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ABSTRACT

In this paper we present an output feedback based Adap-
tive Robust Fault Tolerant Control (ARFTC) strategy to solve the
problem of output tracking in presence of actuator failures, dis-
turbances and modeling uncertainties for a class of nonlinear
systems. The class of faults addressed here include stuck actua-
tors, actuator loss of efficiency or a combination of the two. We
assume no a priori information regarding the instant of failure,
failure pattern or fault size. The ARFTC combines the robustness
of sliding mode controllers with the online learning capabilities
of adaptive control to accommodate sudden changes in system
parameters due to actuator faults. Comparative simulation stud-
ies are carried out on a nonlinear hypersonic aircraft model,
which shows the effectiveness of the proposed scheme over back-
stepping based robust adaptive fault-tolerant control.

INTRODUCTION

Reliability and performance are twin objectives of many
complex systems like chemical plants, nuclear plants, flight con-
trol system etc., and one cannot be sacrificed for the other. For
such systems, it is desirable to have a certain degree of fault tol-
erance with respect to various faults. In this work, we focus on
the problem of fault accommodation for unknown actuator fail-
ures for a class of nonlinear systems with unknown parameters
and uncertain nonlinearities. We address two types of fault sce-
narios: actuator loss in efficiency and stuck actuators. We do
not assume the knowledge of failed actuators or failure pattern
in the present work. Fortunately, adaptive schemes, by virtue of
its on-line learning capability can bypass this problem. Conse-
quently, many adaptive schemes have been developed to solve
this problem.

Tao et al. proposed a model reference adaptive control
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(MRAC) based direct scheme to solve the problem of actuator
fault-accommodation for linear system in [1]. Such approaches
are inherently limited as they rely on conventional MRAC, which
suffers from poor transients during the learning phase and offers
difficulty in checking stability and robustness bounds in presence
of exogenous disturbances. They also addressed various classes
of nonlinear systems using backstepping based adaptive control
in [2] and [3]. Robust Adaptive backstepping based fault com-
pensation scheme for a class of nonlinear systems was proposed
in [4]. Note that even when robustness modifications are made to
backstepping based adaptive control, there is still no transparent
way to attenuate the effect of disturbances and modeling uncer-
tainties on the transient response and steady-state tracking error.
Robust control based schemes, on the other hand, can handle
such disturbances and unstructured uncertainties with guaranteed
transient performance and attenuate their effect on the steady-
state error. LMI based fault-tolerant control was proposed in [5]
and sliding mode control based approaches were used in [6].
But, in presence of large parametric uncertainties, the robust con-
trol based direct fault-accommodation schemes can result in in-
put chattering or large steady-state errors when smoothing tech-
niques are used. Thus, both adaptive and robust control based
schemes can solve one part of the problem, but cannot address
all the issues associated with actuator faults, viz., desired tran-
sient response and small steady-state tracking error in presence
of parametric and non-parametric uncertainties.

In spite of the inherent limitations of adaptive control based
techniques, it has been realized that adaptation is of key impor-
tance in dealing with large parametric uncertainties introduced
due to actuator faults in safety-critical missions like flight con-
trol systems. Consequently, the idea of safe adaptive control is
coming to forefront, which ensures certain stability properties
even without adaptation [7, 8]. In this respect, we would like
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to point out that ARC based schemes have already resolved this
issue [9, 10] and may be classified as the so-called safe adap-
tive control. Switching the adaptation off at any instant con-
verts the adaptive robust controller into a deterministic robust
controller with guaranteed transient performance. Moreover, the
design procedure allows us to calculate explicit upper bound for
tracking errors over the entire time history in terms of certain
controller parameters and achieve prespecified final tracking ac-
curacy. Thus, ARC based schemes are natural choices for safety
sensitive systems over conventional adaptive and robust schemes.

