 1-2. The boundedness of all the signals are ensured and the

tracking error approaches to zero asymptotically, i.e., lim[y(z) — y,(#)]=0.
11—

Proof. From Step i, we conclude that

z =z,—¢z +@ 3 (22)

Z; = Ziy

~ A oo,
—cz,—z_ +@ 9+ % Tg, -+ Z%wizj (23)
=2

Among [0,7}) , with the control law (20), supposing that b, is known and &, , =0 for

k=1,2,...,q is chosen, the derivative of z, then satisfies

- q i—1 805

. T ~T -1

Z,=—C2, -2, , +ZU/119—Z|bi | K ,Q+Z 8:9
i=1 =2

q ~
ZD'I.ZI/ - Zbl.}/i(x, n)pl(HlTﬁ/I - DNi)
i=1
24

Assuming during the time interval [7, ,7,) for k =2,3,...,r, the system with the controller

1
(21) and update laws (20) undergoes dead-zone nonlinearity and PLOE type of failure, then we have

A
Vii<=Y ¢z (25)
j=1

where V, (T, +A@)) <V, (T,) . which shows that z(?), 9.k, 0, DN €L, , then the
boundedness of X, (?),...,x,(f) can be derived successively. Besides, by using Barbalat's lemma and
combining with Z(¢) € L, , the error vector z(¢) asymptotic convergence to zero can be proved, i.e.,

limz(¢) = 0. The proof of the theorem is completed.
t—w
4 Simulation studies

k

l c
Actuator |

Actuator

f

Figure 1. Spring-mass-damper control system with dual actuators.
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Figure 2 Figure 3 Figure 4

In this example, we apply our approach to the following physical system with dual actuators. For
the, visualization, the corresponding physical model is designed in Fig. 1. In addition, the dynamic
mathematic model is given as

X, =X,
' c 12 (26)
X,=——Xx——X,+— ) u
2 M 1 M 2 M;l

where y = X, is regarded as the output position of the car whose mass is denoted by M = lkg .
k =8N /s is the stiffness of the spring, and ¢ =2N -m /s represents the damping coefficient. For
simulation, the initial values are given as x,(0) = 0.1m, x,(0) =0m / s,u,(0) = u,(0) = ON and
the reference signal is ), = sin(¢). The dual actuator failure terms are modeled as: at 15th second,
the actuator u, suffers partial loss of effectiveness (PLOE) as u, = 70%v,. Besides, the maximum

static friction of this physical model is chosen as 1N , which can be regarded as a dead-zone
nonlinearity whose parameters are defined as d, =1N,d =—-IN,m =1,m, =1.

By choosing the other simulation parameters as ¢, =3,c, =2.8, the results are shown in Fig. 2-
Fig. 4. As presented in Fig. 3, the actuator #, suffers failure and actuator 1, works in good
condition. By using our proposed control scheme, it can be seen from Fig. 2 that the output signal X,

tracks the reference signal y, perfectly. Besides in Fig. 4, the tracking error asymptotically

approaches to zero.
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