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Abstract

A new adaptive actuator failure compensation scheme us-
ing output feedback is presented in this paper for a enlarged
class of nonlinear systems with state-dependent nonlineari-
ties, which are bounded by both linear parameterized static
functions and dynamic signals. By introducing the dynamic
bounding technique to construct a backstepping control law,
the control scheme ensures asymptotic output regulation and
closed-loop stability via a Lyapunov based design in the pres-
ence of unknown actuator failures as well as system parameter
and dynamic uncertainties. Simulation results are included to
illustrate the control effectiveness.

1 Introduction

Actuator failures that are often unknown in terms of failure
patterns, failure times and failure values may cause system
dysfunction and accidents. Hence actuator failure compensa-
tion is crucial in control design with many open issues. Re-
cently there have been many results in the literature on control
of systems with actuator failures under several different direc-
tions such as multiple models, switching and tuning designs
[3], [4], fault detection and diagnosis based designs [9], [10],
and adaptive designs [1], [2], [11].

Compared with other control design methods, direct adap-
tive design has a simple structure by using one adaptive con-
troller to accommodate both actuator failure uncertainties and
system uncertainties without any explicit fault detection tech-
nique. For nonlinear systems, adaptive compensation for ac-
tuator failures has been addressed for some subclasses based
on different conditions and control objectives. An adaptive
actuator failure compensation scheme using output feedback
for systems in the output-feedback form is designed in [6]. In
[7], adaptive compensation using output feedback design is
studied for a more general class of nonlinear systems, which
contains unknown state-dependent nonlinearities bounded by
a nonlinear function of the output. A robust adaptive con-
troller is developed to handle actuator failures as well as pa-
rameter and dynamic uncertainties based on a shifted Lya-
punov function. This paper revisits the actuator failure com-

*This research was supported by the NASA Langley Research Center un-
der grant NCC-1-02006.

Suresh M. Joshi
Mail Stop 132
NASA Langley Research Center
Hampton, VA 23681

pensation problem using output feedback for the class of non-
linear systems with unknown state-dependent nonlinearities.
The state-dependent nonlinearities are bounded not only by
some static output-dependent functions but also by some sig-
nals dynamically dependent on the output. By introducing
dynamic bounding signals, a new adaptive scheme of actu-
ator failure compensation is presented for such an enlarged
class of systems. Based on different backstepping design and
Lyapunov analysis from those used in [7], the adaptive con-
trol scheme ensures asymptotic output regulation and closed-
loop stability in the presence of unknown actuator failures. In
another submitted paper, under a relaxed condition, a robust
adaptive scheme is proposed to achieve desired output track-
ing with an application to aircraft control.

The paper is organized as follows. In Section 2, the con-
trol problem is formulated. In Section 3, an adaptive com-
pensation scheme is developed for output regulation via the
backstepping technique [5]. A generic example is presented
with simulation to illustrate the effectiveness of the design.

2 Problem Statement

Consider the nonlinear system in the form of

Xio= X H0i(x 1) + @iy ),i:12 p—1
Xp = Xpi1+p(x,1) +@p(y "’an*JBJ
).Cnfl = xn+¢n71(x7t)+(pn71(y)+zbl,ij(y)vj
X, = ¢(Xt “"(Pn +2b0]BJ
y = xi, 2.1

where u;j, j = 1,2,...,m, are the control inputs whose actu-
ators may fail during system operation, x = [x1,X2,...,%,]7
is the vector of unmeasured states, y is the measured output,
b.j,r=0,1,...,n" =n—p, j=1,2,...,m, are unknown con-
stants, @;(y), i = 1,2,...,n, and B;(y), j = 1,2,...,m, are
smooth nonlinear functions that are known and B;(y) # 0
for Vy € R, and ¢;(x,7), i = 1,2,...,n, are unknown func-
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tions that are not necessarily smooth. For ¢(x,7)=[d; (x,1),
O (x,2),...,0n(x,2)]7, we have the following condition:

