
Journal of Systems Engineering and Electronics Vol. 22, No. 1, February 2011, pp.38–51

Available online at www.jseepub.com

Output feedback based adaptive robust fault-tolerant control
for a class of uncertain nonlinear systems

Shreekant Gayaka and Bin Yao*

Ray W. Herrick Labs, School of Mechanical Engineering, Purdue University, West Lafayette, IN 47907, USA

Abstract: An adaptive robust approach for actuator fault-tolerant
control of a class of uncertain nonlinear systems is proposed.
The two chief ways in which the system performance can de-
grade following an actuator-fault are undesirable transients and
unacceptably large steady-state tracking errors. Adaptive control
based schemes can achieve good final tracking accuracy in spite
of change in system parameters following an actuator fault, and
robust control based designs can achieve guaranteed transient
response. However, neither adaptive control nor robust control
based fault-tolerant designs can address both the issues associ-
ated with actuator faults. In the present work, an adaptive robust
fault-tolerant control scheme is claimed to solve both the problems,
as it seamlessly integrates adaptive and robust control design
techniques. Comparative simulation studies are performed using
a nonlinear hypersonic aircraft model to show the effectiveness of
the proposed scheme over a robust adaptive control based fault-
tolerant scheme.
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1. Introduction

In complex systems like chemical plants, nuclear reac-
tors, flight control systems etc., reliability is as important
as performance. Conventional feedback design for such
complex systems may result in unacceptable degradation
in performance or even instability in the event of an ac-
tuator, sensor or component failure. Hence, it is desir-
able to have a certain degree of fault tolerance with re-
spect to various faults. In the present work, we focus on
the problem of fault accommodation for unknown actua-
tor failures for a class of nonlinear systems in presence
of parametric and non-parametric uncertainties like dis-
turbances and uncertain nonlinearities. The faults con-
sidered here comprise of stuck actuators, loss in actuator
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efficiency or a combination of the two faults. We do not
assume the knowledge of failed actuators, instant of fail-
ure or the type of failure in the present work. The effect
of such actuator faults on the system dynamics can be cap-
tured as unknown, sudden change in system parameters,
and it can degrade the system performance in two chief
ways: (i) it can cause large transients, which may eventu-
ally cause instability and, (ii) it may result in unacceptably
large steady-state tracking errors.

The adaptive scheme is a promising approach to deal
with such failures as it can learn the change in system pa-
rameters by virtue of their on-line learning capability. Not
surprisingly, many adaptive schemes have been developed
to solve this problem. In [1], authors proposed a novel
model reference adaptive control (MRAC) based frame-
work to solve this problem for linear systems. They further
extended their direct fault-compensation scheme to vari-
ous classes of nonlinear systems in [2, 3] using backstep-
ping based adaptive control. Another popular adaptive ap-
proach to solve this problem was multiple model adaptive
control (MMAC), switching and tuning [4]. An indirect
fault accommodation scheme based on adaptive observer
was proposed in [5]. Such schemes require a fault detec-
tion and diagnosis (FDD) module, and will not be inves-
tigated in the present work. Note that none of these pa-
pers considered unstructured or non-parametric uncertain-
ties, e.g., unknown nonlinearities and disturbances, which
can be a limiting-factor of the achievable system perfor-
mance. Robust adaptive control (RAC) based schemes,
that can guarantee boundedness of closed loop signals in
presence of unknown modeling uncertainties and distur-
bances, were investigated in [6, 7]. But RAC is a variant
of adaptive control and lacks two desirable properties in-
herent to robust control based techniques. First, there is
no convenient and transparent way to attenuate the effect
of non-parametric uncertainties, like external disturbances,
on system response and steady-state tracking error. Sec-
ond, such techniques are not well suited to suppress the
undesirable transients following a sudden change in system
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parameters due to unknown actuator faults. As poor tran-
sients in adaptive control based schemes can be attributed
to the learning phase of the controller, it may appear that
increasing the adaptation gain can improve the transient
response as it speeds up the learning process. In fact, this
result has been claimed in many articles (see [8, 9]). How-
ever, as projection types of robustness modifications are
present in RAC based techniques to avoid parameter drift,
the use of high adaptation gains may cause the estimated
parameters to bounce back and forth between the present
upper and lower limits. This could introduce a high fre-
quency component in the control signal, which may ulti-
mately excite the high-frequency ignored dynamics. Thus,
even though all signals can be shown to be bounded, ob-
taining guaranteed transient response in a RAC framework
still remains a challenging problem. Robust control based
schemes [10–13], on the other hand, have guaranteed tran-
sient response in presence of various uncertainties. Fur-
thermore, the effect of such disturbances can be attenu-
ated to any desired extent on the steady-state tracking er-
ror. However, due to limited bandwidth of any practical
system and the large parametric uncertainties introduced
due to the actuator faults, such schemes could lead to un-
acceptably large steady-state tracking errors.

A critical review of the existing literature reveals that
adaptive and robust control based fault-tolerant schemes
can each address a part of the whole problem, but not all
the issues associated with actuator fault-tolerant control
(FTC) when used individually. Thus, an FTC should pos-
sess the desirable properties of both the schemes — ability
to suppress undesirable transients and good final tracking
accuracy in order to satisfactorily solve the problem of out-
put tracking in presence of actuator failures. Furthermore,
when disturbances hinder the performance of the adapta-
tion mechanism, the fault-tolerant scheme should still be
able to guarantee the desired transient response, in addi-
tion to boundedness of all closed loop-signals.

Given the need for stability in safety critical missions,
the large parametric uncertainties introduced due to un-
known actuator failures and the inherent limitations of
adaptive control, the idea of safe adaptive control is com-
ing to forefront. Safe adaptive control ensures certain sta-
bility properties even without adaptation [14, 15]. Adap-
tive robust control (ARC) based schemes have already re-
solved this issue [16, 17] 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 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 pre-specified final tracking accuracy. Thus,
ARC based schemes are natural choices for safety sensitive
systems over conventional adaptive and robust schemes.

