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Summary

This article studies the output-feedback adaptive fault-tolerant boundary control
problem for scalar hyperbolic partial differential equation systems with actuator
faults. All the coefficients of the controlled plant are unknown, and two types of
actuator faults, that is, multiplicative faults and additive faults, are considered
simultaneously. For the state estimation problem, two filters are constructed,
based on which an observer is obtained to estimate the system state. A para-
metric model is established for actuator faults, based on which the parameter
updating laws of gradient type are then developed to identify actuator faults and
to estimate the unknown system coefficients. With the observer and the param-
eter updating laws, an output-feedback adaptive fault-tolerant boundary control
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law is developed via infinite-dimensional backstepping method. The boundness
of all the signals involved in the control design is guaranteed and the conver-
gence of system states is also confirmed. Finally, the simulation results are given
to testify the effectiveness of the proposed control scheme.
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1 | INTRODUCTION

With the rapid development of science and technology, the complexity of modern control system is increasing which
often leads to the failures of control systems. To reduce the impact caused by system faults and improve the reliability
of control systems, fault-tolerant control (FTC) problems'” have been extensively investigated during the past decades.
In general, FTC strategies can be categorized into two groups: passive control strategy®!° and active control strategy.':!?
For the former case, the robust control strategy is proposed which is capable of accommodating all the possible system
faults. Whereas the control performance may degrade due to the conservatism of the control strategy.!®> For the latter
case, fault detection and diagnosis (FDD) modules are applied and the control law is reconfigured to accommodate sys-
tem faults. Obviously, with active control strategy, the control systems are capable of obtaining better performance.'?
Moreover, among active control strategies, adaptive FTC strategy is widely utilized due to the fact that all the system uncer-
tainties, including system faults and uncertain parameters, can be compensated via adaptive techniques. For example,
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the authors in Reference 14 proposed an adaptive FTC scheme to compensate two types of actuator faults as well as
uncertain parameters simultaneously for a time-varying system. The authors in Reference 15 proposed an adaptive slid-
ing mode control scheme to address the FTC problem for an aircraft system with both system uncertainties and actuator
saturation. Furthermore, the authors in References 16-23 addressed the FTC issues for several nonlinear systems via
adaptive neural-network control and adaptive fuzzy control strategies, respectively.

Note that only the control systems described by ordinary differential equation (ODE) are considered in the aforemen-
tioned results. In practice, various physical phenomena can be described by partial differential equation (PDE) systems,
such as fluid flows, flexible structures, chemical process in industries, and so on.?*2> Therefore, the control issues of
PDE systems have also been extensively investigated during the past decades. The authors in References 26-32 studied
the boundary control issues of PDE systems via infinite-dimensional backstepping method, and various PDE systems
were considered, such as parabolic PDE systems,?*?” hyperbolic PDE systems,?®?° Euler-Bernoulli beam (EBB) sys-
tems,* and so on.3!*> Moreover, based on the infinite-dimensional backstepping method, fruitful results have also been
obtained for the adaptive control problem via different approaches such as Lyapunov’s direct approach,3*3* estimation
based approach,® and swapping identifiers based approach.3%-38 For the aforementioned literatures, the boundary control
problems of PDE systems were investigated only for the fault-free case.

More recently, the FTC problems of PDE systems have also been considered. The authors in Reference 39 investigated
the FTC problems for a 3D EBB system, in which an adaptive FTC scheme was proposed to compensate actuator faults.
The authors in Reference 40 investigated the FTC issue for a class of nonlinear parabolic PDE systems with actuator
faults, in which the observer-based fuzzy in-domain FTC law was proposed to accommodate actuator faults. Moreover,
by incorporating in-domain control strategy, FDD and FTC strategies for PDE systems with actuator faults were pro-
posed in Reference 41. Moreover, the FTC problem for PDE systems with the constant actuator/sensor faults has attracted
researchers’ attention. In Reference 42, a robust FTC scheme was proposed for a class of cascaded ODE-EBB systems with
constant actuator faults, uncertain coefficients and disturbances. In Reference 43, a fault estimation approach was pro-
posed for a class of hyperbolic PDE systems with both constant actuator and sensor faults. In Reference 44, a model-based
fault estimation and prediction method was proposed for a class of parabolic PDE systems with both constant actua-
tor and sensor faults. However, most of the aforementioned results are for FTC issues of EBB systems or parabolic PDE
systems.

Motivated by the previous discussions, this article investigates the output-feedback boundary adaptive FTC for scalar
hyperbolic PDE system with constant actuator faults. In this article, challenges from three different aspects are considered
simultaneously for scalar hyperbolic PDE systems, that is, (i) unknown spatially varying parameters, (ii) boundary mea-
surement, (iii) combined multiplicative and additive actuator faults. Compared with the existing result, the contributions
of this article are listed as follows:

(i) The combined multiplicative and additive actuator faults are both considered in this article.

(ii) Compared with the results in Reference 45, the controlled plant in this article is more complicated, and multiplica-
tive actuator faults are also considered.

(iii) In the existing results, the FTC issues of PDE systems are mostly addressed via Lyapunov’s direct approach. In
this article, parameter updating laws of gradient type are developed to compensate actuator faults along with
parameter uncertainties, based on which the adaptive FTC problem for scalar hyperbolic PDE system is effectively
addressed.