(A1) There exists a vector of functions y(y) = [y (y), V2 (),
oy, ()T € RN, a diagonal matrix of functions W(y) =
diag{¥1(y),¥203),...,¥,(»)} € R>*2, and a vector of
signals p(t) = [p1(t),p2(t),....p,(1)]T € R2 with p;(t) =
Fi(s)M:i(»)], mi(y) > 0, F(s) is a stable and strictly proper,

and F;(s — &;) with §; > O is stable, i = 1,2,...,/, such that
[0(x,1)[| < 81+ 030w (y) + 05, ¥ ()p(r),  (2.2)
where y(y), ¥(y), and n(y)=[1 (), n2(»), -, N5, (v)]" €R®

are smooth and known, a positive constant 8y such that 8y <
min{d;} is known, and 0, € R, 020 = [0201, 0202, - - - , 0201, ,]T S
R, and 030 = [0301,0302,- - - ,0301,,]7 € R" are unknown con-
stants. For asymptotic output regulation, we assume that

V() =ywo(y), P(y) = y¥o(y), (2.3)
where Wo(y) = [Wo1(y), Wo2(y).---.Wo, ()]" € R with
y3,(y) to be smooth, i = 1,2,...,5;, and Wo(y) =

diag{‘{’m (y),\{loz (y), ... ,\{I()l2 (y)} € R2*2 with ‘i’%i(y) to be
smooth, i =1,2,...,1, are both known.

As in [7], the actuator failures are modeled as

ui(t)=uj, t >1t;, je{l1,2,...,m}, 2.4)
where the failure value i;, the failure time instant ¢;, and
the failure pattern, that is, the index j, are unknown. More
general failures modeled as u;(t) = ii; + 2:11 djifii(t), j =
1,2,...,m, with @; and dj;, unknown constants, and fj;(z),
known signals, can also be handled similarly.

Suppose that there are py actuators failed at a time instant
t,k=1,2,...,q,and 1) <t; <1t < ... <ty <oo. Duetoupto
m— 1 failures, it follows that ZZZI pr <m—1. In other words,
at time 1 € (tx,fi1), k=0,1,...,q, with #,| = oo, there are
p =Yk | p; failed actuators, that is, u;(t) = i, j = ji,-- -, jps
0<p<m—1,and u;(t) =v;(t), j # j1,--.,Jp, Where v;(t),
j=1,2,...,m, are applied control inputs to be designed.

The control objective is to design an output feedback
scheme for the nonlinear plant (2.1) with p, the number of
failed actuators, changing at time instants #, k = 1,2,...,q,
such that the plant output y(¢) converges to zero asymptot-
ically and that all closed-loop signals are bounded in the
presence of unknown actuator failures, plant parameters, and
state-dependent nonlinearities.

3 Adaptive Compensation Control

Since the failure pattern, j = ji,...,jp,, 0 < p <m—1, is
unknown in this problem, a desirable adaptive design is ex-
pected to achieve the control objective for any possible fail-
ure pattern. For a fixed failure pattern, there are a set of failed
actuators and another set of active actuators. For this set of
active actuators, there is a resulting pattern of zero dynam-
ics for the system (2.1). For the closed-loop stability, the zero

dynamics of the system (2.1) need to be stable. Since zero dy-
namics depend on the pattern of active actuators, the number
of which may range from 1 to m, there is a set of zero dynam-
ics corresponding to a chosen control design. We specify the
following condition with which a stable adaptive scheme can
be developed to achieve the control objectives.

