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This paper deals with the problem of fault-tolerant control (FTC) of uncertain stochastic systems subject to modeling uncertainties
and actuator failures. A robust adaptive fault-tolerant controller design method based on stochastic Lyapunov theory is developed
to accommodate the negative impact on system performance arising from uncertain system parameters and external disturbances
as well as actuation faults. There is no need for on-line fault detection and diagnosis (FDD) unit in the proposed FTC scheme,
which not only simplifies the design process but also makes the implementation inexpensive. Numerical examples are provided to
validate and illustrate the benefits of the proposed control method.

1. Introduction

Stability analysis and control design of stochastic systems
have received increasing attention during the past decades.
Under the framework of Itd equations together with the
notion of mean-square stability, some interesting results
have been obtained in terms of generalized algebraic Riccati
equations, linear matrix inequality (LMI), or spectra of some
operators (see, for instance, [1-4] and the references cited
therein).

However, to our knowledge, very few works have
dealt with the stabilization of general stochastic systems
where actuator failures, parameter uncertainties, and state-
dependent disturbances are involved simultaneously. This
motivates us to investigate the reliable control problem
of stochastic systems, aiming at maintaining an acceptable
performance for the closed-loop systems in the presence of
actuator failures and modeling uncertainties.

Actuator failures can cause severe performance deterio-
ration of control systems, or even system instability, leading
to catastrophic accidents. Fault-tolerant control (FTC) has
been viewed as one of the most promising methods to
increase system safety and reliability and has thus received
considerable attention from control and system engineering

research community [5-17]. Most existing FTC methods can
be broadly classified as active FTC and passive FTC. The
active FTC requires a fault detection and diagnosis (FDD)
mechanism to detect and identify the faults in real time,
and a mechanism to reconfigure the controller according
to the on-line fault information from the FDD [9-17]. The
main idea of the passive FTC approach is to design a single
controller that is robust against faults and uncertainties.
In contrast to the passive approach, active methods utilize
control reconfiguration to adjust controllers in real time so
that the impacts of the failures can be compensated and the
stability as well as the acceptable performance of the system
can be maintained. Remarkable progress have been made
in the area of actuator accommodation control with various
effective design methods developed such as linear quadratic
[18], multiple model designs [19-21], model following [2],
FDD-dependent designs [22-24], and sliding mode control-
based designs [10, 25].

It is noted that, by blending adaptive control into FTC,
the resultant control scheme turns out to be effective in
reconfigurable control of systems with actuator failures [9,
26-30]. However, it is noted that few of the aforementioned
works address the fault-tolerant control problem of stochastic
systems.
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In this research, we will consider robust adaptive FTC for
uncertain stochastic systems subject to actuator faults. The
system under consideration involves parameter uncertainties
and state-dependent disturbances. Moreover, there involves
actuation faults that are assumed to be unpredictable during
the system operation. We are interested in developing an FTC
control scheme without the need for FDD. The developed
FTC scheme is user friendly in the fact that no complicated
computation is involved in its design and implementation.

The remaining part of the paper is organized as follows.
In Section 2, the control problem is formulated. The design
and analysis of the proposed control schemes are given in
Section 3. Numerical simulations are conducted to demon-
strate various features of the proposed control method and
the results are presented in Section 4. Finally, the paper is
closed with some concluding comments in Section 5.

Notation. The notations in this paper are quite standard. R"
and R™™ denote, respectively, the n dimensional Euclidean
space and the set of all n x m real matrices. The superscript
“T” denotes the transpose and the notation X > Y (resp.,
X > Y) where X and Y are symmetric matrices, which
means that X — Y is positive semidefinite (resp., positive
definite). I is the identity matrix with compatible dimension.
| - | is the Euclidean norm in R". If A is a matrix, denote
by [|A| its operator norm; that is, |A| = sup{|Ax| : |x| =
1} = /\Lﬁx(ATA), where A () [resp., A, ()] means the
largest (resp., smallest) eigenvalues of A. Moreover, (2, F, P)
is probability space with Q the sample space, F the o-algebra
of subsets of the sample space, and P the probability measure.
B{} stands for the mathematical expectation operator with
respect to the given probability measure P. L, and L, denote
the spaces of square-integrable vector and bounded vector
functions over [0, 00), respectively.