In the present work, we develop an output feedback ARC
based scheme for accommodation of unknown actuator faults.
The technique used here is a combination of adaptive backstep-
ping [11] and discontinuous projection based ARC proposed in
[10] and differs significantly from the techniques presented in [4]
and [2] which relies on backstepping based direct adaptive con-
trol. The fundamental difference between the two schemes is due
to the fact that ARC uses robust filter structures as the baseline
controller, and adaptation is used only as a means to reduce the
extent of parametric uncertainties. This is the reason that switch-
ing the adaptation off at any instant converts the ARC controller
to a deterministic robust controller with guaranteed performance.
On the other hand, in direct adaptive designs, adaptation is the
underlying mechanism which makes the controller work. Fur-
thermore, in backstepping based adaptive designs, tuning func-
tions are used to compensate the for parameter-estimation error
dynamics. But, as discontinuous projection is used in our ap-
proach, tuning functions cannot be used. In order to compensate
for the effects of parameter-estimation error dynamics, the robust
component of the control law is strengthened in ARC. In order
to show the superior performance of the proposed scheme, com-
parative studies are performed using a hypersonic aircraft model.

PROBLEM STATEMENT

We will consider systems in the following form

p
X1 =x24+¢01(y)+ Z aj@;+Ai(x,1)
=1

P
Xp—1 = Xp+Po,p-1(y) + Z ajQp-1,j+Ap-1(x1)
=1
P
dp = X1+ Q0 () + Y a0,
=1

+ qu bin, B (V) (1) + Ap (x,1)
=i

)4 q
G = Q0n(y)+ Y, @jPnj+ Y, boiBi(y)uj(t) + An(x,1) (1)
=1 =1

where p = n—m is the relative degree, u; is the control in-
put, y = x; is the measured output, ¢g;(y) and B;(y) are known
smooth functions of y and 3;(y) # O for any y. A;(x,t) represents
uncertain nonlinearities and g;, b; ; are unknown constants such
that sign of the high frequency gain (sgn(by, ;)) is known. We
will make the following realistic assumptions regarding the un-
certainties present in the system

A1 The extent of parametric uncertainties and uncertain nonlin-
earities satisfy

ai € Qq = {Cli : (ai)min <a; < (ai)max}
bij € Qp = {bij: (bij)min <bij < (bij)max}
A; € Qp £ {A, : |A,~(x,t)| < 6,(t)} (2)

where (a;)min, (ai)maxs (Di.j)mins (Di,j)max are known and 8;(r) is
a bounded but unknown function.

In this work, we will consider faults which can be modeled
as

o if stuck actuator and t > Ty

uj() = { T]l.,-juj (r) if loss of efficiency and t > Ty 3)

where Ty is the unknown instant of failure, i; is an unknown
constant value at which the actuator gets stuck, and m;; €
[(Mj)min, 1] represents actuator loss in efficiency. Without actu-
ator redundancy and sufficient control authority, actuator faults
cannot be accommodated and the same is stated formally in the
following assumption

A2 System (1) is such that the desired control objective can be
fulfilled with up to m — 1 stuck actuators and any number of ac-
tuators with loss in efficiency.

We will make another standard assumption which guaran-
tees stability of the zero dynamics
A3 The polynomials B;(s) = by, js" + bu—1,;s" ' +... 4+ bo,j.
j=1,2,..,q are stable.

The problem we attempt to solve in this paper can now be
stated as follows. For the uncertain nonlinear system (1), sub-
jected to faults (3) the goal is to design an output feedback based
control strategy such that the output tracking error converges ex-
ponentially to a prespecified bound and has a guaranteed tran-
sient performance.

OUTPUT FEEDBACK BASED ARFTC

Asin [3], we will design a control law such that B (y)u;(¢) =
u*(¢). With fault model (3) and the chosen actuation scheme, we
can rewrite the control inputs as follows,

uj(t) = B?E;)(l —ij)u*(t)—i—cjjﬁj, j=0,1,....m (4
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where 6;; = 1 corresponds to stuck actuators, 6;; =0, (N ;) min >
1M;; < 1 represents actuator loss of efficiency and 6;; = 0,1 ;; = 1
corresponds to healthy actuators.