(A2) The polynomials 3
{jla"'ajp}c {1727""

sign[by,+ ;]Bj(s) are stable, V

dp
] 0,1,2,...,m—1}, where

m},Vp € {

Bi(s) = by s + by 18" "4 Fbis+boj. (3.1)

For an adaptive design, another assumption is required.
(A3) The sign of b+ j is known, for j =1,2,...,m

For adaptive actuator failure compensation, we use the
proportional actuation scheme

v; = sign[b n*7,-]B 5 )vo, j=12,....m, (3.2)
i

where vy is a control signal generated by a backstepping de-
sign procedure consisting of p steps, which will be given next.
With the actuation scheme (3.2) and following definition

00) = [0107).0205):--, @ M)]" (3.3)

k17r = z sign[b,,»«7j]br,j, VZO,l,...,I’l*,
JFJ1ssdp

kz"rj = br"jﬁj,r:(),l,...,n*,j:jl,...,jp,

k27rj = O,r:O,l,...,n*,j;éjl,...,jp, (3.4)

and rewrite the system (2.1) with p actuator failures as

n*
) +z en—rki V0
r=0

y= cx, 3.5

X =Ax+0(x,1) + @y —i—Ze,, erzerj

where A € R"*" is a canonical form describing a chain of n in-
tegrators, ¢ = [1,0,...,0]7, and ¢; is the ith coordinate vector
in R". It follows from Assumption (A2) that the polynomial
kipes" 4 ki 18" 1 4o ki s+ ki is stable, and, in ad-
dition, from (3.3), that k1 ,+ > 0.

3.1 State Observation

Since the states of the system (2.1) are not available for feed-
back, an observer is needed to provide auxiliary signals for
handling the unmeasured states in control design.
Choosing a vector [ € R" such that A, = A — It
ble, with knowledge of ki, and kz,;, j = 1,2,...
0,1,...,n*, we have a nominal state observer for x as

is sta-
,m, r =

x* —&‘i‘&*"’z Zererj+zkl rMrj,

r=0 j=

(3.6)

3316



with the filters defined as

& = AL+iy+oly),

& = AL +0(x1),

Crj = Aolrjt+eniBi(y), 0<r<n®, 1<j<m,
= Agur+ey_vo, 0 <r<n". 3.7)

With € = x — x*, it follows from (3.5), (3.6) and (3.7) that
€ = A€ and lim,_... €(t) = 0 exponentially. The signal x* in
(3.6) is indeed the nominal observation of x in the sense that
the error x(¢) — x*(z) converges to zero exponentially. How-
ever, there are two issues related to using this x* as an estimate
of the state vector x. The first issue is that the parameters
ki, and ko ,j, j=1,2,...,m, r =0,1,...,n%, are unknown,
which can be solved by using their adaptive estimates. The
second issue, which is more challenging, is that the nonlinear
function ¢(x,7) is not available, as the system state x is not
available. Hence, in addition to using adaptive estimates of
ki and k ,;, we use bounding functions to replace the un-
available ¢(x,7) based on Assumption (Al). In this case, by
using bounding functions, an explicit expression of x* and its
adaptive version may not be available.

To solve this problem, in [7], we introduce an auxiliary
signal generated from an observer with ¢(x,7) = 0 to approx-
imate the nominal state estimate x* and such that the closed-
loop stability and desired tracking performance are estab-
lished based on a shifted Lyapunov function. In this paper,
we propose a new design for handling the uncertain nonlin-
ear function ¢(x,) that appears in (3.7) through &* based on
the ideal nominal observer (3.6) for the system (3.5) with
the unavailable signal £*. However, this seemingly natural
way will face a new problem: the second component of the
vector & , i.e., &} (that appears in the backstepping design
procedure, e.g., added to ¢;(x,¢) in (3.16)) is dynamically
dependent on the unavailable ¢(x,7). To deal with the un-
available component of £*, we introduce dynamic bounding

signals o (t) = [xo1(2),x02(t), - -, xo, (£)]T € R and (t) =

[X1,%2,---,Xi)T € RE, L =1; + b, which are generated from

Ho(t) = —8oxo (1) + (), (1) = 8% (1) + ®(),

where ®=(|y1(y)l,..., Wi, ()], [¥1(7)xo1 (@)1, [¥2(y)x02 (1)1,
s YL )0 (D)7 =[@1, D2, ..., ®7)T€RE, 80 is chosen
such that A,+9dI is stable, 8p>0 defined in Assumption (A1),
v(y), ¥(y), and n(y) satisfies Assumption (Al).

