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Accommodation of Partial Actuator Faults using Output Feedback
based Adaptive Robust Control

Shreekant Gayaka and Bin Yao

Abstract— This work considers the problem of partial actua-
tor fault accommodation. The faulty actuators are characterized
by a loss in efficiency, which can potentially lead to system in-
stability or degraded system performance. Conventional model
reference adaptive control has been used to solve this problem
in the literature, which provides a natural setting to solve
such problems by virtue of its online learning capabilities.
Unfortunately, such techniques can lead to unbounded states
when output disturbances and other modeling uncertainties
are considered. In the present work, we make the problem
more practical by explicitly taking into account these factors.
Furthermore, we assume that faults occur at unknown instants
of time and only limited state information is available. For
solving this problem, we develop an output feedback adaptive
robust control (ARC) based technique, which can effectively
deal with all the constraints and uncertainties present in the
system. The technique combines the output feedback based
adaptive backstepping with robust control techniques and uses
discontinuous projection to ensure the unknown parameter
estimates stay within a known convex set. Comparative sim-
ulation studies are performed on a linearized Boeing 747
model to evaluate performance of the proposed scheme versus
conventional MRAC based technique.

Index terms - Adaptive control, Actuator faults, Fault-
tolerant control, Robust control, Uncertain systems

I. INTRODUCTION

For many safety critical missions like flight control sys-
tems, it is desirable to have a certain degree of fault tolerance
with respect to various faults. In this work, we focus on the
problem of fault accommodation for partial actuator failures
in a linear controlled system with unknown parameters and
subjected to bounded disturbances. The faults are modeled
as actuators loosing effectiveness at unknown instants of
time. Furthermore, we do not assume the knowledge of
failed actuators, as fault isolation for systems with redundant
actuators is a fairly difficult problem and involves design of
observers and analyzing the observability of various signals.
Fortunately, adaptive schemes, by virtue of its on-line learn-
ing capability can bypass this problem. Consequently, many
adaptive schemes have been developed to solve this problem.

In [3], adaptive algorithms were proposed for reconfigur-
ing the flight control system in presence of loss of actuator
efficiency. Similar approaches based on conventional model
reference adaptive control (MRAC) can also be found in [§]
for solving the problem of control reconfiguration in case of
stuck actuators. The inherent limitation of these approaches
is that 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. Robust schemes for actuator fault
accommodation, which can handle such disturbances and
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unstructured uncertainties with guaranteed transient perfor-
mance, include LMI based techniques [7] and sliding mode
control based approaches [1]. But, in presence of large
parametric uncertainties, the robust control laws can result in
very high gain controllers and may not guarantee good final
tracking accuracy. One approach which potentially alleviates
these problems is multiple model adaptive control (MMAC),
switching and tuning [4]. It is worth noting that in multiple
model based approaches, the problem of covering the state-
space with a finite set of nominal models is not a trivial
one, especially in presence of unstructured uncertainties.
Furthermore, as pointed out in [2], MMAC based techniques
are not intrinsically stable and a safe switching rule needs
to be designed.

Given the need for stability in safety critical missions,
the large parametric uncertainties introduced due to unknown
actuator failures and the inherent limitations of conventional
adaptive control, the idea of safe adaptive control is coming
to forefront, which ensures certain stability properties like
bounded system states even without adaptation [14], [2]. In
this respect, we would like to point out that ARC based
schemes have already resolved this issue [11], [9] and may
be classified as the so-called safe adaptive control. Switching
the adaptation off at any instant converts the adaptive robust
controller into a deterministic robust controller with guaran-
teed 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 accuracy.
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 [13] is a combination of
adaptive backstepping [6] and discontinuous projection based
ARC proposed in [9].

The paper is organized as follows. The next section
presents the problem formulation. In the third section, we
describe the output feedback based ARC approach to un-
known actuator fault accommodation. In the fourth section,
we present simulation results to demonstrate the superior
performance achievable using the proposed scheme and
finally, we conclude the paper by summarizing the main
contributions.