An output feedback ARC based direct scheme was re-
cently proposed [18] to accommodate unknown actuator
faults in uncertain linear systems, which seamlessly in-
tegrated adaptive and robust control designs. Compara-
tive simulation studies proved the superior performance
of the proposed design over MRAC based fault-tolerant
controller. In this paper, we develop an output feedback
based adaptive robust FTC (ARFTC) technique for accom-
modation of unknown actuator faults for a class of un-
certain nonlinear systems. The proposed technique com-
bines adaptive backstepping [19] and discontinuous pro-
jection based ARC [17]. We claim that the proposed tech-
nique can solve both the problems associated with actuator
FTC. In ARC based designs, the baseline controller is a
robust controller which incorporates the bounds on para-
metric uncertainties and unstructured uncertainties. This
guarantees desired transient response can be achieved even
after the actuators fail, and an upper bound for the abso-
lute value of transient error for the entire time-history can
be given. Furthermore, ARFTC has a learning mechanism
in addition to the robust filter structure. Thus, the change
in system parameters due to actuator faults can be learnt
over time, which leads to improved model compensation
and better steady-state tracking accuracy. In fact, in pres-
ence of parametric uncertainties only, ARFTC can achieve
asymptotic tracking with guaranteed transient response in
the event of an actuator failure. It is worth mentioning that
there are fundamental differences between ARC and RAC
based fault-tolerant schemes. Most importantly, ARFTC
puts more emphasis on robust filter structure as a means
to attenuate the extent of modeling uncertainties. Hence,
robust performance is guaranteed even when adaptation is
switched off. See [16] for detailed discussion on various
differences between ARC and RAC. The difference in the
achievable performance will be clear from the discussions
following the simulation results.

Note that in this work the comparative studies are car-
ried out with respect to a robust adaptive backstepping
based design, whereas in our previous work [18], the com-
parative studies were conducted with an MRAC based
scheme. As backstepping based designs with tuning func-

tions take into account the estimation error transient ( ˙̃θ),
it can achieve better performance than an MRAC based
scheme which relies on certainty-equivalence principle.
Furthermore, as MRAC design is fundamentally different
from backstepping based designs, it is not possible to com-
pare and contrast the two designs at each step. In the
present work, however, the comparison is done between
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two backstepping based approaches, which makes it pos-
sible to emphasize the underlying subtle but important dif-
ferences in the design of the two FTC strategies. This
makes the comparative studies much more compelling.

2. Problem statement

In the present work, we will consider systems which can
be represented in the following output feedback form

ẋ1 =x2 + ϕ0,1(y) +
p∑

j=1

ajϕ1,j(y) + Δ1

...

ẋρ−1 =xρ + ϕ0,ρ−1(y) +
p∑

j=1

ajϕρ−1,j(y) + Δρ−1

ẋρ =xρ+1 + ϕ0,ρ(y) +
p∑

j=1

ajϕρ,j(y) +

q∑
j=1

bm,jβj(y)uj(t) + Δρ (1)

...

ẋn = ϕ0,n(y) +
p∑

j=1

ajϕn,j(y) +

q∑
j=1

b0,jβj(y)uj(t) + Δn

where ρ = n −m is the relative degree, uj is the control
input, y = x1 is the measured output, ϕ0,i(y) and βj(y)
are the known smooth functions of y. It will be assumed
that |βj(y)| > 0 for any y. Δi = Δi(y, t) represents un-
certainties, e.g., modeling error and disturbances. ai and
bi,j are unknown constants such that the sign of the high
frequency gain (sgn(bm,j)) is known.

System (1) is subjected to actuator faults, which can be
represented as

uj(t)=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ūj , ∀t � Tf ,

if jth actuator gets stuck at Tf

ηjju
∗
j (t), ∀t � Tf ,

if jth actuator loses efficiency at Tf

(2)

where u∗j represents the control command to the jth ac-
tuator, Tf is the unknown instant of failure, ūj is an un-
known constant value at which the actuator gets stuck, and
ηjj ∈ [(ηjj)min, 1] represents actuator loss in efficiency.

Without actuator redundancy and sufficient control au-
thority, actuator faults can not be accommodated and the
same is stated formally in the following assumption.

Assumption 1 System (1) is such that the desired con-
trol objective can be fulfilled with up to q − 1 stuck actua-

tors and any number of actuators with loss in efficiency.
The problem we attempt to solve in this paper can now

be stated as follows. For the uncertain nonlinear system
(1), subjected to faults (2) the goal is to design an output
feedback based control strategy such that the output track-
ing error converges exponentially to a prespecified bound
and has a guaranteed transient performance.

3. Output feedback based ARFTC

Control signals uj(t) are designed such that βj(y)uj(t) =
u∗(t). With a fault model (2) and the chosen actuation
scheme, we can rewrite the control inputs as

uj(t) =
ηjj

βj(y)
(1 − σjj)u∗(t) + σjj ūj (3)

for j = 1, . . . , q where σjj = 1 corresponds to stuck actu-
ators, σjj = 0 and (ηjj)min � ηjj � 1 represents actuator
loss of efficiency, σjj = 0 and ηjj = 1 corresponds to
healthy actuators.

With this, we can rewrite the system as

ẋi =x2 + ϕ0,i(y) +
p∑

j=1

ajϕi,j(y) + Δi(y, t)

for i = 1, 2, . . . , ρ− 1, and

ẋρ = xρ+1 + ϕ0,ρ(y) +
p∑

j=1

ajϕρ,j(y) +

q∑
j=1

μm,jβj(y) + κmu
∗(t) + Δρ(y, t)

...

ẋn = ϕ0,n(y) +
p∑

j=1

ajϕn,j(y) +

q∑
j=1

μ0,jβj(y) + κ0u
∗(t) + Δn(y, t) (4)

where

κi =
q∑

j=1

ηjj(1 − σjj)bi,j

μi,j = σjj ūjbi,j

i = 0, 1, . . . ,m; j = 1, 2, . . . , q

Note that κi is the unknown measure of actuator effective-
ness after faults and μi,j is the unknown measure of the
fault magnitude which needs to be compensated. Thus, the
system experiences jump in parameter values and bounded
disturbances with the occurrence of each new fault. The
proposed scheme accommodates such faults by estimating
μi,j and κi, and relies on a robust feedback scheme to deal
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with the estimation mismatch and the jump in parameter
values.

We will make the following realistic assumptions re-
garding the uncertainties present in the system.

Assumption 2 The extent of parametric uncertainties
and uncertain nonlinearities satisfy

ai ∈ Ωa � {ai : (ai)min < ai < (ai)max}
κi ∈ Ωκ � {κi : (κi)min < κi < (κi)max}

μi,j ∈ Ωμ �{μi,j : (μi,j)min<μi,j<(μi,j)max}
Δi ∈ ΩΔ � {Δi : |Δi(y, t)| � δi(t)}

(5)

where (ai)min, (ai)max, (κi)min, (κi)max, (μi,j)min,
(μi,j)max are known and δi(t) is an unknown but bounded
function.