With this, we can rewrite the system as follows

P
X=X+ 90i(y) + Y a0+ Ai(x,1), i=1,2,..,p—1
=1

P
)ép = -xp+l + (P07P(y) + Z aj(‘ppvj
Jj=1

+ i Kt (1) + i‘um,ij(Y) + Ap(x,1)
Jj=1 j=1

p

Xp = (POJz(y) + Z a;jQn,j
j=1

+ Xq: Kou™ (1) + qu 1o, () + An(x,1) (5)
Jj=1 j=1

where K; = Z?:lnjj(l — ij)b,"j and Mij = ijﬁjbi’j, i =
0,1,..,m, j=1,2,..,q. Note that assumption A3 implies
Kms™ 4+ K 15"~ ...+ Ko is a stable polynomial, irrespective
of the failure pattern.

State Estimation
We need to construct state-estimator for

% =Aox+ky+0o(y) +@(y)a

m g m
+ Y e+ Y Y enipi iBi(y) + A ©)
P ==

where k is the observer gain and Ay is the observer matrix such
that A = Ag + k¢ and satisfies

PAy+AfP=—1, P=P" >0

We will define the following set of filters for the purpose of state-
estimation,

&0 = Aoko +ky+@o(y), & € R™!
&= A+ D(y), EcRVP
& = Agd; +e,_u*, V€ R
Vij = AoV +en-iBj(y), wij € R N

where i =0,1,..,mand j = 1,2,..,q. Due to the special structure
of Ay, the order of K-filters can be reduced by using the following

two filters

A = Ao+ eyu
Cj=Aol+eBj, j=12,..q (8)

and the following algebraic equations

¥ = AjL
vij =AY, i=0,1,..,m )

Also, it can be easily verified from the algebraic equations that

A
ﬁt,j = [*7*7 7*71]
| Ait
[ G
Vijk = [*,*,....,*,1] (10)
_€j7i+k
The estimated state can be written as
m q m
£=8&+&a+ Y k0i+ Y Y mijvi, (11)
i=0 j=1i=0

Let € = x — £ be the estimation error. Then, the state-estimation
error dynamics is given by

€ =Ape+A 12)

Now, noting the fact from assumption Al that |A;(x,7)] < §;(¢)
and that A is stable, we can conclude that the estimation remains
in a residual ball whose radius depends on 9;() and the gain
matrix i.e.,

ec Qe 2 {e:le(t) <8(t)} (13)

Parameter Projection

Let & denote the estimate of 6 and & = 6 — 8 denote the esti-
mation error. It is well known fact that gradient based parameter
estimation algorithms suffer from parameter drift in presence of
disturbances, and can result in system states growing unbound-
edly. We use discontinuous parameter projection to deal with this
problem. The update law and the projection mapping used here
have the following form,

0= Projs(I'1) (14)
0 if é,’ = 0; ax and o; >0
Projg. = { 0 if ; = ;s and &; <0 (15)

o; otherwise
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where I' > 0 is a diagonal matrix, and T is any adaptation func-
tion. The projection mapping guarantees that the following two
properties are always satisfied,

Pl € Qg=1{0:0, <H<0u} (16)
P2 87(I" 'Projy(I't) —1) <0, Vr (17)

Controller Design

The controller design presented here combines the adaptive
backstepping [11] and discontinuous projection based ARC pro-
posed in [10]. The main idea is to synthesize a virtual control law
which will drive the error to a small residual ball. But, as in this
case only a single state is available for measurement, the syn-
thesized virtual control law will replace the reconstructed state
at each step, and the state estimation error will be dealt with via
robust feedback. Also, it should be noted that the use of dis-
continuous projection implies a tuning function based backstep-
ping cannot be used, and hence a stronger robust control law is
needed to negate the effects of parameter estimation transients.
For advantages of discontinuous projection based technique over
smooth modifications of adaptive law like smooth projection, and
other details regarding the controller design presented here, the
reader is referred to [10].

