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Adaptive Fault-Tolerant Control of a Class of
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Xiaodong Zhang, Marios M. Polycarpou, and Thomas Parisini

Abstract— This paper presents an integrated fault diagnosis
and fault-tolerant control methodology for a class of nonlinear
MIMO systems. Based on the fault information obtained during
the diagnostic procedure, a fault-tolerant control component is
designed to compensate for the effect of faults. In the presence
of a fault, a baseline controller guarantees the boundedness
of all system signals until the fault is detected. Then the
controller is reconfigured after fault detection to compensate
for the fault using online fault diagnostic information. Under
certain assumptions, the stability and tracking performances of
the closed-loop system are rigorously investigated. It is shown
that, the system signals always remain bounded, and the output
tracking error converges to a neighborhood of the origin of the
state space.

I. INTRODUCTION

During the past two decades, there has been significant
research activity in the areas of fault diagnosis (see, for
instance, [2], [3]) and fault-tolerant control (see, for in-
stance, [1]). Early fault detection and isolation (FDI) can
potentially avoid the development of more serious faults and
malfunctions. Detailed fault information acquired by the fault
diagnosis procedure is very valuable to fault-tolerant control
design, since the key objective of fault-tolerant control is
to compensate for the effect of such faults. However, links
between fault diagnosis and fault-tolerant control are still
limited, especially for nonlinear uncertain systems [1].

In previous work [10], the authors presented a unified
methodology for detecting, isolating, and accommodating
faults in a class of nonlinear uncertain dynamical systems.
A fault diagnosis component is used for fault detection and
isolation. Based on the fault information provided by the fault
diagnosis procedure, a fault-tolerant control component is
designed to compensate for the effect of faults. In this paper,
we extend the results of [10] by considering multi-input-
multi-output (MIMO) nonlinear uncertain system, while in
[10] the fault-tolerant control design was analyzed for the
single-input-single-output (SISO) case. Moreover, the new
fault-tolerant control design presented in this paper removes
an important assumption regarding uniform boundedness of
modeling uncertainty that was used in [10].
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We consider a class of MIMO nonlinear systems in
parametric-strict-feedback form [5], subject to unstructured
(possibly nonlinear) modeling uncertainty and nonlinear
faults. Specifically, the fault is assumed to be an unknown
nonlinear function of the system states. The proposed fault-
tolerant control scheme consists of two main components:
an on-line health monitoring (fault diagnosis) module and a
controller (fault accommodation) module. First, the closed-
loop system stability in the presence of a fault, but before its
detection, is investigated. Then in order to compensate for
the effect of the fault, a fault-tolerant controller is designed,
which is used after fault detection but before isolation. It is
shown that the system signals always remain bounded, and
the output tracking error converges to a neighborhood of the
origin of the state space.

II. PROBLEM FORMULATION
A. Plant Model

We consider a class of nonlinear MIMO system given by

¢Ex§ + G(x)u+n(z,u,t) + B(t — Tp) f ()
h(x

z
Y

()
where x € R" is the state vector, u € R™ is the control
input vector, 5 € %9 is the output vector, ¢, f : R” — R,
h:R" — R, and 1 : R* x R™ x RT — R” are smooth
vector fields, and G(z) = [gi(z)|g2(z)]| - - | gm ()]
R +— R The state equations

& = ¢(x) +G@)u

y = h)
represent the known nominal system dynamics, while 7
represent the modeling uncertainty. The changes in the
system dynamics as a result of faults are characterized by
the term B(t — Tp) f(x). Specifically, the matrix B(¢t — Tp)
characterizes the time profile of a fault which occurs at some
unknown time Ty. We let the fault time profile B(-) be a
diagonal matrix of the form

B(t — Ty) £ diag [B1(t — To), -+, Bult — To)] ,

where §; : R — R is a function representing the time
profile of a fault affecting the i—th state equation, for ¢ =
1,---,n. More specifically, we consider faults with time
profiles modeled by:

o if t<Tp
Bi(t = To) = { 1—e alt=T0)  §f ¢>Typ,

where the scalar a; > 0 denotes the unknown fault evolution

)
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faults, known as incipient faults. For large values of a;, the
time profile (; approaches a step function, which models
abrupt faults. Note that the fault time profile given by (2)
only reflects the developing speed of the fault, while its other
basic features are captured by the nonlinear function f(z).