We will make another standard assumption which guar-
antees stability of the zero dynamics.

Assumption 3 The polynomial κms
m + κm−1s

m−1

+ · · · + κ0 is a stable polynomial and sign(κm) is known,
irrespective of the failed actuators.

3.1 State estimation

We need to construct a state-estimator for

ẋ=A0x+ k̄y + ϕ0(y) + Φ(y)a+
m∑

i=0

en−iκiu
∗+

q∑
j=1

m∑
i=0

en−iμi,jβj(y) + Δ̃(y, t)

y = Cx

C = [1 0 0 . . . 0]

(6)

where

A0 =

⎡
⎢⎣

−k1

... In−1

−kn 0 . . . 0

⎤
⎥⎦ , k̄ =

⎡
⎢⎣
k1

...
kn

⎤
⎥⎦ (7)

ϕ0(y)=

⎡
⎢⎣
ϕ0,1

...
ϕ0,n

⎤
⎥⎦ , Φ(y)=

⎡
⎢⎣
ϕ1,1 · · · ϕ1,p

...
. . .

...
ϕn,1 · · · ϕn,p

⎤
⎥⎦ (8)

and
Δ̃(y, t) = [Δ1,Δ2, · · · ,Δn]T

Note that A = A0 + kCT and the observer matrix A0 can
be made stable by a suitable choice of observer gain k such
that there exists a symmetric positive definite matrix P

satisfying

PA0 +AT
0 P = −I, P = PT > 0 (9)

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

ξ̇0 = A0ξ0 + ky + ϕ0(y), ξ0 ∈ Rn×1

ξ̇ = A0ξ + Φ(y), ξ ∈ Rn×p

ϑ̇i = A0ϑi + en−iu
∗, ϑi ∈ Rn×1

ψ̇i,j = A0ψi,j + en−iβj(y), ψi,j ∈ Rn×1

(10)

where i = 0, 1, . . . ,m and j = 1, 2, . . . , q.
Due to the special structure of A0, the order of K-filters

can be reduced by using the following two filters

λ̇ = A0λ+ enu
∗

ζ̇j = A0ζj + enβj , j = 1, 2, . . . , q
(11)

and the following algebraic equations

ϑi = Ai
0λ

ψi,j = Ai
0ζj , i = 0, 1, . . . ,m

(12)

The estimated state can be written as

x̂ = ξ0 + ξa+
m∑

i=0

κiϑi +
q∑

j=1

m∑
i=0

μi,jψi,j (13)

Let ε = x − x̂ be the estimation error. Then, the state-
estimation error dynamics is given by

ε̇=A0ε+ Δ̃(y, t) (14)

From (5), we know there exists an unknown but bounded
function which upperbounds Δ̃(y, t), i.e.

|Δ̃(y, t)| � δ̃(t) (15)

where | • | denotes the L2 norm. Then, considering a posi-
tive semi-definite (psd) function Vεx, we obtain

V̇εx = εTx (AT
0 P + PA0)εx + 2εTx Δ̃(y, t) �

−|εx|2 + 2|εx|δ̃(t) =

−|εx|2
2

− 1
2
(|εx| − 2δ̃(t))2 + 2δ̃2(t) �

−|εx|2
2

+ 2δ̃2(t) (16)

using (15), pmin = min{eig(P )}, pmax = max{eig(P )}
and pmin|εx(t)|2 � Vεx(t) � pmax|εx(t)|2. Integration
both sides of (16), and using the comparison lemma we
obtain

Vεx(t) � exp
(
− t

2pmax

)
Vεx(0) +

4
∫ t

0

exp
(
− t− τ

2pmax

)
δ̃(τ)2dτ (17)

⇒ |εx(t)|2 � pmax

pmin
exp

(
− t

2pmax

)
|εx(0)|2+

2
pmin

∫ t

0

exp
(
− t− τ

2pmax

)
δ̃(τ)2dτ
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⇒ |εx(t)| �
√
pmax

pmin
exp

(
− t

4pmax

)
|εx(0)| +

√
2

pmin

[∫ t

0

exp
(
− t− τ

2pmax

)
δ̃(τ)2dτ

]
(18)

In (18), the first term is exponentially vanishing, and the
second term is unknown but bounded. Hence, the state-
estimation error remains bounded and converges exponen-
tially to a residual-ball whose size depends on the extent of
unknown modeling uncertainties, i.e.

|εi| = |xi − x̂i| � δεi(t), i = 1, . . . , n (19)

3.2 Parameter projection

Let θ̂ denote the estimate of θ and θ̃ = θ̂−θ denote the esti-
mation error. It is a well known fact that gradient based pa-
rameter estimation algorithms suffer from parameter drift
in presence of disturbances, and can result in system states
growing unboundedly. We use discontinuous parameter
projection [20] to deal with this problem. The update law
and the projection mapping used here have the following
form

˙̂
θ = Projθ̂(Γ τ) (20)

Projθ̂i
=

⎧⎨
⎩

0, if θ̂i = θi,max and •i > 0
0, if θ̂i = θi,min and •i < 0
•i, otherwise

(21)

where Γ > 0 is a diagonal matrix, and τ is any adapta-
tion function. The projection mapping guarantees that the
following two properties are always satisfied

P1 θ̂ ∈ Ωθ = {θ̂ : θmin � θ̂ � θmax} (22)

P2 θ̃T(Γ−1Projθ̂(Γ τ) − τ) � 0, ∀τ (23)

3.3 Controller design

The output feedback based controller design presented
here combines the output feedback based adaptive back-
stepping [19] and discontinuous projection based ARC
[17], which uses state-feedback. The main idea is to syn-
thesize 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 synthesized virtual con-
trol law will replace the reconstructed state at each step,
and the state estimation error will be dealt with via ro-
bust feedback. Also, it should be noted that the use of
discontinuous projection implies a tuning function based
backstepping can not be used, and hence a stronger robust
control law is needed to negate the effects of parameter es-
timation transients. For the advantages of discontinuous
projection based technique over smooth modifications of

an adaptive law like smooth projection and the full-state
feedback based ARC controller design, we propose that
the readers refer to [17].