Step 1: The derivative of the output tracking errorz; =y —yy
is given by,

2 =Y—Yd
)4
=24+ 00,1(Y) + Y aj@1;—Ya+Ai(x,1)
j=1

p —_
=£2+001(»)+ Y ajo1;—Ya+Ai(x1)
=

= 0o+ 00+ A;(x,1)
= KO + 0o+ @' 0+ A (x,1) (18)

where

o = [8o2+ o,1],
o = [§2) +P(1), Om2,Om-12,-,002,
\ljm,l(Z)u"7\|Im,q(2)u"7\|I0,1(2)7"7\|I0,q(2)]T
o= m_e;+16m’2
0= [al,az, ..,a,,,Km, .., Ko,

‘le’l,..,‘le’q,..,‘Ll()’l,..,,lJ(),q]T (19)

and ¢; is the kth basis vector in RpFmqmtl qf 9, 5 were the
input, we would synthesize a virtual control law o to make z;
as small as possible

o (.0, 8, Xm+17\|fi7j,27 é, PR
1 _ .
Qg = {0 +®'0—y,} (20)

= f(m

where oy, represents the model compensation component of the
control law. Substituting (20) into (18), we get

21 = Km(z1 + 0t1s) — 001 + Ay (21)

The robust component is designed to compensate for the poten-
tial destabilizing effect of the uncertainties on the right hand side
of (21) as follows

Qs = Olisl + 02 + 013, Ot = ———kiez1 - (22)
m,min
where ki is a nonlinear gain, such that
kis = g1 +|Co,To1[[*, g1>0 (23)

in which Cy, is a positive definite constant diagonal matrix do be
specified later. Substituting (23) in (21), we obtain

Km

21 = KmZ2 — kisz1 + k(00 +0t153) — 0701 + A (24)

m,min

Define a positive semi-definite (p.s.d) function V| = %z% Its
derivative is given by

Vi < Kmz122 — k1523 + 21 (K012 — 07 1)
+21 (KnOlis3 + A1) (25)

From assumption A1,
H éTq)l HSH Om ”” 01 Ha Om = Omax — Omin (26)

As || 87 ¢y || is bounded by a known function, there exists a robust
control function satisfying the following conditions

(@) zi{xmoue—0"¢1} <en
(b) z1012 <0 (27)

Similarly, from assumption A1l and (13), we have
|Ar] < leal + |A1| = 8ea () +81(r) < 8 (1) (28)

Now, we can follow the same strategy as in (27) to design a ro-
bust control law. But, as & (t) is unknown, we cannot prespecify
the level of control accuracy. Hence, we seek to achieve the fol-
lowing relaxed conditions

(a) z1{kmous+A(1)} < €128}
(b) z1ou2 <0 (29)
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Remark 1. One smooth example of o1 satisfying (27) is

h

Oy = —5————
4Km,min£11

S ey [V (30)

Similarly, an example of o143 satisfying (29) is given by

1
O3 =——7"2 (31)
) 4Km,min€12

Step 2: From (8-11) and (18-20), we can obtain the deriva-
tive of o as follows

&y = Glic + Oy

1o = %{mﬁmféw % L Aoko +ky + 00(y))

8061
8&
q m+l1 8061 . a(xl
+ Z Z f@t}j‘f’? (32)
j=1i=1 95ij
. a0 7 _ o0l
Oy = % (—0'o+A)+ % 0 (33)

Oy is calculable and will be used for control function design.
14, however, is not calculable and will be dealt with via certain
robust terms. From (7), the derivative of zo = 9,,2 — 01 is given
by

20 = O3 —kaOp1 — Olie — Uy (34)

Define a p.s.d function V, = V| + %z% Then, derivative of V;
using (25) and (34) is given by