In this paper, the state vector x(t) is assumed to be measur-
able, and the control objective is to control the output vector
y(t) to track a given reference vector y,, (t). Throughout the
paper the following assumption will be used:

Assumption 1. The unstructured modeling uncertainty, rep-
resented by n in (1), is an unknown nonlinear function of x,
u, and t, but bounded by some known function 7). Specifically,
each component n); of ) is assumed to satisfy

Vo € R, Vu € R™ Vt € BT,

3)
where, for each i = 1,---,n, the bounding function
7i(x,u,t) > 0 is known and continuous.

|77i(x7uv t)| < ﬁz(I; u,t),

Note that, in Assumption 1, the uniform boundedness
assumption on 7j;(z, u, t) made in [10] is removed.

B. Fault—Tolerant Controller

For clarification of the design of the fault-tolerant con-
troller, let us define three important time—instants: 7 is the
time—instant when a fault occurs, T; > Ty is the time-—
instant when the monitoring system provides a fault detection
decision, and Tis, > T, is the time—instant when the
monitoring system provides a fault isolation decision, that
is, which particular fault in a partially known fault class has
actually occurred. In the case that a fault is not detected, then
Ty and T4, are set to oo, respectively. The structure of the
fault-tolerant controller takes on the following general form:

90(V, T, Ym, 1) , for t<Ty
Vo= 9oV, T, Ym,t), for Ty <t < Tisol
g;(v,x,ym,t), for t > Tisol
4)
uo (v, Ym, t) , for t<Ty
u = up (1), Ym, t) ) for Td S t < T’isol
ur (v, Ym, t), for t> Tisol

where v is the state vector of the controller and y,, € R¢
denotes a reference vector to be tracked by the controlled sys-
tem output vector. The functions ¢o, gp, gr and ug,up,ur
are nonlinear functions to be designed according to the
following objectives:

o Under normal operating conditions (i.e., for ¢t < Tp), a
baseline controller described by gg,ug is designed to
guarantee system stability and robust tracking perfor-
mance in the presence of modeling uncertainty 7.

e« When a fault occurs at time 7, the baseline controller
should guarantee some basic stability property such as
system signal boundedness, until the fault is detected,
ie., for Top <t <Ty.

o After fault detection (i.e., for T; < t < Tiso1) the
baseline controller is reconfigured to compensate for the
effect of the (yet unknown) fault, that is the controller
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described by functions gp and up is designed in such
a way to exploit the information that a fault occurred
to recover some tracking performances.

o If the fault is isolated (i.e., for ¢t > Tiso ), then the
controller is reconfigured again. The functions g; and
uy are designed using the information of the fault
type that has been isolated so as to enhance tracking
performance (see [9], [10] for the details of the fault
isolation problem).

Note that the proposed active fault-tolerant control struc-
ture given by (4) takes into account several important ef-
fects of the fault diagnosis procedure on the closed-loop
system, including fault detection time/delay, fault isolation
time/delay, and the occurrence of an unanticipated fault
whose functional structure is completely unknown a priori.

In the sequel, we shall refer to the control laws (4) in
the three different cases, by simply making reference to the
control variables ug(t), up(t), and ur(t), respectively. In
this paper, we concentrate on the design and analysis of
controllers wug(t), and up(t).