2. Problem Statement

Consider the stabilization problem of the following uncertain
stochastic systems subject to actuator faults and external
disturbances:

dx (1) = [(A+ AA () x () + B (u, () + f (x(£)))] dt
+(C+AC () x(t)dw(t),

where x(¢) € R" is state, u,(t) € R™ is actual control input,
f(x,t) € R™ is unknown external disturbances.

Here, w(t) is a one-dimensional Brownian motion defined
on the probability space (Q,F,P) with E{w(t)} = 0 and
E{w’(t)} = 1. A; B and C are known real constant matrices
with appropriate dimensions. Without loss of generality, it
is assumed that the pair (A, B) is controllable. AA(t), AC(t),
and C denote parameter uncertainties and satisfy

AA(t) = BF, (¢) AC (t) = BF, (t) C=BF,, (2)
where F; is known constant matrix, F,(t) and F,(t) are
unknown time-varying matrix satisfying ||F, (t)| < ap, < co
and (|E,()] + IIE;])? < ap, < 0.
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TABLE 1: Representations of typical actuator failures.

Type of actuator failures (1) x(t)
Healthy actuator 1 0

Loss of effectiveness only 0<g;(t) <1 0

Loss of effectiveness and partially ) 8()<1 Time-varying

out of control

Loss of effectiveness and partially

ammed 0<8()<1

Constant

Remark 1. Ttis observed that the parameter uncertainty struc-
ture as in (2) is more relaxed than the most existing methods.
The parameter uncertainty structure which has been widely
used in the problems of robust control and robust filtering

T
of uncertain systems is assumed to be (AA(t)T AC(t)T) =

(EIT E;)TF(t)H, where E|, E,, and H are known constant
matrices and F(t) is an known time-varying matrix satisfying
FY()F(t) < I (see, for instance, [31-34]). Obviously, the
structure herein which only needs the existence of the upper
bound of F(t) is easier to be satisfied.

To formulate the fault-tolerant control problem, the fault
model must be established first. In system (1), the types
of faults under consideration include loss of effectiveness,
stuck, or combination of all. The actual control input u,(t)
able to impact the system and the designed control input
u(t) designed are not the same in general. In this paper, the
relationship between them will be adopted. Consider

u, () =AC)ut) +x(t), ©)

where A(-) = diag{d;(t)} is a diagonal matrix with §;(¢) (i =
1,2,...,m)being the unknown and time-varying scalar func-
tion called actuator efficiency factor, or “health indicator.” For
every fault mode, §; and 8, represent the lower and upper
bounds of §;, respectively. Note that, when §; = 8 = 1, there
is no fault for the ith actuator u;. When 8, = & = 0, the ith

actuator u; is outage. When 0 < §;, < § < 1, the type of
actuator is loss of effectiveness. k() denotes a vector function
reflecting the portion of the control action produced by the
actuator that is completely out of control.

The type of actuator failures considered in this work is
listed in Table 1.

In order for the system to admit a feasible FTC, the
following assumptions are imposed.

Assumption 2. The unparametrizable stuck-actuator fault
and external disturbance are piecewise continuous bounded
functions; that is, there exist unknown positive constants a,
and a; such that

llc )] < a, < oo,

If Ol <apys() <o, (4)

Assumption 3. For the system under consideration, there
exist some constants « > 0 and 5 > 0 such that for all possible
actuator faults, the following relation holds:

o|B7Px| < B|B"Px VA Q)| (5)
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where

VA() = diag{@},

61’ (t) € (O> 1]

(6)
i=1,2,...,m).

Remark 4. Assumption 2 confines the vector x(¢) and exter-
nal disturbances are bounded. Assumption 3, slightly less
restrictive, sets constraint on the actuation faults, which a
feasible FTC is able to deal with. Clearly, such condition is
well justified if all the actuators with faults are still functional
(i.e., 0;(t) #0), whereas the too extreme faults in that all
the actuators completely fail to work (ie., §;(t) = 0)
make the assumption invalid, which, if not impossible, is
significantly challenging to develop a globally stable control
for the stochastic system (1); thus it is not considered in this
work.