Vo < Viloy + 22{%mz1 +Om3 — kaOm1 — Qe — Oiu}  (35)

where Vi, = —ki523 + 21 (Kn012 — 0701) + 21 (K3 + Ay).
Similar to (20), we can now define o for U,,3 as follows

02 (3,€0,8, Mnt2, Wi j3,0,1) = Qlog + Olog
0g = —Kmz1 + ko0, 1 + Qe
Olag = Olag1 + 0C2s2 + 053, Oog1 = —kos2o

k2s

(36)

where g> > 0 is a constant, Cgy and Cy; are positive definite con-
stant diagonal matrices, Oy and O3 are robust control func-
tions to be synthesized later. Substituting (36) in (35), we obtain

Va < Vila, + 2223 — ka3 + 22 (0252 — 67 02)

da s 37)

2(003 +A2) — 22— %

where z3 = 0,3 — 0 represents the input discrepancy and

« 8(11 E)oq -
¢2 = €,1131 — a—ym, Az = —$A1 (38)

From (28), it follows that Ay < |80cl/8y|81. Similar to (29) and
(35), the robust control functions Oy and 03 are chosen to
satisfy

(@) z2(0as2 — 87 92) < &2
(b) z22(0ta53 +As) < €2087
(€) 2200050 <0, 220053 <0 (39

where €71 and €, are positive design parameters. As in (30) and
(31), 0p52 and Qg3 can be chosen as,

h2 1 8061 2
Mo = ——2 2 | Op3 = ——— [ L 40
252 482122 y O3 e, ( P 2 (40)

where & is any smooth function satisfying iz >|| 8y ||?]| 02 [|%.
From (25) and /h, defined above, the derivative of V, satisfies

2
Vo <z Y, ksz% +21 (K02 —0101) + 21 (K13 +Ap)
=1

(41

+22(0052 — 07 42) + 22 (a3 +Ag) —

Step i (3 <i < p): Mathematical induction will be used to prove

the general result for all the intermediate steps. At each step i, the
ARC control function o; will be constructed for virtual control
input Oy i+1. For any j € [3,i—1], let zj = Oy, ; — &tj—; and
recursively design

. 8ocj_1 = aOCj_l-
0= =50, A= -5 =A (42)

Lemma 1: At step i, choose the desired ARC control function o;
as

(1,80, Mt Wi jiit 1,0,1) = Olig + Otig
Olig = —Zi + kiOm,i + O(i—1)c
Qs = Olis] + (X‘ISZ + O3 Qs = _kisZi

kis > git+ H 9 =L Coi || + || CoiToy |2 (43)

where g; > 0 is a constant, and Cy; and Cy; are positive definite
constant diagonal matrices, Q> and ;3 are robust control func-
tions satisfying,

(a) zi(ou2 — 87 ¢;) < i1

(b) zi(0s3 +A) < €87
(€) zitisa <0, ziGisz <0 (44)

Copyright © 2009 by ASME



and

Qi—1)c = {600+ T9}+ 3%, ~{Aoo +ky+ 9o(»)}

m+1

n B%I{Ao&Jrcp )} + Z

aoc1

iy ZI—C~+% 45)
4 4 aCi,j " ot
Then, the ith error subsystem is

4 = ziv1 — zie1 — kiszi + (02 — 07 ¢y)
a(xl 1

) 46
% (46)

+((x1s3 + A )

and the derivative of the augmented p.s.d function V; = V,_; +
1/227 satisfies,

.

. 2

Vi <ziziy1— Z kjszj +z1(KmOus2
Jj=1

1
—07¢1)+ Y 2 (ko2 — 070;) + 21 (Kn0t13 +Ap)
j=2

/ - / 001 2
+ Y 2o +A) - Y =z (47)
= =

The lemma can be easily verified by recursively writing the vari-
ous expressions and substituting the expressions obtained in step
1 and 2.