ITII. FAULT DETECTION SCHEME

Based on the system representation (1), a fault detection
and approximation estimator (FDAE) is chosen as [9]

0= —A%2° — z) + ¢(z) + G(x)u+ f(x,0°)  (5)

where 29 € R™ is the estimated state vector, f R X RP —
R™ is an on-line approximation model, 0° ¢ Rr represents
a vector of adjustable weights of the on-line approximator,
and A° = diag(\?,--- ,\?), where =\ < 0 is the i-th
estimator pole. The initial weight vector, 6°(0) is chosen
such that f (z,u,0°(0)) = 0, which corresponds to the case
where the system is in “healthy” (no fault) condition.

A . o
Let €(t) = x(t) — 2°(t) be the state estimation error. An
adaptive threshold €Y (¢) for fault detection is chosen as:

t
&) = / e N (@, u,T)dr + [0)]e N (6)
0

After a fault occurs, but before its detection (i.e., for T <
t < Ty), the state estimation remains below its adaptive
threshold, and hence the fault is not detected yet, we have
) < &t), forTy <t<Ty. (7
Clearly, the occurrence of a fault may affect the stabilizing
property of the baseline controller. In this respect, to inves-
tigate the system stability property in the presence of a fault
but before its detection, we first need the following basic
results concerning fault detection time:

Lemma 1. Suppose that a fault occurs at some time Tj.
Moreover, assume that there exist a time interval [Ty, Ts), a
scalar M > 0, and an index i € {1,--- ,n}, such that for all
te [Tl, TQ],

ni(w,u,t) + Bi(t = To) fi(x)] = M + 0i(,u,t), (8)
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where Ty > Ty, To > Th + D(M), and D(M) is a time
period defined as

00
D(M) £ %m <1+72Aij\i4(Tl)) .

Then, an upper bound for the fault detection time is T7 +
D(M).

Due to space limitation, the proof of Lemma 1 is omitted.
In the presence of a fault but before its detection,the baseline
controller may lose its stabilizing capability [1]. In qualitative
terms, the key issue to be addressed is to guarantee that the
faulty behavior is detected before the possible occurrence
of an unbounded growth of some state variables. Therefore,
in the following analysis, a contradiction logic will be ex-
ploited. Let us assume that the quantity |n;(z, u,t) + 5;(t —
To)fi(x(t))| — 7i(z,u,t) has some finite escape time T,
before fault detection , i.e., lim (|n; + Bifi)| — ) = oo,

t—Te
for Ty < T. < T,4; more specifically, VM > 0, 35(M) > 0,
such that

Ini + Bifil —mi > M,

Clearly, given a value of M, 6(M) is related to the rate of
growth of the quantity |n; + 0; f;| — 7j; before fault detection.
In the rest of the paper, the following assumption is made:

Vte [T, —8(M),T.). (9

Assumption 2. There exists some finite scalar M , such that
(M) > D(M), where 6(M) is defined in (9) and the
function D(M) is defined in Lemma 1.

Assumption 2 is needed in order to ensure the proposed
fault detection scheme is capable of timely detecting the
faulty behavior before the possible occurrence of an un-
bounded growth of system variables [10].

Then, we have the following result:

Lemma 2. Suppose that a fault occurs at time Ty , and that it
is detected at some finite time T; > Ty. Then, the quantity
|n: + Bifi| — 7; remains bounded before the fault is detected,
ie.,

i + Bifil—n: < B,

for some finite positive constant B, for all t € (Ty, Ty), and
foralll <1 <n.