Remark 5. Since (A, B) is controllable, one can choose N,
properly such that A = A~ BN, is Hurwitz. Namely, for given
Q = Q" > 0, there exists a symmetric and positive definite P
such that the following matrix inequality is established:

A P+PA+pl<-Q, )

where p = | B" PBlay,. Note that we can find the proper P
very easily because (7) is much simpler than those complex
LMIs. The method in frame of linear matrix inequality is well
used in many existing works [8, 13, 31, 33].

In the end of this section, the following important lemma
is given, which will be used for the development of our result.

Lemma 6 (see [35]). The trivial solution of the stochastic
differential equation

dx(t) =a(x,t)dt + b(x,t) dw, (8)

with a(x,t) and b(x,t) sufficiently differentiable maps, is
globally asymptotically stable in probability, if there exists
a positive definite, radially unbounded, twice continuously
differentiable function V(x(t),t) such that the infinitesimal
generator is

T
LIV (x(0),0)] = %—Y+(3—Z) a (e t)
©)

2
+ %b(x(t), t)TZTZb (x(),1) < 0.

3. Fault-Tolerant Control Design

To show the idea of this work explicitly, several fault-tolerant
control schemes are developed under different conditions in
this section. At the beginning, a robust fault-tolerant control
method is presented.

3.1. Robust Fault-Tolerant Control. In this section, a robust
fault-tolerant control of the form

u(t) =-Nyx+ N (t) (10a)

is proposed, where N is chosen such that A— BN, is Hurwitz,
and N(¢) is generated by

a BTpPx
N(t) = —ﬁq’(') W’ (10b)

with 0 < A, < «/p being a constant, where A,, represents
the lower bound of the health indicator matrix A(-); that is,

0 <A, <Aun(A)and a > 0, B > 0 are suitable constants
such that
o|B7Px| < B|B"PxVAQ)[, (10¢)
9 () =1+ Nox| + s )] + Il
10d)

a= max{l,aN,af, aFl}.

Theorem 7. Under Assumptions 2 and 3, the FTC as given
in ((10a), (10b), (10c), and (10d)) expomentially stabilizes
(in mean square) the stochastic system described by (1), for
all admissible uncertainties as well as all actuator failures
corresponding to (3).

Proof. When the system is subject to the actuator failure as
described in (3), its dynamic behavior becomes

dx (t) = [(A+ AA (1) x (1)
+B(A()u()+x(t)+ f(x(@)]dt (1)
+(C+ACH) x () dw (t).
With the proposed control ((10a), (10b), (10c), (10d)), one has
dx (t) = [(A+AA (1) x ()
+B(A (Y u(t) +x 1)+ f (x(t)))] dt
+(C+AC@))x (t)dw (t)
=[(A+AA(t) x(t)
+B(A () (-Nox + N () + k (t) + f (x ()] dt
+(C+ACH) x () dw (t)
= (A - BN,) x (t) dt
+B[A()N )+ Z(t)]dt

+(C+AC@H)x(H)dw(t),
(12)

where
Z()=(I-AC)Nox () +x@®)+ f()+F () x(@), (13)
which is bounded as

1Z O < [Nox]| + e Ol + [ Ol + |1F, ) x @]
< a(1+[Nox| +[ly o + lIxll),



based on Assumption 2, where a = max{l,ay,ay,ap} and
o(-) = 1+ [[Nox|l + II(pf(x)II + ||lx|l. Thus, it is not difficult to
get

(BTPx)TZ <agp() “BTPxH ) (15)
Consider the following Lyapunov function candidate:
V(x(t),t) =x" (t)Px(t). (16)
Then, by Itd’s formula, the infinitesimal generator of (12) is
L[V (x(t),1)] = x" (t) P(A - BN,) x (t)
+((A - BN,) x(t))"Px (1)

T
2w [0 3500

+2 (BTPx)TZ

+x7 (1) (C+AC(1)"P(C+AC (1) x(t).
(17)