Step p: In this final step, the actual control law u* will be
synthesized such that 0y, tracks the desired ARC control func-
tion 1. The derivative of z, can be obtained as

Zp = Ompr1+u" —kpOm1 — Cp_1)c
aap_l
dy

T S
(—8Tw+A) — O;"é‘e (48)

If Oy p 1 + u* were the virtual input, (48) would have the same
form as the intermediate step i. Therefore, the general form, (42-
48) applies to step p. Since u* is the actual control input, it can
be chosen as,

u' = o =By (49)
where 0 is given by (47). Then, zp1 = u" +Oppr1 — 0 = 0.

Theorem 1: Let the parameter estimates be updated using
adaptation law (14) in which 7 is chosen as

p
=Y 0jz (50)
Jj=1

It diagonal controller gain matrices Cy; and Cy are chosen such
that c¢kr i ): 11 / cé o where cg - and ¢, are the rth diagonal
element of Cy; and Cox respectively. Then, the control law (49)
guarantees that,

1. In general the control input and all internal signals are
bounded. Furthermore, V,, is bounded above by,

Vo(#) < exp(—Ap1)Vp(0)
Ep1 +8p2 || 81 |12

221 —exp(—Rpt)] (51)
P

where 7\,p = ZII_liIl{gl,... ,gp}, épl = Z?:] €1, . épz =
):?:1 gppand || & ||2 star~1ds for the infinity norm of §;.

2. If after a finite time 79, A = O (i.e., in the presence of para-
metric uncertainties only) then, in addition to results in (51),

asymptotic output tracking control is also achieved.

Proof of the theorem has been omitted due to space restrictions,
but can be obtained from the authors upon request and is similar
to one presented in [12].

In context of actuator fault compensation, (51) guarantees
that the jump in parameter values due to failed actuator does not
interfere with the desired transient performance. Furthermore,
the accuracy can be improved by choosing suitable values of €}
and €. It may appear that we have neglected the p + 1 to n states
in the present analysis. But, due to the assumption of stable zero
dynamics (A3) and bounded uncertainties (A1), it can be easily
proved using standard adaptive control arguments that all internal
signals remain bounded and do not interfere with the tracking
performance.

SIMULATION

The proposed scheme is implemented on the reduced order
nonlinear longitudinal model of a hypersonic aircraft, which was
also used in [4] and thus, will provide a uniform platform to
compare the performance of ARFTC and robust adaptive control
(RAC) based fault-tolerant schemes.

X1 = X2+ ary + assin(y) + azy*sin(y) + agcos(x3) + A (x,1)
X2 = asy’ + agy + (a7 + agy + agy*)xz

+biui + baus + Ay (x,1)
X3 = ajocos(x3) — ayy — azsin(y) + Az(x,1) (52)

where y = x is the angle of attack, x; is the pitch rate, x3 is the
flight-path angle, a; and b; are unknown parameters, and A; were
introduced to capture the effect of non-parametric uncertainties.
Further details of the model can be found in [13]. The nominal
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parameter values are given by

a; = —0.0427,a, = —3.4496x10%, a3 = 5x 107>,
as = 0.0014, a5 = —4.2006,a¢ = 1.0821,a7 = —3.6896,
ag = 0.1637,a9 = —0.1242.a19 = 0.0014,b; = 0.8,b, = 0.8

The reference command is given by y,(¢) = 0.01sin(0.17). Two
faults are introduced: at t = 50 seconds the first actuator loses
40% efficiency and at t = 75 seconds, the second actuator gets
stuck at iio = 0.1 radians.