The proof of Lemma 2 follows a similar reasoning logic
reported in [10], and thus is omitted here.

i=1,---,n; te(To,Tq), (10)

IV. CONTROLLER MODULE

In this section, we present the fault-tolerant control design.
In order to control g output variables, the number of control
inputs m in (1) should satisfy m > ¢q. Without loss of
generality, we assume m = q. Note that if m > ¢, then more
design redundancy is available, and the m control inputs can
be grouped into ¢ virtual actuator groups based on actuator
characteristics [8]. Then, after the ¢ virtual control inputs
are designed using the method presented below, a control
allocation scheme can be used to allocate each virtual control
input to the actuators in the corresponding group. To facilitate
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the analysis of the feedback control systems, in the sequel,
the following specific class of nonlinear MIMO systems will
be considered:

Tt = xi2 + 011(Z11) + mi(Z1,t) + S fii(@n)
T1a = x13 + ¢12(Z12) + Mm2(T12,t) + Liafi2(T12)
B1py = P () + 20 gul) w + n1p, (2,1)
+61P1f1/31 (x)
T = Tg2+ Gq1(Tg1) + 11 (Tg1,t) + B for(Zq1)
Tgp, = Pgp, (z) + Z?:l ga(z)ur + Napq (z,t)
+r3qpq fqpq (z)
Yy = [Iu, Ta1, ", iqu]T-
(11
where
A
x = col (xlla"' yLlpys T2l 3 L2pp 57" 5, Lqly """ 7xqpq)

is the state vector, u € R? denotes the control input vector,
y € N? denotes the output vector. The integers p;, j =
1, ---, q, are the so-called control characteristic indices [6].
Without loss of generality, here we assume p; > pg > -+ >
pg. Forr =1,--- g, and b, = 1,2,---, p,, the functions
®rb,.s Mrb,.s fro,, and gp; are generic smooth functions, and

jrbT s Lyply

AN
= COl(.fCll,"' 7:171( s Lrb,.y

p1—pr+br)y "
T Tql, Tg(pg—prtbr)) -

For instance,

A
T =
2

col(@11, T2(po—pr+1)5 " s Tg(pg—p1+1)) 5

col(11, 12, T21, To(py—pi42)s 5 Lqls

Tg(pg—pr+2)) -

The control objective is to control the output vector y(t)
to track a given reference vector y,,(t). We assume that
each reference signal y,,,,(t), r = 1,---, ¢, and its first p,
derivatives are known, piecewise continuous, and bounded.

Remark 1. The system model (11) is in the parametric-strict-
feedback form [5]. In the SISO case, it defines a lower trian-
gular form. The existence conditions of a diffeomorphism,
which transforms the general nonlinear system model (1)
into the specific form (11), have been discussed in [8], [6].
The problem of actuator fault accommodation for a similar
class of nonlinear MIMO systems has been investigated in
[8] using direct adaptive control methods, without the use of
on-line fault diagnostic information.

Remark 2. Each control characteristic index pj, j =
1,---,q, is the least order of the time derivative of the output
y; that is directly affected at least by some input u; [6]. It
is worth noting that, for the sake of notational simplicity,
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here we assume p; + p2 + -+ + pg = n. In the case of
p1+ p2 + -+ pg < n, the transformed system (11) will
have another part describing the zero dynamics [6], [8]. Then,
with an additional assumption on input-to-state stability of
the zero dynamics, similar analytical results can be obtained.

A. Baseline Controller and System Stability Before Fault
Detection

In this section, we design the baseline controller and inves-
tigate the system stability before fault detection. Using the
backstepping methodology [5], a new state vector z is defined
recursively by the following coordinate transformation: for
r = 17 » 4> and b’r = 17 y Pry

Zrb, = Trb, — (b, —1) (jr(br—l)a ﬂffi?‘”) — = (12)
where the intermediate control functions a..p,. are recursively
given by

0

Qo
Qr1 =  —CplZr1 — ¢7‘1 + Xrl(:z'rla ymr)
Qrp, =  —Crb.Rrb, — Zr(b.—1) — Gro, + Xrb, (Trb, 7yr(rl;r_l))
(pj—pr+br-—1) da (1)
+Z Z {T;(Ij(lwrl) + ¢jk)}
j=1 J
br—1
— [0, —1)
r (d)
# 3 (o)
d=1
forbr_27"'7p7‘7 (13)
where c¢,; and c,p. are design constants, y,(,gr) 2
col (Ymr, y,(,%z, cel, y,(,gr)) and x4, is a smooth function to

be defined later on using bounding control techniques [4].
We make the following assumption for the design and
analysis of the proposed fault-tolerant control scheme.