First recall Assumption (A1) and notice that 8y < min{J;}
such that F;(s — &), i = 1,2,...,l, are stable. It can be con-

cluded from Lemma 2.6 in [8] that

(3.8)

1 )
Ipi(t)| < Sfimni(y) =dsixoi(t), i=1,2,....,b, (3.9)

where 8y = || fi5,(-)|[1 with fi5,(¢) denoting the impulse re-
sponse function of F;(s— 8)s, and x0;(¢) is the ith component
of %o(#). From (3.9), it in turn follows that

030w (y) + 03 ¥ (»)p(r) < 6", (3.10)

where 6 = [67,07]7=[6,),82), .. ,é@]T € R, and 8, € R!
and 03 € R are unknown vectors whose components are 0,;=
|92(),'|2 0,i=1,2,...,1;,and e3i:|e30i|8fi20, i=1,2,....h.

From the dynamic equations of £* in (3.7), it follows that

&) = Hi ()[01(x,0)] -+ Hy () [0n(x,0)],  (B.1D)

where H/(s) = 12((;)) is the transfer function from ¢;(x,) to

&.i=1,2,....n, with D(s) = det(s] —A,). Since A, + 8/
is stable, we have that D(s — §) is stable. It is also noted
that H;"(s) is strictly proper. With the definition that H;(s) =

(s+O)H; (s) = %ﬁ fori=1,2,...,n, the signal £} in the

input-to-output form (3.11) is rewritten as

E3(0)=H1 () — g 01 (0] () — 5 [0 (1), (12

where H;(s) is a proper transfer function fori = 1,2,...,n.
Based on Lemma 2.6 in [8], it follows from (3.12) that

1
E3(1)] < 8——= (07 w(y)+ 03 (»)p(1))
s+0
1 - _
6——0"d=2580"% 3.13
< s x(1), (3.13)

where & =||h5()[l1 + [lhys(-) Il + -+ + [1A,5()ll1, and h5(r)
is the impulse response function of H;(s —d),i=1,2,...,n.

3.2 Adaptive Design for Output Regulation

The backstepping technique [5] is now applied with a design
procedure consisting of p steps to derive a stable adaptive
control scheme for output regulation, in the presence of un-
known actuator failures and system dynamics and parameters.
Define unknown constant k=[ky +, le , kg |7 and k3o with

T
ki = [kiokits . ki1l
T
ky = Tkao1,k2,02,-- - kaom k2115 k2 tmy - - k2w
2 2 2 2 2 2T
ko = [07),6%;,...,05,,03,,03,...,65,]", (3.14)
__1 - 1 o oT1T
and K=o and vectors of signals v;=[u, ;,®; ,€; |", ¢o as

W, = [HO,i,,Ul,i,---y,Un*fl,i]T, i=1,2,...,n,
8i = [COI,i;gOZ,i,---7C0m,i,€11,i7--~7€1m,i,---,Cn*m,i]T,
o W1 () W52 () - Wor, (), W61 ()01 (1),

YE0)x62(1), - -- »‘1’(2)12 ()’)X(z)zz 01",
where y,.; and er,i, i=1,2,...,n, are the ith component of u,

and §j, r=0,1,...,n" — 1, j=1,2,...,m. Let &, ki »+, k1, k2,
1230, and k denote the estimates of K, k1,0, k1, k2, k30, and k.

(3.15)

Step 1: Defining the output tracking error z; =y, we have

& +x5+01(x,1) + @1 (y)
= & +V k+E +E&5+01(x,1) +91(y).

21
(3.16)

3317



Choose the auxiliary signal

o, o = K,

Moz1Gh ko
—oyki — g3k =& — @1 (y).