Step 1 The derivative of the output tracking error z1 =
y − yd is given by

ż1 = ẏ − ẏd =

x2 + ϕ0,1(y) +
p∑

j=1

ajϕ1,j(y) − ẏd + Δ1(y, t) =

x̂2 + ϕ0,1(y) +
p∑

j=1

ajϕ1,j − ẏd + Δ̄1(y, t) =

ω0 + ωTθ + Δ̄1(y, t) =

κmϑm,2 + ω0 + ω̄Tθ + Δ̄1(y, t) (24)

where
ω0 = [ξ0,2 + ϕ0,1]

ω = [ξ(2) + Φ(1), ϑm,2, ϑm−1,2, . . . , ϑ0,2,

ψm,1(2), . . . , ψm,q(2), . . . , ψ0,1(2), . . . , ψ0,q(2)]T

ω̄ = ω − e∗p+1ϑm,2 (25)

θ = [a1, a2, . . . , ap, κm, . . . , κ0,

μm,1, . . . , μm,q, . . . , μ0,1, . . . , μ0,q]T

Δ̄1(y, t) = Δ1(y, t) + ε2

and e∗k is the kth basis vector in Rp+m+qm+1.
If ϑm,2 is the input, we would synthesize a virtual con-

trol law α1 to make z1 as small as possible

α1(y, ξ0, ξ, λ̄m+1, ψi,j,2, θ̂, t) = α1a + α1s

α1a = − 1
κ̂m

{ω0 + ω̄Tθ − ẏd} (26)

In (26), α1a is the model compensation component of the
control law used to achieve an improved model compen-
sation through on-line parameter adaptation. Thus, using
model compensation, the fault is partly accommodated as

[θ̂p+m+2, . . . , θ̂p+m+qm+1]T =

[μm,1, . . . , μ0,1, . . . , μ0,q]T

Now, as the sign of κm is assumed as known, without
loss of generality, one can assume κm > 0 and it is lower
bounded by a non-zero positive constant, i.e. (κm)min =
(θp+1)min > 0 where (θp+1)min is independent of the fail-
ure pattern. Also, that (θp+1)min is known from Assump-
tion 2. Then, the projection mapping (22) guarantees that
κm � (κm)min > 0, which implies that the control law
(26) is well defined. Substituting (26) into (24), we get

ż1 = κm(z1 + α1s) − θ̃φ1 + Δ̄1 (27)

The robust component is designed to compensate for the
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potential destabilizing effect of the uncertainties on the
right hand side of (27) as

α1s = α1s1 + α1s2 + α1s3

α1s1 = − 1
κm,min

k1sz1 (28)

where k1s is a nonlinear gain, such that

k1s = g1 + ||Cφ1Γφ1||2, g1 � 0 (29)

in which Cφ1 is a positive definite constant diagonal ma-
trix to be specified later. As discontinuous projection is
used, tuning functions can not be used to compensate for
parameter estimation-error transients.

Substituting (29) in (27), we obtain

ż1 = κmz2 − κm

κm,min
k1sz1 +

κm(α1s2 + α1s3) − θ̃Tφ1 + Δ̄1 (30)

Define a psd function V1 = z2
1/2. Its derivative is given by

V̇1 � κmz1z2 − k1sz
2
1 +

z1(κmα1s2 − θ̃Tφ1) + z1(κmα1s3 + Δ̄1) (31)

From Assumption 1

‖ θ̃Tφ1 ‖�‖ θM ‖‖ φ1 ‖
θM = θmax − θmin (32)

As ‖ θ̃Tφ1 ‖ is bounded by a known function, there exists a
robust control function satisfying the following conditions

(a) z1{κmα1s2 − θ̃Tφ1} � ε11

(b) z1α1s2 � 0
(33)

Similarly, from Assumption 2 and (19), we have

|Δ̄1| � |ε2| + |Δ1| = δε2(t) + δ1(t) � δ̄1(t) (34)

Now, we can follow the same strategy as in (33) to de-
sign a robust control law. But, as δ̄1(y, t) is unknown, we
can not prespecify the level of control accuracy. Hence, we
seek to achieve the following relaxed conditions

(a) z1{κmα1s3 + Δ̄1(y, t)} � ε12δ̄
2
1

(b) z1α1s2 � 0
(35)

Remark 1 Condition (a) of (33) shows that α1s2 is
synthesized to attenuate the effect of parametric uncertain-
ties θ̃ with the level of control accuracy being measured
by ε11. Condition (b) ensures that α1s2 is dissipative in
nature so that it does not interfere with the functionality of
the adaptive control law α1a. One smooth example of α1s2

satisfying (33) is

α1s2 = − h1

4κm,minε11
z1, h1 � ‖θM‖2‖φ1‖2 (36)

Similarly, an example ofα1s3 satisfying (35), which is syn-
thesized to attenuate the effect of unstructured uncertain-
ties Δ̄1(y, t), is given by

α1s3 = − 1
4κm,minε12

z1 (37)

Remark 2 There are subtle but important design dif-
ferences between an ARC and RAC based FTC scheme.
Fig. 1 shows the underlying structure of ARC and RAC
based designs. Note that the ARC based fault-tolerant
controller, the emphasis is on the inner loop robust con-
troller, and the adaptation mechanism in the outer loop is
used to reduce the extent of modeling uncertainties. As
unknown actuator faults introduce severe estimation error
(θ̃) and estimation error transients ( ˙̃θ), it is necessary to
suppress their undesirable effect on the system dynamics.
The coordination mechanism ensures that the potential

destabilizing effect of θ̃ and ˙̃θ are effectively suppressed
by the robust controller. Furthermore, the bounded uncer-
tainties are also attenuated to desired extent by the robust

Fig. 1 Structure of ARC and RAC based fault-tolerant controllers
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controller. Thus, desired transient response is guaranteed.
On the other hand, the RAC based designs use an adaptive
controller in conjunction with robustness modifications to
the adaptation scheme to guarantee the boundedness of all
the signals. They lack the extra design freedom present in
ARC due to the underlying robust controller. Thus, they
can not guarantee desired transient response.