Note that the last term of (17) cannot be combined with
Z(+); thus the adaptive updating law cannot be used to
compensate its effect as usual. To establish the robust stability
of the closed-loop system (12), we need to have the following

development. From the fact that (||F,(t)[| + [|F; h? < ap, < 00
and using (2), it is seen that the last term of (17) can be
expressed as
x" () (C + AC())"P (C + AC (1)) x (t)
= x" (1) [B(Ey(t) + F3) 'PB(E, (t) + F5)| x (1) (18)
< x' (t) [|B" PB| ap ] x (1)
from (10¢), it holds that
~(B"Px) A () (B"Px) < —%"BTPx“z < -1, |B Px|’.
(19)

and by defining p = IIBTPBIIaFZ, the inequality (17) can be
shown to satisfy

LIV(x(®),0)] < x" () (ZTP +PA) x (1)

a ¢() T T T
- EW(B Px) A()(B'Px)
+ag () |B"Px|| + x" () |B"PB| | E ) x )
<" (@) (ZTP +PA+ pI) x (£)

1
< —ExTQx <0 for x(t) #0,
(20)
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where matrixes P and Q are chosen properly to satisfy

AP+ PA + pl < -Q. Therefore, it is confirmed from
Lemma 6 that the closed-loop system (11) is asymptotically
mean square stable in probability despite faulty actuators with
the proposed FTC. O

Remark 8. Note that if proper constants « and f can be
obtained in advance, the proposed control ((10a), (10b), (10c),
and (10d)) achieved exponential stability in mean square for
the stochastic system under Assumptions 2 and 3. However,
it is a little difficult to select such « and B to ensure A,, < /3,
since A,, the lower bound of the eigenvalue of the health
indicator matrix is not available in general. In view of this,
a more feasible method is developed in the next subsection.

3.2. Robust Adaptive Fault-Tolerant Control. In order to
develop a control scheme that is not only robust but also
adaptive yet fault-tolerant, we modify the previous one to get

u(t) = -Nyx + N (t), (21a)

where N, > 0 is chosen such that A — BN, is Hurwitz and
N(t) is on-line updated by

N(t) = %, (21b)

with
¢ (x) = 1+ [Nox]| + o ()| + Il (210)
a(t) =-yp(x)|B"Px|, y>o. (21d)

Theorem 9. Consider the uncertain stochastic system (11)
under Assumptions 2 and 3. If the robust adaptive fault-tolerant
controller ((21a), (21b), (21c), and (21d)) is implemented, the
closed-loop system is ensured to be asymptotically stable.

Proof. Substituting the proposed control ((21a), (21b), (21c),
and (21d)) into the stochastic system (11), we obtain the
closed-loop system dynamics as follows:

dx () = [(A+AA (1) x ()

+B(A( u(t) +x(t) + f (x(t))] dt
+(C+AC (1)) x(t)dw (t)

=[(A+AA@®)x (1)
+B(A() (-Nox + N(5) +x (1) + f (x ()] dt
+(C+AC (1) x (t) dw (t)
= (A-BN,) x (t)dt
+B[ACON®) +Z ()] dt

+(C+ACH) x () dw (t).
(22)
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Consider the following Lyapunov function candidate:

V(x(),t) = x"Px+ %y(a —an,) 23)

m

where y > 0is a constant related to adaptation rate chosen by
the designer and A,, > 0 is constant defined as before. Upon
using the control scheme with the adaptive algorithm, it is not
difficult to show that

LIV (x(t),5)] = x" (t) P(A - BNp) x (t)

+ ((A = BNy) x(1))"Px ()

+2(a-ar,,) (—ﬁy_l)
+x7 (£) (C+AC (1)"P(C + AC () x ()
= [Ax+ B(AON®)x + 2())] Px

+x"P[Ax+B(ACON@®) x+Z())]

+2(a-ak,,) (—5)}’1)

+x7 (1) (C+AC (1)TP(C + AC () x (t)
= xT (KTP + PK) X

+2x"PB(ACYN (t)x+ Z ()

+2(a—ar,,) (—ﬁy“l)

+x7 (1) (C+AC(1)TP(C+AC (1) x(t).

(24)
Then
LIV (x(t),1)]
=x"(A'P+PA)x
+2x PB {A(-) [—% +Z(.)} (25)

+ 2(a-A,,a) (—yflﬁ)

+x7 (1) (C+AC)TP(C+AC 1) x(t).