Assumption 3. The following actuation matrix G(x) is non-
singular

914
. (14)
9aq

Now, we analyze the stability and tracking properties of
closed-loop system before the detection of a fault. We apply
the backstepping design and design the baseline controller
as
Qip, + ?Jﬁil
: (15)
Qqp, + Yirig

Due to space limitation, the details of the procedure is
omitted.

Let us consider a Lyapunov function candidate of the
q

9 PIETS

r=1b,.=1

formV = 2. After some algebraic manipu-
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lations, it can be shown that the time—derivative of V' satisfies

v < {_Crbrszr + |Zrbr| |:|77Tbr + ﬁrbrfrbr|
r=1b,=1
q (pj—pr+br-—1)
o, (br—1
+Z Z (‘Tk) ik + ﬁjkfjko}
-1 J
+Zrb,~Xrbr} . (16)

Next, we consider the design of bounding control functions
Xrb,.- In the sequel, the following property of the hyperbolic
tangent function is used [7]: for any ¢ > 0 and for any ¢ € R,
0 < lof - qtanh (1) < ke, (17)

€

where k is a constant that satisfies k = e‘<E+1); ie., k ~

0.2785. Let us choose

ptbr—1) (100 _1y | —
Crb, o, + 0y 2T (12 )
Xrb, = —Cpb, tanh(Zetrte)

(18)
From Lemma 2, before the detection of the possible
presence of a fault (i.e., for 0 <t < T};), we have

|777‘bT + ﬁrb7~frb7\| < ﬁrbT + 37 (19)

for some finite positive constant B. By using (16), (17), (18),
and (19), it can be shown that

a pr
V< Z Z (—crszbe + ke + |z, | B) ,
r=1b,.=1
where B 2 B+ 374 _, Sotpamertbe=h) (|%ﬁ;” B). By

completing the squares, we obtain

V < —cV +b, (20)
where b = nke + Y0 >0, (2c - B2) and ¢ =
min {cp, }-
1<r<gq
1<, < py

Now, if we let & = b/c > 0, we obtain

0 < V(t) <RE+[V(0)—FKle . 1)

Therefore, z(t), and z(t) are uniformly bounded. Further-
more, note that before the occurrence of any faults (i.e., for
t < Tp), we have By, frp, = 0, which implies B = 0 and
B = 0. Therefore, given any € > V2R, where k = n/ge/ c,
there exists some finite time 7", such that for all ¢ > T the
output vector y satisfies |y(t) — ym(t)| < € Note that & can
be made small by using a small value of e.

The aforementioned design and analysis procedure is
summarized in the following result:

Theorem 1. (Stability before fault detection) Suppose
that a fault occurs at time Iy, and consider the time window
[0,Ty) . Then, the baseline controller given by (15) and (18)
guarantees that
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1) In the absence of faults, given any € > V2R, there
exists T'(€) such that |y(t) — y,(t)| < € forall T(e) <
t<Tp.

2) All the signals are uniformly bounded before and after
fault occurrence, i.e., z(t) and x(t) are bounded for all
te [O, Td),'

B. Controller reconfiguration before fault isolation

Let us assume that a fault is detected at time ¢t = Ty.
Starting from Ty, as inequality (10) is no longer satisfied,
therefore, the baseline controller wg(t) is reconfigured to
ensure signal boundedness and some tracking performance
given the fact that the diagnostic system has detected a fault.
In this section, we describe the design of the fault-tolerant
controller up (t) defined in (4), using stable adaptive tracking
techniques [4], [5].