Step 2 From (11)–(13) and (24)–(26), we can obtain
the derivative of α1 as

α̇1 = α̇1c + α̇1u

α̇1c =
∂α1

∂y
{ω0 + ωTθ̂} +

∂α1

∂ξ
{A0ξ + Φ(y)} +

∂α1

∂ξ0
{A0ξ0 + ky + ϕ0(y)} +

m+1∑
i=1

∂α1

∂λi
λ̇i +

q∑
j=1

m+1∑
i=1

∂α1

∂ζi,j
ζ̇i,j +

∂α1

∂t
(38)

α̇1u =
∂α1

∂y
(−θ̃Tω + Δ̄1) +

∂α1

∂θ̂

˙̂
θ (39)

where α̇1c is calculable and will be used for control func-
tion design. α̇1u, however, is not calculable and will be
dealt with via certain robust terms. From (10), the deriva-
tive of z2 = ϑm,2 − α1 is given by

ż2 =ϑm,3 − k2ϑm,1 − α̇1c − α̇1u (40)

Define a psd function V2 = V1+z2
2/2. Then, the deriva-

tive of V2 using (31) and (40) is given by

V̇2 � V̇1|α1+

z2{κmz1 + ϑm,3 − k2ϑm,1 − α̇1c − α̇1u} (41)

where V̇1|α1 =−k1sz
2
1+z1(κmα1s2−θ̃Tφ1)+z1(κmα1s3+

Δ̄1). Similar to (26), we can now define α2 for ϑm,3 as

α2(y, ξ0, ξ, λ̄m+2, ψi,j,3, θ̂, t) = α2a + α2s

α2a = −κ̂mz1 + k2ϑm,1 + α̇1c

α2s = α2s1 + α2s2 + α2s3

α2s1 = −k2sz2

k2s � g2 +
∥∥∥∥∂α1

∂θ̂
Cθ2

∥∥∥∥+ ‖Cφ2Γφ2 ‖2

(42)

where g2 � 0 is a constant, Cθ2 and Cφ2 are positive def-
inite constant diagonal matrices, α2s2 and α2s3 are robust
control functions to be synthesized later. Due to use of
discontinuous projection, we can not use tuning functions
which anticipates and compensates for the effect of param-
eter estimation transients. α2s1 is the robust control term
which compensates for this loss of information. The rea-
son for choosing this form for α2s1 will become apparent

in the proof of Theorem 1. Substituting (42) in (41), we
obtain

V̇2 � V̇1|α1 + z2z3 − k2sz
2
2 + z2(α2s2 − θ̃Tφ2) +

z2(α2s3 + Δ̄2) − z2
∂α1

∂θ̂

˙̂
θ (43)

where z3 = ϑm,3 − α2 represents the input discrepancy
and

φ2 = e∗n+1z1 −
∂α1

∂y
ω, Δ̄2 = −∂α1

∂y
Δ̄1 (44)

From (34), it follows that Δ̄2 � |∂α1/∂y|δ̄1. Similar to
(35) and (41), the robust control functions α2s2 and α2s3

are chosen to satisfy

(a) z2(α2s2 − θ̃Tφ2) � ε21

(b) z2(α2s3 + Δ̄2) � ε22δ̄
2
1

(c) z2α2s2 � 0, z2α2s3 � 0

(45)

where ε21 and ε22 are positive design parameters. As given
in (36) and (37), α2s2 and α2s3 can be chosen as

α2s2 = − h2

4ε21
z2, α2s3 = − 1

4ε21

(
∂α1

∂y

)2

z2 (46)

where h2 is any smooth function satisfying h2 �‖ θM ‖2 ·
‖ φ2 ‖2. From (31) and h2 defined above, the derivative of
V2 satisfies

V̇2 � z2z3 −
2∑

j=1

kjsz
2
j + z1(κmα1s2 − θ̃1φ1) +

z1(κmα1s3 + Δ̄1) + z2(α2s2 − θ̃Tφ2) +

z2(α2s3 + Δ̄2) − ∂α1

∂θ̂

˙̂
θz2 (47)

Step i (3 � i < ρ) Mathematical induction will be
used to prove the general result for all the intermediate
steps. At each step i, the ARC control function αi will
be constructed for the virtual control input ϑm,i+1. For
any j ∈ [3, i − 1], let zj = ϑm,j − αj−1 and recursively
design

φj = −∂αj−1

∂y
ω, Δ̄j = −∂αj−1

∂y
Δ̄1 (48)

Lemma 1 At Step i, choose the desired ARC control
function αi as

αi(y, ξ0, ξ, λ̄m+i, ψk,j,i+1, θ̂, t) = αia + αis

αia = −zi + kiϑm,i + α̇(i−1)c

αis = αis1 + αis2 + αis3

αis1 = −kiszi

kis � gi +
∥∥∥∥∂αi−1

∂θ̂
Cθi

∥∥∥∥+ ‖ CφiΓφi ‖2

(49)
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where gi > 0 is a constant, and Cθi and Cφi are positive
definite constant diagonal matrices, αis2 and αis3 are ro-
bust control functions satisfying

(a) zi(αis2 − θ̃Tφi) � εi1

(b) zi(αis3 + Δ̄i) � εi2δ̄
2
1

(c) ziαis2 � 0, ziαis3 � 0

(50)

and

α̇(i−1)c =
∂α1

∂y
{ω0 + ωTθ̂} +

∂α1

∂ξ0
{A0ξ0 + ky +

ϕ0(y)} +
∂α1

∂ξ
{A0ξ + Φ} +

m+1∑
i=1

∂α1

∂λi
λ̇i +

q∑
j=1

m+1∑
i=1

∂α1

∂ζi,j
ζ̇i,j +

∂α1

∂t
(51)

Then, the ith error subsystem is

żi = zi+1 − zi−1 − kiszi +

(αis2 − θ̃Tφi) + (αis3 + Δ̄i) − ∂αi−1

∂θ̂

˙̂
θ (52)

and the derivative of the augmented psd function Vi =
Vi−1 + 1/2z2

i satisfies

V̇i � zizi+1 −
i∑

j=1

kjsz
2
j + z1(κmα1s2 − θ̃Tφ1) +

i∑
j=2

zj(κmαjs2 − θ̃Tφj) + z1(κmα1s3 + Δ̄1) +

i∑
j=2

zj(αjs3 + Δ̄j) −
i∑

j=2

∂αj−1

∂θ̂

˙̂
θzj (53)

Proof The first two steps satisfy the Lemma and can
be verified by substitution. Assume that the lemma is true
for Steps j (j < i − 1) and we need to prove it for Step i
to complete the proof. From (52), we get

|Δ̄i| �
∣∣∣∣∂αi−1

∂y
δ̄1

∣∣∣∣ (54)

Therefore, there exist αis2 and αis3 satisfying (54) and
the control can be defined. The derivative of zi is given by

żi = υm,i+1 − kiυm,1 − α̇i−1,c −
∂αi−1

∂y
(−θ̃Tω + Δ̄1) − ∂αi−1

∂θ̂

˙̂
θ (55)

By substituting (53) and υm,i+1 = zi+1 + αi into (55),
it can be verified that the lemma is satisfied for Step i. �

Step ρ In this final step, the actual control law u∗ will
be synthesized such that ϑm,ρ tracks the desired ARC con-
trol function αρ−1. The derivative of zρ can be obtained
as

żρ = ϑm,ρ+1 + u∗ − kρϑm,1 − α̇(ρ−1)c −
∂αρ−1

∂y
(−θ̃Tω + Δ̄1) − ∂αρ−1

∂θ̂

˙̂
θ (56)

If ϑm,ρ+1 + u∗ is the virtual input, (56) would have the
same form as the intermediate Step i. Therefore, the gen-
eral form, (48)–(53) and (56) is applied to Step ρ. Since u∗

is the actual control input, it can be chosen as

u∗ = αρ − ϑm,ρ+1 (57)

where αρ is given by (53). Then, zρ+1 = u∗ + ϑm,ρ+1 −
αρ = 0.