II. PROBLEM STATEMENT

In the present work, we consider systems which can be
represented in the input-output form as follows,

D(s)
A(s)

where, A(s) = s" + ap_15""' + ...+ a15 + ag, Bj(s) =
bmjsm +... 4+ bljS + boj and D(S) e dlSl +...+dis+dy,
and m < [ < n. The plant parameters a; and b;; are
unknown constants. The coefficients d; corresponding to the
disturbance distribution are assumed to be known but, the
results can be readily extended to the case where they are
unknown constants. d,(t) represents the output disturbance,
and A(y,t) represents any disturbance coming from the
intermediate channels of the plant. An implicit assumption
in the system representation (1) is,

Al: The relative degree p = n — m is known and same
for any input u;.

k
W = 3 )+ GTAw + 4,0 1)
j=1

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

F,
ujp(t) =
uh €

t>T, je{l,2,...,k} and
>0 )

1w (t),
[6]' ’ 1}7
where, uf” (t) represents the control signal from the failed
actuator, T}, is the unknown instant of pth failure mode, by
failure mode we mean the system configuration after the
pth time one or more actuators fail, ,ué’ is the controller
effectiveness of the j** actuator after the p!”* failure pattern
ande;, {j = 1,..., k} are known lower bounds for controller
effectiveness. Without actuator redundancy, actuator faults
cannot be accommodated and this is formally stated in the
following assumption,

A2: System (1) can fulfill the desired control objective
with up to k failed actuators ie., pf = €1,...,p5 = €
when implemented with unknown parameters.

It can be shown that for systems experiencing jump in
parameter values, if the frequency of jumping is high, the
transients resulting from the parameter jump can lead to
system instability. In order to remove this potential problem,
we will make the following practical assumption,

A3: The total number of failure modes are finite and upper
bounded by a constant P.

In presence of actuator failures, the input vector can be
represented as,

ulv () = pPu’(t) 3)
where u*(t) is the control input to be designed and,
w0 ...0
0 wh ... O
pPo= S “)
0 ... 0 uf

Now, the problem we attempt to solve in this work can be
stated precisely as follows. For the system described by (1),

subjected to unknown actuator failures (2-4) and bounded
disturbances, the goal is to design an output feedback control
law such that the output tracking error converges exponen-
tially to a prespecified bound and has a guaranteed transient
performance.

In addition to actuator fault compensation, it is also de-
sirable that the closed-loop system possess good disturbance
rejection properties. In the present approach, such properties
are achieved by explicitly taking into account A(y,t): we
use prior information about the nature of disturbance to
construct a nominal disturbance model A, (y,t) = q(y,t)Tc,
where q(y,t) = [q,(y,t),...,q1(y,t)]T € RP represents the
vector of known basis shape functions and ¢ = [cp, . .. ce1)T
represents the vector of unknown magnitudes. Thus, the
disturbance can be represented as, A = A,, + A, where A is
the modeling error. Adaptation will be used to compensate
for the effect of A,, on the output tracking performance and
A will be dealt with via certain robust feedback based on
sliding mode control technique for robust performance.

III. OUTPUT FEEDBACK BASED ARC

A. Observer Canonical Form

In the present work, we will assume that control signals
to all the actuators are same, i.e., uj(t) = ... = uj(t) =
u*(t). With this choice of control input, the system with
failed actuators can be represented as,

k
Bi(s) r D(s)
t) = J (¢ A(y,t) +dy,(t 5
b2 s™ 4+ ...+ bYs 4+ bf
e e RURE ()
s"+ap—18"t+...+a15s+ag
dist 4+ ... +dis+d
l & 1 0 (y,1) (6)
s+ a1+ ... +a1s+ag
where
by = phbor + phbos + ... + ppbok @)

The following assumption will be made which is standard
in adaptive control,

Ad4: The polynomial Zle Bj(s) is Hurwitz and the sign
of the high frequency gain (sign(b?,)) is known, irrespective
of which actuators lose effectiveness.