In the ARFTC scheme, the unknown parameter vector 6 is

T
0 = [a1,a2,a3,as,a6, Ko, o]
and the initial values and bounds for the parameter estimates are

6(0) = [-0.05,—4 x 10*,0,-4.0,0.9,1.5,0]
Bmin = [—0.06,—5 x 1074,4 x 1074, -5,0.8,0.2, —1]
Bmax = [—0.03,—2x 10747 x 1074, -3.5,1.2,2,1]

The gain matrix for parameter estimation is given by I' =
diag{1,1,1,1,1,5,0.1}. The observer gain matrix is chosen to
be k = [2,1]7. Although, o5 and o3 can be designed ex-
plicitly in terms of known functions and parameter bounds, the
controller implementation is simplified by choosing a sufficiently
high value of ki, such that it is robust against Hand A;. The same
logic is used in the second step of the design as well. The con-
troller gains chosen for simulation are kj; = —60, ky =1, koy =
—90. Details of the RAC based scheme can be obtained from [4].

The proposed scheme is applied to the system in absence of
disturbances and in presence of disturbances. From figure (1),
we see that when the actuators fails i.e., at £ = 50 seconds and
t =75 seconds, the tracking error increases, but quickly settles
down to the desired level. The first set of simulations demon-
strate the effectiveness of the proposed scheme in suppressing
the undesired effects of jump in parameter values on transient
response. The improved transient response of the ARFTC over
RAC based scheme can be attributed to the underlying robust
controller. The robust component of the control law incorporates
the jump in parameter values (O term) and ensures guaranteed
transient response. Furthermore, the adaptation scheme learns
the change in system parameter over time to ensure good model
compensation, leading to small steady-state tracking errors.

In the second case, we add disturbances to the first and sec-
ond channel - A;(y,#) = 0.01sin(2¢) and Ax(y,7) = 0.01sin(37).
Note that in addition to increasing the tracking error, modeling
errors and disturbances can also cause the adaptive scheme to
go unbounded. But, from figure (2), we see that the order of
tracking error remains the same in spite of disturbances. This
can be explained as follows. First, the robust component of the
control law suppresses the effect of disturbances and modeling

errors and second, the discontinuous projection guarantees the
boundedness of all parameter estimates. On the other hand, the
RAC based scheme can guarantee the boundedness of all sig-
nals, but may not be able achieve good transient response and
small steady-state error, as can be seen from figure (2). Thus, the
proposed scheme has desired transient properties and good final
tracking accuracy even in presence of external disturbances and
modeling errors.

1 CONCLUSIONS

In this paper, an adaptive robust output feedback based
scheme is presented for unknown actuator fault accommoda-
tion for a class of uncertain nonlinear system. A fault-tolerant
scheme based on adaptive robust control can address the two
principle issues associated with failing actuators - first, undesir-
able transients following jump in parameter values and second,
large steady-state tracking error. A nonlinear model of hyper-
sonic aircraft is used for comparative simulation studies. The
results prove the effectiveness of the proposed scheme over back-
stepping based robust adaptive control in attenuating the effect of
modeling uncertainties and unknown actuator faults on desired
transient response and steady-state tracking error. The salient
features of the fault accommodation scheme presented in this pa-
per are,

1. capability to handle large parametric uncertainties due to un-
known actuator failures like stuck actuators and actuator loss
in efficiency with guaranteed transient performance

2. guaranteed robust performance when adaptation is switched
off

3. calculable upper bound for tracking error based on controller
parameters and ability to achieve prespecified final tracking
accuracy

REFERENCES

[1] Tao, G., Chen, S., and Joshi, S. M., 2002. “An adaptive
actuator failure compensation controller using output feed-
back”. [EEE Trans. on Automat. Contr., 47(3), pp. 506—
511.

[2] Tang, X., Tao, G., and Joshi, S., 2003. “Adaptive actuator
failure compensation for parametric strict feedback systems
and an aircraft application”. Automatica, 39(11), pp. 1975—
1982.

[3] Tang, X., Tao, G., and Joshi, S., 2007. “Adaptive ac-
tuator failure compensation for nonlinear MIMO systems
with an aircraft control application”. Automatica, 43(11),
pp. 1869-1883.