In light of the definition of A,,, it is true that (B'Px)T

A()(BTPx) > Am||BTPx||2; thus the second term in (25) can
be rewritten as

. ag (x) (B"P)
2x" PB {A ) [_—”BTPx" x+Z()
ae (x) T
= 2T (B"Px) A () (B"Px) 26)
+2(B"Px) 2 ()

<2(a-1,a) e (x) "BTPx” )

The fact x'(£)(C+ACH) P(C + ACH)x(t) <
xT () [IB" PBllag,]x(t) < x" (t)(pI)x(t) leads (25) to

LIV (x(t),0)] < " (t) (A P+ PA) x (1)
+2(a-1,a) ¢ (x) |B"Px|
+2(a-M,a)(-y"'a) (27)
+x" (t) (|B"PB| |E|") x (©)

<x" (@) (ZTP +PA+ pI) x(t).

Using the updating law (21d) and choosing the proper
matrixes P and Q to ensure that the matric inequality is
established, one obtains from (27) that

L[V (x(t),t)] < —%xTQx <0 for x(t) #0. (28)

Consequently, according to Lemma 6, it can be obtained
that the closed-loop system (11) is globally asymptotically
stable in probability in presence of actuator failures. O

Remark 10. Note that in designing and implementing the first
robust fault-tolerant control method we need to predeter-
mine the parameters a and A,,. This might present analyt-
ical and technical difficulty in practice. The second robust
adaptive FTC scheme, which does not need the analytic
computation of the parameters a and A,,, circumvents this
shortcoming. Although the existence of A,, > 0 is used
in stability analysis, none of them are used in the control
algorithm.

Remark 11. Ttis seen that the proposed control is independent
of explicit information on faults and disturbances. As with
most variable structure control methods, when the states
get closer to zero, the control scheme might experience
chattering, which can be easily avoided by replacing z/||z||
with z/(||zll + ¢), where ¢ is a small number, as commonly



adopted in the literature. Also to prevent the estimate a from
drifting, (21d) can be modified as

Al Ll |

- (29a)
@ (x) |B"Px| +¢

a(t)y=-oa+y y>0, 0>0.

In this case, we have the following ultimately uniformly
bounded (UUB) stabilization result.

Theorem 12. Consider the uncertain stochastic system (11). Let
the Assumptions 2 and 3 hold. If the following robust adaptive
control is applied:

u(t) = -Nyx + N (1), (29b)

where N, > 0 is chosen such that A— BN, is Hurwitz, and N(t)
is generated by

_ at 2BTPp

N@) = w (29¢)
||B Px|| @(x)+g

and a is updated by (29a), then the closed-loop system (11) is

ensured to UUB stable.

Proof. The result can be established by using the method
similar to that as in [15]. ]

Remark 13. Since the robust FTC with the fixed gain may
bring more conservatives, a new robust adaptive FTC is
further addressed in the next subsection. By means of the on-
line estimation of effectiveness values of faulty actuators, the
robust adaptive FTC gain is adaptively updated to compen-
sate the effects of actuator faults.

3.3. Improved Robust Adaptive Fault-Tolerant Control. Con-
sider that the elements of the actuator efficiency factor A(-) are
constants. A robust and adaptive control scheme integrated
with on-line fault estimation is designed as

u(t) = -At) "Nyx + N (1), (30a)
where A(t) = diag{8,(t),8,(t),...,8,,(1)}, &,(t) is the
estimated values of effectiveness for ith actuator, and the
updating law for §;(t) (i = 1,2,...,m) is given as

8,(t)= Pr

{0, if §; =9, U;<0, or§; =3, U; 20
18,:0:]

U;, otherwise,
(30b)

where U; = #,x(t)"(PB),A(-)""Nix(t), 1; > 0 is the adaptive
law gain to be chosen according to practical applications.
Here, M' and M; denote the ith row and ith column of a
matrix M, respectively.

N, > 0is chosen such that A — BN, is Hurwitz, and N(t)
is on-line updated by

a(t)y(x) B Px

N = BThy

, (30c)
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with

Y () = 1+ op )] + 1l (30d)

at) = —pv (x) "BTPx" , y>0. (30e)

Remark 14. 1t is noted from (30b) that Pr{-} is a projection
operator [28], which projects the estimate §; into the interval

[8,,0;] so as to satisfy the assumption on the bound of
effectiveness values in (3). Because this updating law can

ensure the estimated values Si(t) are not zero, the control
signal u(t) will take effect on the plant.

Theorem 15. For the uncertain stochastic system (11), the
robust adaptive fault-tolerant controller given as ((30a), (30b),
(30¢), (30d), and (30e)) can ensure that the state will asymp-
totically tend to zero.