An observer canonical realization of the above input-



output model is as follows,

T1 = T2 — Gp_171
Tp_i—1 Tp—] — Q14171
Tpni = Tp_i11— a1+ dqu(y, e+ diA
pr_l = Tp— Qpi1T1 —|—dm+1qT(y,t)c—|—dm+1A
&, Tpr1 — Az + 0L u*(t) + ding” (y, t)e + dn A
T —agz1 + bhu*(t) + dog” (y,t)c + doA
y = w1+dy(t) (8)

In addition to the assumptions made previously, we will
make the following realistic assumptions for controller de-
sign,

A5: The extent of parametric uncertainties, disturbance
modeling error A(t), output disturbance d,(t) as well as
derivative d,(t) satisfy,

0 € Qgé{é):@mm<0<0mam}

A e Qa2 {A:|A(y,1)] <6(t)}

dy € Q42 {dy:|dy(t)] < da(t)}

dy € Qs £{dy:|d,(t)] <o)} 9)
where
0 = [—n—1,.., —a0, b8, ..., by, Ccpy ooy er]T S
Rm-{-n-{-p—i—l

B. State Estimation

In this section, we will describe the design of K-filters [6]
for state estimation.

Aoz + (k — a)zy + dg” (y,t)c + bu* + dA(10)

{:E =
where,
i 7]61 kl
Ay = S k=1 :
| —kn 0... 0 kn
i Ap—1 bgz
_ ) b— O(p=1)x1 W= )
a = : = P = :
[ ao bg
dy
d _ |: O(nflfl)Xl :| J: : (11)
d .
do

The observer matrix Ay can be made stable by a suitable
choice of k. Thus, there exists a symmetric positive definite
matrix P such that,

PAy+AlP=—-1, P=PT >0 (12)

For the purpose of state-estimation, the following set of K-
filters is defined,

€n = Aobn+ky

& = Ao&i+eny 0<i<n-—1

v; = Agv+ep_jut 0<i<m

Wi Aot +dgi(y,t) 1<i<p (13)

where e; denotes the ith standard basis vector in R"™.
Remark 1: The ); filter states are introduced for estimat-
ing the unknown parameters c; in the disturbance function
A(y,t) and these estimated parameters are used to explicitly
compensate for the disturbance. This results in improved dis-
turbance rejection properties for the controller and also leads
to better state-estimates as the modeling error is reduced.
Note that, due to the special structure of Ag, the order of
the K-filters described above can be reduced by using the
following two filters and certain algebraic expressions,

77 A077 + eny
AN = A\ +eyut

(14)

Now, the &; and v; filter states can be obtained using the
following expression,

gn = _Agn
& = Alp 0<i<n-—1
v, = AN 0<i<m (15)

Using the above filters, the state estimates are given by,

n—1

fn - Zaifi +

=0

m P
T= biv; + Z Civ; (16)
i=0 i=1
Let ¢, = z—2 be the estimation error. Then, using (10), (16)
and the filters described above, the estimation error dynamics

is given by,

€r = Apey + (a — k)dy + dA (17)
The estimation error can be written as,
Ex =€+ &y (18)

where ¢ is the zero input response satisfying ¢ = Age and

t

- / e [(a — k)dy(7) + dA(y,7)]dr  (19)
0

is the zero state response. Now, from assumption 2 and the

fact Ag is stable, it is easy to see that,

cu € Qe = {ey : |eu] < 0.(8)} (20)
where d.(t) is a vector of unknown but bounded functions.
In the present approach, € and ¢, will be treated as distur-
bances and robust control functions will be used to achieve
guaranteed robust performance.



C. Parameter Projection

Let 6 denote the estimate of 6 and § = 6 — 6 denote
the estimation 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 unboundedly. We use discontinuous parameter
projection to deal with this problem. The update law and the
projection mapping used here have the following form,

6 = Projy(I'r) 21)
0 if ; = 0; max and e; > 0
Projéi = 0 if 92 = ai,min and o, < 0 (22)
e, otherwise

where I" > 0 is a diagonal matrix, and 7 is any adaptation
function. The projection mapping guarantees that the follow-
ing two properties are always satisfied,
P1 éEQeZ{éiemmSéS@maz}
P2 éT(FflProjé(FT) —-7)<0, Vr

(23)
(24)

D. Controller Design

Now, we can apply the controller design technique devel-
oped in [13]. The design combines the adaptive backstepping
[6] and discontinuous projection based ARC proposed in
[9]. 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 measure-
ment, the synthesized 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 discontinuous projection implies
backstepping based on tuning functions 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 [9].