Theorem 1 Let the parameter estimates be updated
using the adaptation law (20) in which τ is chosen as

τ =
ρ∑

j=1

φjzj (58)

If diagonal controller gain matrices Cθj and Cφk are cho-

sen such that c2φkr �
(
ρ

ρ∑
j=1

1/c2θjr

)/
4, where cθjr and

cφkr are the rth diagonal element of Cθj and Cφk respec-
tively, then, the control law (55) guarantees that

(i) In general the control input and all internal signals
are bounded. Furthermore, Vρ is bounded above by

Vρ(t)� ε̄ρ1 + ε̄ρ2 ‖ δ̄1 ‖2
∞

λρ
[1 − exp(−λρt)] (59)

where λρ = 2min{g1, . . . , gρ}, ε̄ρ1 =
ρ∑

j=1

εj1, ε̄ρ2 =

ρ∑
j=1

εj2 and ‖ δ̄1 ‖2
∞ stands for the infinity norm of δ̄1.

(ii) If after a finite time t0, Δ̄(y, t) = 0 (i.e. in the pres-
ence of parametric uncertainties only) then, in addition to
results in (59), asymptotic output tracking control is also
achieved.

Proof Using (57), we known zρ+1 = 0. From (53),
we have

αρ(y, η, λ̄n, ψ, θ̂, t) = αρa + αρs

αρa = −zρ−1 + kρυm,1 + α̇(ρ−1)c

αρs = αρs1 + αρs2 + αρs3

αρs1 = −kρszρ

kρs � gρ +
∥∥∥∥∂αρ−1

∂θ̂
Cθρ

∥∥∥∥+ ‖ CφρΓφρ ‖2

(60)

Substituting in (56), we obtain

żρ = −zρ−1 − kρszρ + (αρs2 − θ̃Tφρ) +

(αρs3 + Δ̄ρ) − ∂αρ−1

∂θ̂

˙̂
θ (61)



46 Journal of Systems Engineering and Electronics Vol. 22, No. 1, February 2011

Also, substituting i = ρ− 1 in (53) gives

V̇ρ−1 � zρ−1zρ −
ρ−1∑
j=1

kjsz
2
j + z1(bfmα1s2 − θ̃Tφ1) +

ρ−1∑
j=2

zj(αjs2 − θ̃Tφj) + z1(bfmα1s3 + Δ̄1) +

ρ−1∑
j=2

zj(αjs3 + Δ̄j) −
ρ−1∑
j=2

∂αj−1

∂θ̂

˙̂
θzj (62)

Taking derivative of the Lyapunov function Vρ =
Vρ−1|αρ−1 + z2

ρ/2 and using (61) and (62) we obtain

V̇ρ = V̇ρ−1|αρ−1 + zρżρ �

−
ρ∑

j=1

kjsz
2
j + z1(bfmα1s2 − θ̃Tφ1) +

ρ∑
j=2

zj(αjs2 − θ̃Tφj) + z1(bfmα1s3 + Δ̄1) +

ρ∑
j=2

zj(αjs3 + Δ̄j) −
ρ∑

j=2

zj
∂αj−1

∂θ̂

˙̂
θ (63)

Now, using the fact that robust component of the virtual
control law is designed to satisfy inequalities (35), (49) and
(56), we have

V̇ρ � −
ρ∑

j=1

(gj +
∥∥∥∥∂αj−1

∂θ̂
Cθj

∥∥∥∥+ ‖ CφjΓφj ‖2)z2
j +

ρ∑
j=1

(εj1 + εj2δ̄
2
1) −

ρ∑
j=2

zj
∂αj−1

∂θ̂

˙̂
θ (64)

By arithmetic mean-geometric mean (AM-GM) inequality
(y1 + · · · + yp)/p � p√y1 y2 . . . yp, the last term of the
above inequality satisfies

−
ρ∑

j=2

zj
∂αj−1

∂θ̂

˙̂
θ �

ρ∑
j=2

|zj |
∣∣∣∣∂αj−1

∂θ̂
CθjC

−1
θj

˙̂
θ

∣∣∣∣ �

ρ∑
j=2

(∥∥∥∥∂αj−1

∂θ̂
Cθj

∥∥∥∥
2

z2
j +

1
4
‖C−1

θj
˙̂
θ‖2

)
(65)

Once again, using AM-GM inequality we have

‖C−1
θj

˙̂
θ‖2 = ‖C−1

θj Proj(Γ τ)‖2 � ‖C−1
θj Γ τ‖2 �(

ρ∑
k=1

‖C−1
θj Γφkzk‖

)2

� ρ

(
ρ∑

k=1

‖C−1
θj Γφk‖

)2

z2
k (66)

Putting (65) and (66) together, we get

−
ρ∑

j=2

zj
∂αj−1

∂θ̂

˙̂
θ �

ρ∑
j=2

∥∥∥∥∂αj−1

∂θ̂
Cθj

∥∥∥∥
2

z2
j +

ρ∑
k=1

‖CφkΓφk‖2z2
k (67)

Finally, combining (64) and (67), we have

V̇ρ � −
ρ∑

j=1

gjz
2
j +

ρ∑
j=1

(εj1 + εj2δ̄
2
1) �

−λρVρ + ε̄ρ1 + ε̄ρ2δ̄
2
1 (68)

which proves the first part of the theorem.
To prove the second part, we note that in presence of

parametric uncertainties only, i.e. Δ̃ = 0, dy = 0 and
ũj = 0, Δ̄1 = ε2. From condition (a) of (35) and con-
dition (b) of (50), we have |z1(bfmα1s3 + Δ̄1)| � ε12ε