Substituting (3.17) into (3.16) results in

2 = Mp2—

0 = —ciz1—dizn —

(3.17)

Z1=—c121 — d121 — Moz1Gh k3o + €2 + E5 + 01 (x,7)
+ky 2o — kRO — Ky 0l + 02k + hozih k3o, (3.18)

where /;17,,* =k17n* — /Aq),,* , IEZk — ]AC, /;3():/(30 — /}30, and K=x —
K, and ¢y, di, and A are some positive constants to be chosen.
Consider the partial Lyapunov function V| = éz% +

ky -
ZI’Yn %24 k30F30 k30, where ki > 0 due to Assumption

(A2),andy; >0 and I'39 = F30 > 0 are adaptive gains.
Choose the adaptive laws for K and 1230 as

K= —z10u, kso = MoziT30%0 (3.19)
and the tuning functions for ¥ and k as
T =21 (e 2 — o), @5 €317 (3.20)
Then the time-derivative of V is
Vi = —cizi —dizi — hozigh kso + 212
+21&+ a0 (1) +hienzn +1 k(321

where 1217,,*z1z2 is cancelled at the next step and zi €2, z1&},
2101 (x,7) are to be handled later on.

Stepi=2,3,4,...,p: Define z;, i = 2,3,...,p, as
Zi = Hpri— Oli_1. (3.22)
Differentiating (3.22), we obtain
% = M 1_“”1_%];(_80(, Lo
') n*,i+ iMn*, ch 8k30
Boc,;1 a(xl 1
Y (—8x0+n() g, (Vg1 —1g01)
806171 T %
~ T e oLk S G () ()

Zagéql (Cgr1—1g81+1gy+94(y)) —

Choose the stabilizing function o; as

Oli—12
iZie1 — ¢izi — di(—=—)"zi + lithp 1

dy

aOC,; A aOC,‘, A aOC,; =
+ o e T o+ 8X01(—5XO+n(y))

o; = —a

ok k30
001 00,1
+ 3 (Vi k+E&+ @1 (y +2 3, (g1 — 181 +1gy
i p) _q
+0,(0) + 2, == (0gs1 = lg01)
g=1 q
. i—1 .
+a‘;ik* Sp .y 901 90 W2z, (3.24)

ok dy

q=2

where ar = IAq,n* andag;,=1,i=3,4,...,p,¢; >0and d; >0,
i=2,3,...,p,are design constants, I’ =T > 0 is the adaptive
gain, and 7;, i = 2,3,...,p, are the tuning functions given by

Boc,»,
Ti=Ti—1— 1'02Z,'. (3.25)
dy
Defining zj11 = tp* i+1 — f(yﬁi) — o, we rewrite (3.23) as
. 01 2 doy_q
e — iz —d L
Zi Zi—1 — Cij l( ay ) ¥ ay €
aoc, aoc, 001 7~
1&2 Loy (x,1) + 21 — Tk
dy
aoc,;l Fl aOLq71 001 001 2
+ = F’C,’ — —TI Vyzg — ——k. (3.26
ok q;z ok oy T op G20

For the partial Lyapunov candidate function V; = V;_| + 21, )
it follows from (3.26) that

i
2 2 2T .
— Y cqzg —dizi —hoziGo ko + 2182 + 2185
g=1

+z101 (x,7)

qu

- 2 Zq 9%
Z Zq

i d0, 1
_ZZ‘] at; ¢1 -XI)+ZIZI+1
q=2

i
+1k+ Y 24
q=2

(Xq,1 A
—— ('t — k). 3.27
S =k 3.27)

Design the control signal vo(¢) in the control law (3.2) as

w1, (3.28)

where 0} is the stabilizing function from the pth step.
Consider a Lyapunov function

V=Vp+3 Yerr 1k+2 292 ‘2+2—3TP8 (3.29)

2d8

where P=PT >0 satisfying the Lyapunov equation PA, +Al P
=—1. Based on Assumptions (A1) and (3.13), we show that

4
— ZC,'ziz — d1z% — 7»02%@,()1630 + 218+ |z1] €3]
i=1

aOL, 1

zp:z-—aa';l €
i ay 2

i=2

+lz1]]o1 (x,1)