Step 1: The derivative of the output tracking error z; =
Yy — Y, is given by,

2 =Ty — A1y + an_1dy +dy — Yy (25)
But, x5 is not measured and is replaced by its estimate,

Ty =&n2 — §2)0 + v(2)b + P(2)C + a2 (26)

where £,9 = €9 + £,2 is the estimation error of x5, and

2 = [n-12,---,802] V@)= [Uma,..
1/}(2) = [wp,Qv e 7'(/}1,2]

in which e; ; represents the jth element of e;. Substituting
(27) back in (25), we obtain,

< Uo,z]
(27)

2 =0 vmae + o+ 070 — g+ Ay (28)

where W = [£(9), v(2),Y2)] + €Ty, © = W — €)1 Um 2,
Ay = an_1dy + dy + €2 + €42 and e;T is the ith standard
basis vector in R" T +P+1 (28) suggests a natural choice for

the virtual input is v, 2, which will be used for synthesizing
the virtual control law o4,

Oél(y, m, 5‘m+17 P, é7 t) = 1q + 15,
1 AT
Qa = —37{&,2 +07% — g}

m

(29)

where \; = [A1,...,\;]T obtained from (14). In (29), a1,
is the model compensation component of the control law
used to achieve an improved model compensation through
on-line parameter adaptation given by (21-22). Since, we
assume the sign of b2, is known, without loss of generality,
one can assume b > 0 and it is lower bounded by a non-
zero positive constant i.e., (b2, )min = (Ont1)min > 0 where
(601n41)min is independent of the failure pattern. Then, the
projection mapping (23) guarantees that b2, > (b2, )ymin > 0,
which implies that the control law (29) is well defined. Let
29 = Up,2 — a1 denote the input discrepancy. Substituting
(29) into (28), we get

2 =00 (20 +a1) — 071 + A (30)

where ¢1 £ @ + €}, Q10

Now we present the design of the robust component of the
control law a4, which suppresses the potential destabilizing
effect of parameter estimation transients, state-estimation
error and as well as other bounded modeling errors.

Q15 = 0151 + 0152 + 0163, Q151 = —thzl €1y
where k1 is a nonlinear gain, such that,
kis > g1t || Cg, T ||?, g1 >0 (32)

in which Cy, is a positive definite constant diagonal matrix
to be specified later. Substituting (31) into (28) gives

bP
5%22 - mklszl + b:fn(alsl
+ oas2) — 9~T¢1 + A
Next, we design 52 and a3 as follows. Consider the

positive semi-definite (p.s.d) function V; = %z% Its time
derivative along the trajectory of the system (33) satisfies,

z2 =

(33)

' 2
Vi < W0 zize — kiszy + 21(0D, a0

— 0T¢1) + 21 (Ba1 + Ay) (34)
From assumption AS, we have
167 61 (1<l s 1] @1 |l (39)

where 0y = 0oz — Omin. Thus, || éTqSl || is bounded by
a known function, which ensures that there exists a robust
control function satisfying the following conditions [12]:

(a) 21 {b arse — 0T 1} < en

(b)) z21012<0 (36)

where €11 is a positive design parameter.