Proof. Substituting ((30a), (30b), (30c), (30d), and (30e)) into

the stochastic system (11), we obtain the closed-loop system
equation as follows:

dx(t) = [(A+AA () x ()

+B(A(Yu(t) +x(t) + f (x ()] dt
+(C+AC () x(t) dw (t)

=[(A+AA@®) x (D)
+B(AC) (A 'Nox + N (1))
+x (1) + f (x (1) )] dt
+(C +AC (1) x () dw (1)
=(A-BN,) x(t)dt
+B[(I-AOACG) ") Nex + AQN (1) + Z ()] dt

+(C+ACH) x (D) dw(t),
(31)

where Z() = «(t) + f(-) + F,(t)x(t), which is bounded by
1Z O < e O+ £ Of + [F (0 x 0
<a(l+|e@)|+Ilxl)

under Assumption 2.
Consider the following Lyapunov function candidate

Vx(®).1) =x"Px+ AL(a —aN,) Y8 ®), (33)
mY i=1

where y > 0 and # > 0 are constants related to adaptation
rate chosen by the designer and A,, > 0 is constant defined
as before. Upon using the control scheme with the adaptive
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algorithm, it is not difficult to show that the infinitesimal
operator

L[V (x(t),5)] = x" (t) P(A - BN,) x (t)
+((A=BNy) x () Px ()

+2(a-ak,,) (—Eyfl)

¥ Zin{ 15, (68, (1)

i=1
= [Zx +B (—nglNOx
— T
FAON@®x+Z(0) ] Px
+x'P[Ax + B(-86"'Nyx
+ACON @) x+Z())]
+2(a-ar,,) (—5)/_1)

+2) 778,18, (1)
i=1

=" (&' P+PA) x+2x"PBSS ' Nyx
+2x'PB(ACYN (1) x+ Z ()

+2(a-ak,,) (—ﬁy_l)
+ 2iq;15i )3, ().
i1

(34)

Considering that PBS6 ' = Y7 §(PB)'d" and the adaptive
law (30b), we have

~2xTPB3S 'Nyx +2) 1718, (1)3, (1) <0.  (35)
i=1

Then, L[V (x(t),t)] becomes

L[V (x(¥),1)]
=xT (ZTP + PZ) X

ay (x) (B"Px)

T
+2x PB <|A ) [— ||BTPx||

+Z (-)} (36)

+2(a-A,,a) (—y_lﬁ)

+x7 (1) (C+AC®)TP(C+AC ) x(t),

02+ E

0 2 4 6 8 10 12 14 16 18 20
t(s)

FIGURE 1: Profile of the time-varying actuator efficiency variable (6,
(solid), 8, (dot)).

in which the second term in (36) can be rewritten as

" ay (x) (B"P)
2x" PB <|A ) [_—||BTPx|| x+Z()
ay (x) T
= a8 P A0 (B R) (37)
+2(B"Px) Z ()

<2(a-\,a)v(x) |B"Px|;

by using (19) it is true that (B'Px)TA()(BTPx) > /\MIIBTPxIIZ.
Thus by using the fact that () (C +ACH)TPCC +
AC(t))x(t) < xT(t)(pI)x(t) and the updating law (30e), the
function L[V (x(t), t)] eventually is bounded as

LIV (x(t),0)] < x" (ZTP +PA+ pI) X
+2(a-21,,8)y(x) "BTPx“
. (38)
+2(a-A,a) (—y_la)

< —%xTQx <0 for x(t) #0,

as long as proper matrixes P and Q are select to ensure (7).
Therefore, it can be obtained from Lemma 6 that the state of
the stochastic system is asymptotically stable in probability

and the estimation parameters (a — A,,@) and §; are bounded.
O

4. Numerical Simulation

Two examples are used to demonstrate the features of the
proposed control scheme.
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FIGURE 2: The curve of x(t) with the proposed control scheme ((29a),
(29b), and (29¢)).
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FIGURE 3: The curve of u(t) with the proposed control scheme ((29a),
(29b), and (29¢)).