Zd

00, aoc,
+z|zia—1||&2|+z|zq =101 (x,0)]

L82 L

—zlz
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when g is chosen such that Ay > égz Zl ! d

In summary, with the actuation scheme (3.2) and the fil-
ters of the signals &, er and prj, 0 <r <n*, 1 < j <mdefined
in (3.7), the adaptive scheme consists of the control law:

v; = sign[by j] B )vo, j=12,....m,
= ot 3 B0 e, G3D
j=19%n"jp
and the adaptive laws for parameters X, lAc, and 1230:
= —Y12101, k= I'tp, k3o = Moz T30G0, (3.32)

where 0, Vp, Tp, and Vv, are derived from the recursive back-
stepping procedure with p steps.

3.3 Stability Analysis

The proposed adaptive scheme has the following properties:

Theorem 3.1 The adaptive output feedback control scheme
consisting of the controller (3.31) and the filters (3.7) along
with the parameter update laws (3.32) applied to the system
(2.1), based on Assumptions (Al), (A2), and (A3), ensures
global boundedness of all closed-loop signals and asymptotic
output regulation: limy_,.. y(t) = 0.

Proof: For each time interval (f,#+1), k =0,1,...,q, we

have a positive definite function V defined as (3.29) whose

time-derivative V satisfies (3.30). Starting from the first time

interval, we conclude that V (¢) € L for Vt € [t,#1), so that

Z, K, k1 R k1, k», k3o, and € are bounded for ¢ € [fo,11). As
=y, y is also bounded for ¢ € [to,1;).

It follows from (3.7) that &, ,;, r =0,1,...,n%, j=
1,2,...,m, and & are bounded because of the boundedness
of (b(x t) due to Assumption (Al) As in [5], it can be con-
cluded that with K(s) =

ky Ln *Y" +- +k1,lf+k1,0

Uri = € (sI A,)” en,rK(s)

zd” ’(pl Zik dr B/ )] (3.33)

r=0j=
which results in the boundedness of u.;, » =0,1,...,n%,
i =1,2,...,n, because the matrix A, and the polyno-

mial k17,,*s”* + -+ ki15s+ k1o are stable, and ¢;(x,7), i =
1,2,...,n, are bounded based on Assumption (A1), and @;(-),
i=1,2,...,n,and B;(-), j=1,2,...,m, are bounded too be-
cause of the smoothness. It follows from (3.6) and the bound-
edness of € that x is bounded. According to (3.31), it can also
be seen that v is a bounded signal. Since B;(y) # 0 for Vy €
R, the boundedness of v; is guaranteed too, j = 1,2,...,m.
Therefore, all closed-loop signals are bounded for ¢ € [ry,11).

At time ¢t = 11, p; actuator failures occur, which result in
the abrupt change of K, k1 ,+, k1, and k> denoted as Ak, Aky -,

Aky, and Ak, respectively. Since the change of values of these
parameters are finite and z, €, K, IAq,n*, IAq, /}2, and 1230 are con-
tinuous, we have that V(1;) = V(¢;') + V1 with a finite V.
Therefore it can be concluded from (3.30) that V (r) € L™ for
t € (t1,2). By repeating the argument above, the bounded-
ness of all the signals is proved for the time interval (¢1,#2).
Continuing in the same way, finally we have that V(¢) € L~
for 1 € (14,00) with V(¢5) =V (t,) + V, for a finite V, with a
similar form as V;. Due to the finite times of actuator failures,
it can be concluded that V(¢) is bounded for V¢ > #9, and so
are all the closed-loop signals.

At the last time interval (7, <) with a positive finite initial
V(zj), it follows from (3.30) that z € L. In particular, z; € L?.
Together with z; € L™, we conclude that lim, ...z =0, i.e.,
asymptotic output regulation is ensured. \Y

3.4 Simulation Study

A generic example is used to illustrate the effectiveness of the
proposed adaptive scheme. Consider the following system

X1 = x4+ tan~! (x2) + 132)6%)@
Xy = ﬁ3x?x% +bruy + brun
X3 = ﬁ4(€x1 — 1) + Osx1 + Vgx3
y = X, (3.34)
where ¥,i=1,2,...,6, and b; and b, are unknown constants.