Remark 2: Essentially, condition (a) of (36) shows that
42 1s synthesized to attenuate the effect of parametric
uncertainties § with the level of control accuracy being



measured by €11. Condition (b) is to make sure that oo
is dissipative in nature so that it does not interfere with
the functionality of adaptive control law «;,. One smooth
example of a 5o satisfying (36) can be found in the following
way. Let h; be any function satisfying

hy 2| Oar |71 1 117 (37)
Then, o742 can be chosen as [11], [9],
hq
9= — 38
1s2 4(bgr)n)min611 . ( )

Similarly, from assumption AS and (19-20), we can obtain,

[A1] < 01(t) £ Jan—1|0a(t) + 07 (t) + 0ea(t) + 22 (39)

Note that 67 is an unknown but bounded function, and the
same strategy as in (36) can be used to design a robust control
law. However, since the bound of A; is not unknown, it is
impossible to prespecify the level of control accuracy. So, a
more relaxed requirement compared to the condition (a) of
(36) is given by,

21{bP, o153 + A1} < 6125% (40)

Remark 3: As for a2, a choice of smooth a3 satisfying
(40) is given by [10],

1
4% min€12

Step 2: From (29), (14), (15) and rearrangement of (25-
29), the dreivative of «; can be written as,

Q153 = — 21 (41)

a1 = Qie+ Q1y

8a T da
dlc = ! (gn 2+ 9T + Z 1

m—+1

80(1 (’)al
+ D by

= o0, ot
) ooy, sp 8a1
Gy = —(—0Tw+ A (42)

Using (13) and (14), ¢ is calculable and can be used in the
design of control functions. However, ¢, is not calculable
due to various uncertainties and hence, will be dealt with
via robust feedback in this step. From (13) and (42), the

derivative of the z9 = vy, 2 — v is
Z9 = U3 — koUpm,1 — Qe — Gy (43)
Now, consider the augmented p.s.d function Vo = V; + %zg
From (34) and (43), the derivative of V5 is given by
Vo < Vilay + 22{0F21 + U3 — ko1
- dlc - alu} (44)
where Vi|a, = —k1527 + 21 (b, 0150 — 01¢01) + 21 (W, 0153 +

A1). As in (29), the ARC control function s for the virtual

control input v,,, 3 in(43) consists of

(€5) (y7 m, 5‘m+27 ’(/}7 é7 t) = (ugq + Q2
—bﬁlzl + ]fQUm,l + Qe

Qa2q =
Qos = Qgs1 + Qg + Qasy Qias1 = —kas2o
kos > (45)

where go > 0 is a constant and Cpo and Cyo are positive
definite constant diagonal matrices, a2 and aigg are robust
control functions to be chosen later. Substituting (45) and
(42) in (44), and using similar techniques as in (30), we
have

Vo < Vilay + 2223 — kos22 + za(azgo — 07 o)
8&1

+22(v2s3 + Az) (46)

where z3 = v, 3 — o represents the input discrepancy and
« (90(1 < 8a1
G2 = €,121 — Tyw , Ag = —TAl
From (39), it follows that Ay < |da;/dy|d;. Similar to
(36) and (40), the robust control functions asgo and aag3
are chosen to satisfy

(a’) 22(a282 - 9~T¢2) < €91
(b)  za(os3 + Ag) < €9907

(¢) zoas2<0

(47)

290953 < 0 (48)

where €21 and eg9 are positive design parameters. As in step
1, aogo and g3 can be chosen as,

ha L (aal

Q252 = ——— 22 Q253 = —
’ dea; \ Oy

deoy
where hy is any smooth function satisfying ho >|| 0ar ||?||
®2 ||?. From (34) and hs defined above, the derivative of V5
satisfies

2

2
Vo < zmz— Y kjsdh + 21 (0,000 — 016)
=1

+21 (b0, 153 + A1) + 22(0252 o7 ®2)

+22(q2s3 + Ag) — (50)

Step i (3 < i < p): Mathematical induction will be used
to prove the general result for all the intermediate steps. At
each step ¢, the ARC control function «; will be constructed
for virtual control input vy, ;+1. For any j € [3,7 — 1], let

Zj = Um,j — o;—1 and recursively design
8(3&]'_1 < 60&‘_1 <
;= —— Aj=——2—A 51
®j Ay W, j By 1 (51)

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

Qg (yv 7, Xm—i—iv 1/)7 év t) = Qg + Qs

Qia = —Zi + kim,i + &i—1)c
Qs = Qg1 + azs2 + Qi3 Qg1 = _kiszi
kis > git+ || 8’9 ——Coi |l + || Coilgi II” (52)



where g; > 0 is a constant, and Cp; and Cy; are positive
definite constant diagonal matrices, a;s2 and «;s3 are robust
control functions satisfying,