At this stage, since no information about the specific
fault type is available (see [9], [10] for the details of the
fault isolation problem), adaptive approximators such as
neural network models can be used to estimate the unknown
fault function B, frs,. Specifically, we consider linearly
parameterized networks (for example, radial basis function
networks with fixed centers and variances) described as

Frton Tty Ort,) = (0r,) T o, (Tt )

where HATbT denotes the adjustable weights of the linearly pa-
rameterized adaptive approximation model, and .y, (Z1p,.)
represents the network basis functions. Therefore, the system

(22)

model (11) can be rewritten as follows, forr =1,--- ¢, and
b=1,--- ,pr — L
irbr - xr(br-l-l) + (brbr (a_jrbr) + frbT (jrbrv orbT)

+ ﬁrbT 67‘bT (:ErbT) + b, (fz'rbr ) t)
+ (ﬁrbr - 1)frb,~ (jrbT 5 erbr)

Lrp,

q
Grp. () + Zgrl(x) up + frpr(xverm)
=1

+ ﬁrpr 5TpT (1’) + 77rp7~ (‘Tﬂ t)
+ (Brp,. — 1) frp, (z, HTPT) (23)
where

_ A _ A _
5rbr ('rrbT) == ,frbT ('rrbT) - frbr (Irbra erbr)

is the network approximation error, and 6, is the optimal
weight vector [4]. For each network, we make the following
assumption on the network approximation error:

Assumption 4. Foreachr = 1,--- ,q,andb, = 1,--- , p,

|5rb7\ (i'rbr” S wrbr Srb,. (:ErbT) ) (24)

where v, > 0 are unknown bounding parameters and sy, :
Rrbr 1 R are known smooth bounding functions.

The system described by (23) and (24) is characterized
by two types of uncertainty: (i) parametric uncertainty,
which arises due to the unknown network weights 6, ;
(i) bounding uncertainty that arises due to the unknown
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bounding parameters 1,5, and unknown incipient fault time
profile [3,5,. We let 0,4, (t) 2 O, (1) —
network weight estimation error, and ¥ (t) = $(t) — ¥

represent the corresponding bounding parameter estimation
error, where 1),,, is an unknown constant defined as follows

Orp, denote the

1>

Ym = sup  max{fBp, (t=To)rp,, |(Bro, (t=To)=1)0rp, |} -

1<i<gq
1<b,<pp

Note that the fault time profile S5, (t — Tp) satisfies 0 <
Brb, < 1. Then such a finite constant 1, always exists.

Now, we proceed to present the design of the fault-
tolerant controller up(t) described in (4), which consists of
two components: backstepping design and adaptive bounding
design. For the sake of compactness of notation, we denote

A
a = (pr—p1+a)and

_ A ~ ~ ~
97‘& = col (9117"' 791(0.—1)7"' 797‘17"' 797“(6.—1)7

3 0q1, veq(pq—pﬁa—l)) :

Due to space limitation, below we only give the basic idea
of the design. The details of intermediate steps are omitted.

Step 1. Backstepping design procedure

Consider a new state vector z defined by the following
change of coordinates: for 1 <a < p;, 1 <r <gq

_ (a-1)

Zra — Tra — Ymr

— Qp(a—1) 5 (25)

where the intermediate control functions are given by:
Qrg = 0
i N\T
Apr1 = —Cp12p1 — ¢T1 - (erl) ®r1 + Xri
i \T
Qrg (erfz) Pra

8OLT a—
—la]) (Ij(k+1) + djk

—CraZra — Zr(a—1) — (brfz -

q (pj —p1+a—1){

+Z;

j=1

a—1
A 8ar a—1
RIS <ﬁ<>>

d=1 Ymer

LR D0rar) (gt
> > |\
e 90,1

J=1

afjk

O (a—1)

8:17jk

q (pj—p1ta—1)
{ wikljK -

+Xr&(jr&7¢7y7(g;1))7 f01”2 S a S Pr (26)

In (25) and (26), c.; are design constants, X,z denotes
smooth functions to be defined later on by adaptive bounding
control techniques, and the intermediate adaptive functions
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(pj—p1t+a)