The differential equation for x3 constructs the zero dy-
namics of the system (3.34). With ¥¢<0, the zero dynamics
are input-to-state stable such that the minimum-phase con-
dition is satisfied as stated in Assumption (A2). It in turn
implies that |x3|<p;(¢) + p2(f), where p;(¢) is governed by
p1(t)=Fi (1 (y) with Fi(s)=2452 and m;(y)=y” + 1, and
p2(t) is governed by pa(t) = Fa(s)n2(y) with Fa(s) = s?f%
and M2(y) = ¢’ — 1. Define that ¢(x,7) = [O1x) tan~! (xp) +
Wxdxs, Oaxie]T, and k=[(|b1|+|b2|),0]", when u; and uy
are both active, and k=[|b;|,b;i,]T if u; is active and u; is
failed, i#j€{1,2}, where i1; and i1, are the unknown values.

Choose a vector [ € R" such that A, = A — I¢ is stable,
where A and ¢ have the the form as those in (3.5). With knowl-
edge of k1 and k,, the nominal observer for x is designed as
x* =&+& + X3 kol + ki, with the filters defined as

Aok+1y, & = AL +0(x,1),
Aol +ea, 1= Aou+ervp.

é =
¢ = (3.35)

Assuming that [9¢| > 8o > 0 and Jy is known, we in-
troduce the dynamic bounding signal %o = [xo1,%02]” € R?,
which is generated from

%0 =—8ox0+n(y), (3.36)
where n(y) = M1 (), M2(»)]” € R2. Tt follows that
[o(x,0)|| < 6", (3.37)

3319



where 8 = [81,602,03,04,65]", 81 = 3[01], 02 =028, 63 =
9218 ,, 04 = 203187 , 05 = 2[03]87,, with &, i = 1,2, de-
fined after (3.9), and @ = [|x;|,xTx01,x7%02, |3 %3 |25 |x3a) " -
Furthermore we define k3o = [67,63,63,67,63]", k=¢-, and
Q= {1,331 . Kol With Assumption (A3)
the adaptive controller is thus derived as

a0,
vj=vo, j=1.2, vo:ocz+a—c1, (3.38)
2
with the adaptive laws for &, k, and ko:
& = —yaou, k=T1p, kso =hoziT30c0,  (3.39)

via the backstepping procedure given in Section 3.2.

In the simulation, the initials of the states are chosen as
x(0) = [<0.2,—0.2,0.2]7, the initials of the estimates &, ki,
k>, and kg are set as [5,0.5,0,0,0,0.1,0.75,1]7. The gains
are 61:C2:0.2, d1:d2:0.7, 7»():1, 'YZl, y1:10, 'Y2:1, F3() =
0.17, and [ = 2, 1]. For simulation, i fails at the 10th second
with an unknown value i; = 0.1 and the system response and
inputs are shown in Figure 1 and Figure 2 respectively.
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Figure 1: System states.

System inputs
L S S S e R R S
7
I
I

o
@
35
@
N
S
o
&
@
8

Figure 2: System inputs.

4 Concluding Remarks

Actuator failures have a major influence on the performance
and stability of control systems. Compensation of un-
known actuator failures is a challenging problem with many
open issues, especially for nonlinear systems. In this pa-
per, the actuator failure compensation problem is solved for
an enlarged class of nonlinear systems with unknown state-
dependent nonlinearities. The state-dependent nonlinearities

are bounded not only by some static output-dependent func-
tions, but also by some signals dynamically dependent on the
output. An adaptive output feedback scheme is developed to
ensure closed-loop stability and asymptotic output regulation
in the presence of the unknown actuator failures and uncer-
tain system nonlinearities and parameters. Under a relaxed
condition on the bounding functions, a different robust adap-
tive control scheme is proposed in another paper.
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