(a) zi(cis2 — 07 ) < en
(b)  zi(aiss + A) < €267

(€) zioisa <0, 2y <0 (53)
and
. 5'047 miitl 8041‘_ :
Ali-1)c = - (gn 2+ 0w ) - )‘j
‘ O\j
Jj=1
3041 1. O 1 30@'71
54
0+ Z 5 w7 o (54)
Then, the ith error subsystem is
5 o= zig1 — zio1 — kiszi + (us2 — 07 )
Oaj_1 }
+(e31A.) — —0 (55)
(s34 A;) %

and the derivative of the augmented p.s.d function V; =
Vio1 + 1/222 satisfies,

D kjadl + 21 (B0ns — 67 ¢n)

j=1

Vi < ZiZig1 —

+ Y 2 (hagen — 07 5) + 21 (Bh, 145 + Ar)

=2
i ) Y
+ sz(ajs‘s +Aj) - Z a% ! 0z; (56)
=2 =2

The lemma can be easily verified by recursively writing the
various expressions and substituting the expressions obatined
in step 1 and 2.

Step p: In this final step, the actual control law u* will be
synthesized such that vy, , tracks the desired ARC control
function «,_;. The derivative of z, can be obtained as

fép = Um,p+1 +ut — kpvm,l - a.(p—l)c
Oap_1, -r = Oa,_q 2
—— (-0 Ay) — —L2=0 57
Dy (=07 w+A) ; (57

If Uy p+1 + u* were the virtual input, (57) would have the
same form as the intermediate step . Therefore, the general
form, (51-57) applies to step p. Since u is the actual control
input, it can be chosen as,

U =0y — U pl (58)
where «, is given by (52). Then,
Zpy1 = U F U py1 —ap, =0 (59)

Theorem 1: Let the parameter estimates be updated using
adaptation law (21) in which 7 is chosen as

P
T = Z ¢j2ﬁj
j=1

(60)

If diagonal controller gain matrices Cyp; and Cyj, are chosen
such that cikr > §Z§L1 1/CZJ‘T’ where c¢p; and cy, are
the rth diagonal element of Cy; and Cyy, respectively. Then,
the control law (58) guarantess that,

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

Vp(t) < exp(—)\pt)vp(())
€1 +€p2 || 01 |13,
£ p)\p L1 — exp(=A,t)]
(61)
where A\, = 2min{g1,...,gp1, €1 =

di_i€1s €2 =20 €2 and || 01 [|7, stands for
the infinity norm of d;.

2) If after a finite time ¢g, A = 0 and dy = 0 (i.e, in
the presence of parametric uncertainties and modeled
disturbance only) then, in addition to results in (1),
asymptotic output tracking control is also achieved.

Proof: Proof of the theorem follows exactly the same steps
as presented in [9] and [13]. The proof has been omitted here
but, can be obtained from the authors upon request.
Remark 4: In context of actuator fault compensation, (1)
guarantees that the jump in parameter values due to failed
actuator does not interfere with the desired transient perfor-
mance. The cumulative effect of loss in actuator efficiency
is estimated and the model compensation part of the control
law compensates for it. The estimation mismatch is dealt via
the robust terms in the control law. Also, the accuracy can
be improved by choosing suitable values of €;; and ¢;o.
Remark 5: 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 and bounded disturbances as well
as actuator faults, it can be easily proved using standard
adaptive control arguments that all internal signals remain
bounded and do not interfere with the tracking performance.