Tik are recursively updated as follows:
(pj—pr1ta)  _
ooty = Titos—pi+a) (Pitos —pr+a)Zi(os—p1+a)
7 0
—0(0(0;—pr+a) ~ ej(Pj—Pl-Fa))) ’

(pj—p1+a) (pj—p1+a—1) - Do (p,—pr+a—1)
me Y= T =Ty o

=1 Ik

'S"jkzl(m—p1+a)>

for1<k<pj—p1+a-1, (27)
where o and 9?( ps—pr+a) A€ design constants.
The backstepping procedure [5] is applied to
the state variables according to the order of
{2117 2215 "y RBr(pr—p1+1)y T s Rlas Ty Rr(pr—pida) s

Zq(pg—pi+a)s "5 Zlpis T 5 Zqpe b+ At the last stage of the
design procedure, we choose the fault-tolerant controller
up(t) defined in (4) as

Q1p, + yﬁh
G(a)™ : :

Pq
Ogp, + Ymg

(28)

where the matrix (G is defined in (14), and the intermediate
control functions o, 7 =1,--- ,q, are given in (26). Now
we consider the overall Lyapunov function candidate

q Pj
_ 1 2 1o v 15 L o
V—ZZ(?%) +50%) T 9‘7‘;@) +%¢ :

On the basis of (25), (26), (27), and (28), and by choosing
the adaptive laws for updating 6, (¢) as

=10, 1<j<q1<k<p;, (9

it can be shown that the time derivative of V' is given by

(—Cjk(zjk)Q —o(0)" Ok — 9?k)) + Agp, »

(30)

A
= A(q_l)p(q—l) + Zqp, {quq + Ngpy + Bapydap,

_ 8aQ(Pq_1) A

0
pi—1
: oy, —
+ (M(Ws + Bjkdjk + (Bjk — 1)

T
(‘%‘k)T%k)) }

Step 2. Adaptive bounding design procedure
We now consider the recursive design of the bounding

- 1)(9qpq)T

(€19

control function Xz, 1 <7 < gq, a = pr—p1+a and the
adaptive law for the bounding estimate ) (t).

The adaptive bounding design [4] is recursively
applied to A,z according to the order of
{A117 A217 T Ar(prlerl)a T 7A1a )T 7Ar(p,~7p1+a)7

TuA13.2

s Ngpg—prtays s Nipys oo Agp, - At the last stage
of the design procedure, we have
quq < nke+ nkewm - 01/3(1& - ¢0) + (Q/A’ - ’/qpq)
_ q pji—1 Do T
5= Y % () |
j=1 k=1 ’Q/J ]
where
A q P R 1
Vap, = T Z Z(ijwjk) —o(ih —v°)
j=1k=1 |
Therefore, by choosing the adaptive law
V= Vap, (32)

we have
Agp, < nke + nke,, — 01/;(1/3 — Y. (33)

By substituting (33) into (30), and completing the squares for
each parameter estimate, it can be shown that the Lyapunov
function V satisfies the following inequality

V < —cV +b, (34)

where ¢ £ {2¢ji, cr/(/\min(Fj_kl)), 0y}, and b 2 nkem,+

nke + 5 23:1 Sl 165k — 9‘?k|2 + [t — 4O
(34) is in the same form of (20). The following important
results follows from the proof of Theorem 1:

Now

Theorem 2. Suppose the bounding Assumption 4 holds
globally. Then, if a fault is detected, the adaptive fault-tolerant
control law (28), the weight parameter adaptive law (29) and
the bounding parameter adaptive law (32) guarantee that:

1) all the signal and parameter estimates are uniformly

bounded, i.e., z(t), 6(t), ¥ (t) and x(t) are bounded for
allt € (To, Ty) ;

2) given any € > (2b/c)?, there exists T(€) such that
ly(t) — yr(t)| < € forallt > T(€).
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