2
2

and |zj(αjs3 + Δ̄j)| � εj2ε
2
2 (j = 2, . . . , ρ). Thus, from

condition (b) of (35), (49), (53) and (58), V̇ρ satisfies

V̇ρ � −
ρ∑

j=1

(θ̃Tφ1zj + gjz
2
j − εj2ε

2
2) =

−
ρ∑

j=1

gjz
2
j − θ̃Tτ + ε̄ρ2ε

2
2 (69)

Now, we use the augmented positive definite function

Vθ = Vρ +
1
2
θ̃TΓ−1θ̃ + γεTPε (70)

where γ � ερ2. Now using (9), (23) and (69), the deriva-
tive of Vθ is given by

V̇θ � −
ρ∑

j=1

gjz
2
j − θ̃Tτ + ερ2ε

2
2 +

θ̃TΓ−1θ̃ − γ‖ε‖2 � −
ρ∑

j=1

gjz
2
j (71)

It can be verified that V̈θ is bounded, and thus, V̇θ is uni-
formly continuous. Also, from (71), we know that V̇θ is
negative semi-definite and bounded. Thus, applying Bar-
balat’s lemma, we know the output tracking error asymp-
totically converges to zero.

It may appear that we have neglected the ρ+1 to n states
in the present analysis. But, due to the assumption of stable
zero dynamics and bounded disturbances as well as actu-
ator 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. �

Remark 3 In context of actuator fault compensation,
the first part of Theorem 1 guarantees that the jump in pa-
rameter values due to the failed actuator does not interfere
with the desired transient performance. By using trajectory
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initialization techniques [16], we can set Vρ(0) = 0, and
then, from (58) we have

|z1(t)|�
√

2(ε̄ρ1+ ε̄ρ2 ‖ δ̄1 ‖2∞)
λρ

[
1− exp(−λρt)

2

]
(72)

This equation provides an upper bound for the output
tracking error z1 and characterizes the transient response.
ε̄ρ1, ε̄ρ2 and λρ are controller parameters which we can
choose. Note that by properly tuning ε̄ρ2 we can make
ε̄ρ2 ‖ δ̄1 ‖2

∞ as small as desired. Thus, we can tune the
parameter ε̄ρ2 to make |z1(t)| smaller than any predeter-
mined bound. In this sense, we have guaranteed transient
response. This result on transient response of the system
is a direct consequence of underlying robust filter struc-
ture of the ARC controller. The second part of the the-
orem guarantees asymptotic output tracking in presence
of actuators failures and parametric uncertainties only, i.e.
Δ̄i(y, t) = 0. As desirable properties of robust and adap-
tive control designs are preserved, we get desired transient
response with small steady-state tracking error in spite of
actuator faults.

4. Application example

The proposed scheme is implemented on a nonlinear longi-
tudinal model of hypersonic aircraft cruising at a velocity
of 15 mach, at an altitude of 110 000 ft. The control objec-
tive is to track a desired trajectory in presence of various
modeling uncertainties and elevator segment failures. The
nominal model of the system is

α̇ = q − γ̇

q̇ =
Myy

Iyy
(73)

γ̇ =
L+ T sinα

mV
− (μ− V 2r) cos γ

V r2

where
α = angle of attack/rad

γ = flight-path angle/rad

V = velocity/(ft/s)

q = pitch rate/(rad/s)

T = thrust/lbf

L = lift/lbf

r = distance from the center of the earth/ft

Myy = pitching moment/lbf.ft

Iyy = moment of inertia/slug.ft2

The details of the full order model can be found in [21].
Note that the same reduced order model was used in [3]
and thus will provide a platform to compare the RAC based

FTC and the ARFTC scheme. The nominal model of the
system does not take into account any unstructured model-
ing uncertainties and external disturbances. As modeling
uncertainties are inherent to any realistic system model,
unmatched uncertainties will be introduced in order to
make the simulation studies more meaningful. The state-
space representation is given by

ẋ1 = x2 + a1y + a2 sin y +

a3y
2 sin y + a4 cosx3 + Δ1(y, t)

ẋ2 = a5y
2 + a6y + (a7 + a8y + a9y

2)x2 +

b1u1 + b2u2 + Δ2(y, t)

ẋ3 = a10 cosx3 − a1y − a2 sin y
y = x1

(74)

where [x1, x2, x3] = [α, q, γ] and Δi represents uncertain
nonlinearities and disturbances. The numerical values of
the nominal plant parameters are

a1 = −0.042 7, a2 = −3.449 6 × 10−4

a3 = 5 × 10−5, a4 = 0.001 4
a5 = −4.200 6, a6 = 1.082 1
a7 = −3.689 6, a8 = 0.163 7
a9 = −0.124 2, a10 = 0.001 4

b1 = 0.8, b2 = 0.8
The initial conditions are set to x(0) = [0, 0.01, 0]T. Due
to the presence of the term a4 cosx3 in ẋ1, (74) is not in the
output-feedback form. However, since |a4 cosx3| � a4, it
can be considered a bounded uncertainty and can be dealt
with using robust feedback.

The reference command chosen, yd(t) = 0.01 sin 0.1t
is in accordance with [3]. Details of the ARFTC controller
is given at the end of this section. The details of RAC based
FTC can be obtained from [3]. Additionally, the controller
parameters for the ARFTC scheme are chosen such that
the control input profiles would be comparable for both
schemes.

Using the parametrization (3), before an actuator faults,
the actual control signal is given by

u1(t) = u∗(t)/b1
u2(t) = u∗(t)/b2

}
for t < 50 s

Two faults are introduced: at t = 50 s the first actuator
loses 40% of efficiency and at t = 75 s, the second actua-
tor gets stuck at ū2 = 0.1 rad. These can be represented
in terms of commanded control signals as

u1(t) = 0.6u∗(t)/b1
u2(t) = u∗(t)/b2

}
for t � 50 s

and
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u1(t) = 0.6u∗(t)/b1
u2(t) = 0.1