IV. SIMULATIONS

For simulation purposes, we will use the linearized model
of Boeing 747, as given in [5]. The details of the model and

various assumptions can be found in [5].
Plant Model: The linearized model for the lateral motion
of Boeing 747 can be represented as,

() =
z(t) =

Ax(t) + Bu(t), y(t) = 22(t) = y-(t)

[ﬁ’ Yry, Dy ¢}T7 B:[b17 b27 bS] (62)

where, (3 is the side-slip angle, ¥, is the yaw-rate, p is the
roll rate, ¢ is the roll angle, y is the output which needs
to follow the reference trajectory r(t) and w is the control
input vector consisting of three control signals representing
three rudder servos 6,1, 9,2,d,3. Note that the B matrix
has been augmented by by and b3 for studying actuator
failure compensation properties of the proposed algorithm.
From the data provided in [5] for Boeing 747 in horizontal
flight at 40,000 ft and nominal forward speed 774 ft/s, the



perturbation dynamics matrices are

[ —0.0558 —0.9968 0.0802  0.0415
4 - 0.598 —0.115  —0.0318 0
- —3.05  0.388 —0.465 0
| 0 0.0805 1 0
[ 0.00729 0.01
—0.475 —0.5
by = 0.153 ba=1 (o
| 0 0
0.005
—0.3
bs = | o1 (63)
| 0

It can be easily verified that this plant satisfies the assump-
tions Al, A2, A4 and AS.

Simulation results: Simulations are done using r(t) =
0.02sin(0.2t) as the reference signal for evaluating the
ARC based fault compensation scheme. In the first set of
simulations, the disturbances are assumed to be zero. In
the next set of simulations, the disturbances are assumed
to be nonzero and are given by A(y,t) = 0.0001sin(2.1t),
dy(t) = 0.0004 sin(4t). Two faults are introduced during the
simulation: us(t) fails at ¢ = 35 seconds such that for t > 35
ut = diag{1,0.25,1} and u3(t) fails at t = 80 seconds such
that ;2 = diag{1,0.25,0.1} for ¢ > 80.

As can be seen from Fig. (1), the loss in actuator efficiency
i.e., the jump in b? is easily accommodated using the scheme
proposed. Also, the superior performance of the ARC, owing
to its underlying robust control law is clear. The differences
are more striking in the Fig. (2), where the ARC based
scheme effectively suppresses the disturbances.

Remark 7: The design of robust component of the ARC
control law has already incorporated jumps in b parameter
values, and hence, is better suited to handle the parametric
uncertainties introduced due to actuator failures. This is also
the reason that we need not prove separately the stability of
the overall system when there is a jump from J, to J,4;
failure pattern, as the robust control law is designed based
on the worst case scenario.

Remark 8: These simulations demonstrate the strength of
ARC based schemes in attenuating the effect of disturbance,
modeling error, as well as, large parametric uncertainties.
The tracking error is very small with the order of magnitude
being 10~°, which is also an order of magnitude less than
what we obtain using conventional MRAC techniques. This
becomes possible as the model compensation component can
estimate the cumulative effect due to the loss in actuator
efficiency effectively compensates for it and the robust part
can deal with the corresponding estimation mismatch. Also,
in ARC based approach, the trade-off between higher control
effort and tracking accuracy is more transparent as both of
these parameters can be adjusted by tuning €;; and ¢;o.

V. CONCLUSIONS

In this paper, an adaptive robust output feedback based
ARC scheme is presented for unknown actuator fault ac-
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Fig. 2. System response, tracking error and control effort with disturbance.

commodation. The proposed scheme is applicable to any
linear uncertain system. Adaptation and robust feedback
are used simultaneously to maintain tracking performance
in face of large parametric uncertainties introduced due to
failing actuators, exogenous disturbances and other modeling
uncertainties.

Simulation studies are done using a linearized model for
lateral motion of Boeing 747 and they confirm the superior
performance of the proposed fault accommodation scheme
. In summary, some of the salient features of the fault
accommodation scheme presented in this paper are,

1) capability to handle large parametric uncertainties due
to unknown actuator failures with guaranteed transient
performance

better disturbance rejection properties

guaranteed robust performance when adaptation is
switched off

calculable upper bound for tracking error based on con-
troller parameters and ability to achieve prespecified
final tracking accuracy

2)
3)

4)

We also performed simulation studies to compare the
results obtained using conventional MRAC based technique
and proposed ARC based scheme. The simulation results
confirm the superior performance obtainable using the pro-
posed scheme.
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