Example 1. Consider the uncertain stochastic system (11)
with

02 -02 O -0.2 0.2
A=|(-02 -0.6 03 |, B = 1 -17],
02 -04 -0.2 06 -0.7

-0.04 0.2 0.07
C=(-0.03 01 0.04 |,
0.04 -0.2 -0.07

0.02sin(f)  0.04cos’(t)  0.04cos (2t)
AA = 0.02 0.04 sin (2t) cos (1) 0.04 ,
0.03 cos (t) 0.06 0.06 sin (t)
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FIGURE 4: Updating of a(t) with the proposed control scheme ((29a),
(29b), and (29¢)).
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FIGURE 5: System responses under the control of the proposed FTC
((30a), (30b), (30c), (30d), and (30e)).

—0.007 cos (t) 0.014 0.014 sin (2t)
AC = | 0.004cos” (t) 0.008sin” (t) 0.008 ,
—-0.007 —0.014 sin (t) cos (2t) —0.014 sin (t) cos (3t)

_ ((sin (x; (1)) sin (x;, (t))
fx@®)= ( 2x, 1(t) cos (x, (Zt)) >

(39)

It is seen that the uncertainties AA and AC are complex
T
to be described by the form of (AA(t)T AC(t)T) =

(ElT E;)TF(t)H. But the form of (2) is easy to satisfy. The
external disturbance f(-) is state-dependent and unknown.
For the simulation, the initial conditions are x(0) = [1, 2.5, 3]
and a(0) = 0.

The actuator efficiency variables for each of the two
control channels simulated are as illustrated in Figurel,
where two of the actuators suffer from the failure as shown
in the figure.
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FIGURE 6: The curve of u(t) with the proposed control scheme
((30a), (30b), (30c), (30d), and (30e)).
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FIGURE 7: Updating of a(¢) with the proposed control scheme ((30a),
(30b), (30¢), (30d), and (30¢)).
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FIGURE 8: The curve of the estimate A(t) with n=2 (51 (solid), 52
(dot)).

The scenario simulated is that the system operates nor-
mally at the beginning, and the disturbances always exist
during the system operation. After 4 seconds of the operation
some faults in actuators occur: the first and the second
actuators encounter severe failures in the fact that both
channels lose their effectiveness by over 50% at some time and
the faults are fast time-varying for some period.

The objective in this work is to design a reliable robust
adaptive fault-tolerant controller such that the closed-loop
system is asymptotically stable in probability despite the
presence of actuator faults. In applying the control scheme
((29a), (29b), and (29¢)), one can easily determine all the
control parameters:

N. = -1.0912 0.3210 0.0695
07| 8.0245 -3.8070 0.0239|’

o =008, &=0.001, (40)

y=5

¢ (x) = 1+ [Nox| + o o) + Il

The simulation results in terms of stabilization of the three
states are presented in Figure 2. It can be seen that the states
X1, X5, and x; can converge to a small neighborhood around
zero. Figure 3 shows the control signals of the two inputs. The
estimated parameter a(t) is shown in Figure 4. The results
confirm the theoretical prediction.

Example 2. The second simulation is made for robust adap-
tive fault-tolerant controller ((30a), (30b), (30c), (30d), and
(30e)). It is assumed that at t = 4 s, the first actuator u is still
normal and the second actuator u, is faulty with §, = 0.5. The
simulations are shown in Figures 5, 6, 7, and 8. Also it should
be pointed out from [36] that the estimated value Si(t) (i=
1, 2) can converge but may not converge to its true value J;(t).
And in our controller design procedure, only the estimated
value Si(t) is needed to construct adaptive controller and

whether Si(t) can converge to its true values or not is not
necessary.

From Figure 5, the FTC scheme ((30a), (30b), (30c),
(30d), and (30e)) makes the curves relatively smooth via the
adaptive estimate Si(t) of efficiency value. The simulation
results confirm that the robust adaptive FTC can achieve
a good performance on dealing with the reliable control
problem of stochastic systems in presence of actuator failures,
parameter uncertainty, and state-dependent disturbance.

5. Conclusion

In this paper, the problem of robust adaptive FTC for
stochastic systems with faulty actuators has been considered.
By blending adaptive control into robust FTC, the proposed
control method is able to accommodate actuation faults
and modeling uncertainties concurrently. Both theoretical
analysis and numerical simulations validate the benefits and
effectiveness of the proposed approach.
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