}
for t � 75 s

Two cases are considered in order to illustrate the effec-
tiveness of the proposed scheme. In the first set of simula-
tions (see Fig. 1), all unstructured modeling errors and dis-
turbances are assumed to be zero, i.e. Δi = 0 for i = 1, 2.
This provides a level ground to compare the transient per-
formance of the two schemes after an actuator fails. Af-
ter the first fault, the tracking error remains close to zero
for both schemes. However, after the second fault, which
is more severe as compared with the first one, the track-
ing error remains close to zero for ARFTC, but deviates
significantly for RAC based FTC and can be explained as
follows. The second fault causes a large jump in parame-
ter value which can lead to a significant transient tracking
error. In the ARFTC scheme, however, the robust com-
ponent of the control law is designed to suppress the effect
of such parameter jumps (αis2 in (33), (35), (45) and (50)).
An explicit upper bound for the transient tracking error can
also be obtained in terms of controller parameters when an
upper bound for the unstructured uncertainties is known
a priori. RAC based FTC, on the other hand, can only
guarantee the boundedness of all signals at best. Also, as
a4 cosx3 is present even when other uncertainties are set
to zero, asymptotic tracking can not be achieved using ei-
ther of the schemes. But, in ARFTC, its effect on the final
tracking accuracy can be attenuated by adjusting the gain
of the robust component of the control law in a transparent
manner. Another interesting observation is that the steady-
state tracking error is small in ARFTC. Any scheme which
relies on robust control only, would either lead to con-
trol input chattering in presence of such large parametric
uncertainties, or result in poor steady-state tracking accu-
racy due to smoothing techniques. In contrast, the learning
mechanism of ARFTC leads to improved model compen-
sation and guarantees an acceptable steady-state tracking
error, as seen from Fig. 2. Thus, desired transient response

Fig. 2 Reference tracking, control signals and tracking error for
RAC versus ARC based fault-tolerant schemes in absence of distur-
bances

is guaranteed due to robust filter structure of the ARFTC.
The smaller steady-state tracking error is also achieved due
to the combined effect of reduction in modeling uncertain-
ties through parameter adaptation, as well as the use of gain
to attenuate the effect of bounded uncertainties on steady-
state error.

A second set of simulations (see Fig. 3) is performed
is disturbances are introduced to test the performance of
the two schemes in presence of unknown bounded uncer-
tainties. We set Δ1(y, t) = 0.01 sin2t and Δ2(y, t) =
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0.01 sin3t. Although these disturbances are chosen for il-
lustrative purposes only, it is worth mentioning that many
disturbances which affect the aircraft dynamics can in-
deed be modeled using harmonic basis functions, e.g.,
wind-shear [22]. Faults and controller parameters are the
same as used in the previous case. As is evident from
Fig. 2, the performance of the RAC based scheme dete-
riorates significantly in presence of unstructured model-
ing uncertainties, which are inherent to any realistic sys-
tem model. From the tracking error plots, we see that not
only the transient error, but the steady-state error is also
unacceptably large. The limitation of adaptive schemes in
presence of disturbances, even with robustness modifica-
tions, becomes obvious by comparing Fig. 2 and Fig. 3.
It can be explained as follows. Although parameter pro-
jection is used in the RAC based scheme, it can neither
improve the transient performance, nor attenuate the ef-
fect of disturbances on the steady-state tracking error. On
the other hand, in ARFTC, the parameter bounds are used
not only for projection, but also for designing the robust
component of the control law. The parametric uncertainty
(which also accounts for the jump in parameter values)
and unstructured uncertainty bounds are incorporated in
the design of the baseline robust controller in ARFTC
(αis3 in (33), (35), (45) and (50)), guaranteeing desired

Fig. 3 Reference tracking, control signals and tracking error for
RAC versus ARC based fault-tolerant schemes in presence of distur-
bances

transient response and acceptable steady-state tracking er-
ror. Therefore, the achievable performance using the pro-
posed scheme is superior to that of RAC based schemes.

The ARC based fault-tolerant controller is given as fol-
lows.

The unknown parameter vector θ is

θ = [a1, a2, a3, a5, a6, κ0, μ0]T

and the initial values and bounds for the parameter esti-
mates are

θ̂(0) = [−0.05,−0.000 4, 0,−4.0, 0.9, 1.5, 0]

θ̂min = [−0.06,−0.000 5, 4 × 10−4,−5, 0.8, 0.2,−1]

θ̂max = [−0.03,−0.000 2, 7 × 10−4,−3.5, 1.2, 2, 1]

The gain matrix for parameter estimation is given by
Γ = diag{1, 1, 1, 1, 1, 5, 0.1}. The observer gain matrix
is chosen to be k̄ = [2, 1]T and the filters used for state-
reconstruction are

ξ̇0 = A0ξ0 + ky + ϕ2(y) − yϕ2(y)e1

ξ̇ = A0ξ + Φ(y) + ϕ2(y)ξ

ϑ̇0 = A0ϑ0 + e2u
∗ + ϕ2(y)ϑ0

ψ̇ = A0ψ + ϕ2(y)ψ + e2

(75)
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where

Φ(y) =

[
y sin y y2 sin y 0 0

0 0 0 y2 y

]

ϕ2(y) = a7y
2 + a8y + a9

The initial condition for all filter states are set to 0.
The control law is given by

α1 = α1a + α1s, z1 = y − yd

α1a = − 1
κ̂0

(ω0 + ω̄Tθ̂ − ẏd), α1s = −k1sz1

α̇1c =
∂α1

∂y
(ω0 + ωTθ̂) +

∂α1

∂ξ0,2
ξ̇0,2 +

∂α1

∂ξ(2)
ξ̇(2) +

∂α1

∂ϑ0,2
ϑ̇0,2 +

∂α1

∂ψ2
ψ̇2 +

∂α1

∂t

u∗ = u∗a + u∗s, z2 = ϑ0,2 − α1

u∗a = k2ϑ0,1 + α̇1c − κ̂0z1, u∗s = −k2sz2

(76)

where k1s = −50, k2 = 1 and k2s = −90. The parameter
update law is given by (20), where

τ = z1φ1 + z2φ2

φ1 = ω̄T + eT6 α1a (77)

φ2 = eT6 z1 −
∂α1

∂y
ω

5. Conclusion

In this paper, an adaptive robust output feedback based
scheme is presented for unknown actuator fault accommo-
dation for a class of uncertain nonlinear systems. Adapta-
tion and robust feedback are used simultaneously to main-
tain tracking performance in face of large parametric un-
certainties introduced due to failing actuators, exogenous
disturbances and other modeling uncertainties.

A nonlinear model of hypersonic aircrafts is used for
simulation studies, which clearly demonstrates the effec-
tiveness of the proposed scheme in accommodating actua-
tor faults. In summary, some of the salient features of the
fault accommodation scheme presented in this paper are
below.

(i) Capability to handle large parametric uncertainties
due to unknown actuator failures like stuck actuators and
actuator loss in efficiency with guaranteed transient perfor-
mance;

(ii) Guaranteed robust performance when adaptation is
switched off;

(iii) Calculable upper bound for tracking error based on
controller parameters and ability to achieve prespecified fi-
nal tracking accuracy.
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