[4] Tang, X., Tao, G., and Joshi, S., 2005. “Adaptive output
feedback actuator failure compensation for a class of non-
linear systems”. International Journal of Adaptive Control
and Signal Processing, 19(6).

Copyright © 2009 by ASME



Plant output and reference signal

0.03
- - Ref
---RAC
0.02F ‘, — ARCY
— l
2 i
g 0.01
=
-
k=] o
s
-
—0.011
_0'020 50 100 150 200 250 300
time (sec)
Tracking error
0.015 .
' ---RAC
! — ARC
0.011 I ]
W
W
i
= i
2 0.005- s R
1"
?é i"' Wy,
= K 18 6= = = T m e e emmmmmae
= o ;\“ 3 1
53 ",h H '
!
—0.005} i 1
—0.01; 50 100 150 200 250 300
time (sec)
Control signals: ARC
0.15 T T T !
_ul(t)
O0.1F e K
' ---u,(D
0.05 :
g o |
=
< -0.05
—0.1
—-0.15
_0.2 . . . .
0 50 100 150 200 250 300
time (sec)
Figure 1. REFERENCE TRACKING, TRACKING ERROR AND CON-

TROL SIGNALS IN ABSENCE OF DISTURBANCES

(5]

(6]

(7]

(8]

(9]

Liao, F., Wang, J. L., and Yang, G. H., 2002. “Reliable ro-
bust flight tracking control: an Imi approach”. IEEE Trans.
on Control System Technology., 10(1), pp. 76—89.

Alwi, H., and Edwards, C., 2007. “Application of fault
tolerant control using sliding modes with on-line control
allocation on a large civil aircraft”. In Proc. of the IEEE
Multi-conference on Systems and Control.

Zhang, J., and Ioannou, P. A., 2006. “Stable adaptive con-
trol for performance improvement”. In Proc. of the 45th
IEEE Conf. on Decision and Control, pp. 1087-1092.
Anderson, B. D. O., Brinsmead, T., Liberzon, D., and
Morse, A. S., 2001. “Multiple model adaptive control with
safe switching”. Int. J. of Adaptive Control and Signal Pro-
cessing, 185, pp. 445-470.

Yao, B., and Tomizuka, M., 1997. “Adaptive robust con-
trol of SISO nonlinear systems in a semi-strict feedback
form”. Automatica, 33(5), pp. 893-900. (Part of the paper
appeared in Proc. of 1995 American Control Conference,

y and ¥ (rad/sec)

e(t) (rad/sec)

—-0.01

u(t) (rad)

—0.15 b

Figure 2.

—0.01

—0.02

—0.03

—0.05F

Plant output and reference signal

0.03

0.02

0.01

150 200 250
time (sec)
Tracking error

100

0.02

0.01

100 150 200 250 300
time (sec)
Control signals: ARC

(0] 50

‘—ul(t)
0.11 CTTTTTTTTmTTeTmsmmmseemeems “l---u@)

0.05f

—0.1r

—-0.2

100 150 200 250 300
time (sec)

REFERENCE TRACKING, TRACKING ERROR AND CON-

TROL SIGNALS IN PRESENCE OF DISTURBANCES

[10]

(11]

[12]

[13]

pp2500-2505, Seattle).

Yao, B., 1997. “High performance adaptive robust con-
trol of nonlinear systems: a general framework and new
schemes”. In Proc. of IEEE Conference on Decision and
Control, pp. 2489-2494.

Kirstic, M., Kanellakopolous, 1., and Kokotovic, P. V., 1995.
Nonlinear and Adaptive Control Design. New York: Wiley.
Gayaka, S., and Yao, B. “Accommodation of unknown ac-
tuator faults using output feedback based adaptive robust
control”. revised draft submitted to Automatica.

Xu, H., and Mirmirani, M., 2001. “Robust adaptive sliding
mode control for a class of mimo nonlinear systems”. In
Proc. of the 2001 AIAA Guidance, Navigation and Control
Conference.

Copyright © 2009 by ASME