The remainder of this article is as follows: In Section 2, the output-feedback boundary adaptive FTC problem is formu-
lated for scalar hyperbolic PDE. In Section 3, the parameter updating laws are developed and the adaptive FTC scheme is
proposed. In Section 4, the stability of the closed-loop system is analyzed. The simulation studies are presented to validate
the results in Section 5. In the end, the conclusion of this article is given in Sectigfr(l 6)

tx

Notations: For a nonlinear function f(t,x), let fi(t,x) and fi(t,x) represent e and

. @, respectively, The norm

of f(t,x) is denoted by ||f(t,x)|| = </01f2(t, x)dx> z.f(*) € C(Q) denotes that f(x) is continuous on Q and f(x) € C1(Q)
denotes that f(x) is derivative continuous on Q. For a nonlinear function F(¢) defined on ¢ > 0, F(¢t) € L, represents that
F(¢) is integrable for t > 0, F(t) € L, represents that F(t) is square integrable for ¢ > 0, F(t) € L., represents that F(t) is
bounded for ¢t > 0.
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2 | PROBLEM FORMULATION

Consider the faulty hyperbolic PDE system, which is described by

{zt(t, X) = 2e(£,%) + h(Oz(t, 0) + [, fCe.y)zt.y)dy,  x€[0,1], O

z(t,1) = W (1), y(t) = 2(t,0),

where h(x) € C([0,1]) and f(x,y) € C([0,1] X [0, 1]) are unknown functions, and z(t, x) represents the system state. The
output signal of the faulty actuator is denoted by /() and the sensor measurement signal (system output) is denoted by
y(t). The combined multiplicative and additive actuator faults in Reference 7 are considered, which can be modeled as
follows:

W) =1 - pult) + € = Ou(t) +«, )

where p,, denotes the unknown actuator fault factor, ® = (1 — p,) denotes the unknown effective rate of actuator, and e
denotes the unknown deviation fault value. The signals u(t) and «/ (¢) denote the input and output of actuator, respectively.
Before proceeding further, the following assumption is first given:

Assumption 1. The unknown effective rate ® is bounded by
0<0,<0<1, ©)
where @,, is a known positive constant.
For large positive functions h(x) and f(x,y), the target system (1) will be unstable with /(t) = 0 (see Reference 28).
Therefore, the objective of this article is to achieve lim;_,, z(¢,x) = 0 for any x € [0, 1]. And only the sensor measurement

¥y(t) and the actuator input u(t) are available in our adaptive FTC design.
For ease of analysis, the original PDE system (1) should be further simplified. With the following transformation

v(t,x) = z(t,x) — / Dp(x, 5)z(t, s)ds, 4)
0
where p(x, s) satisfies
Px(x,8) + ps(x,s) = / P, &f (&, 9)dE - f(x,s), p(l,s)=0. (3

The original system (1) can be converted into the following observer canonical form (proposed in Reference 37)

{vt(t, X) = vy(t, X) + gOO)V(, 0), ©
v(t,1) =W (1), y(t) = v(t,0),
where g(x) is defined by
g(x) = p(x,0) + h(x) — /O xp(x, $)h(s)ds. (7
The inverse transformation of (4) can be described as follows:
z(t,x) = v(t,x) + / xl(x, s)v(t, s)ds. (8)
0

For the existence, uniqueness and boundness of p(x, s) and I(x, s), please refer to Reference 37.

It is obtained from the transformation (4) that v(t, 0) = z(t, 0) and the zero equilibrium of these two systems are equiv-
alent. As a consequence, for the output-feedback adaptive FTC problem, the observer canonical form (6) is equivalent to
the target system (1).
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3 | CONTROL DESIGN SCHEME
3.1 | Observer design

To make full use of u(t) and y(t), two filters are constructed as follows:

a[(t’ x) = ax(t, x)’ a(ts 1) = u(t)s (9)
a(o’ x) = aO(x)’ X e [0’ 1]5
Bi(t, %) = Pr(t, %), B, 1) = y(b), (10)
B(0,x) = fo(x), x €1[0,1],
where ag and f, are the arbitrary initial conditions of the two filters with ag, o € C[0, 1].
It should be noted that the solutions of the above two PDEs are described as follows:
alt,x) =u(t+x-1), p(t,x) =y(t+x—-1), t+x—-1>0, an
a(t,x) = ap(t +x), (t,x) = po(t +x), t+x-1<0,

which implies that a(¢,x) and f(t, x) are the delay signals of u(t) and y(t), respectively. For ease of description, the variable
t will be omitted for some equations in the remainder of this article.
Based on the filters (10) and (11), the following error variable is defined

1
e(x) = v(x) — Oa(x) — / g(8)p(1 +x —s)ds — e. (12)

In view of (6), (9), (10), and (12), one has
ei(t,x) = ey(t,x), e(t,1)=0, (13)

which indicates that e(t,x) € L, N Ly, and e(t,x) = 0 for ¢t > 1. Consequently, the system state v(¢, x) can be estimated by
the following equation, if ®, ¢ and g(x) are known

1
Do(x) = Ba(x) + / g1 +x—s)ds+«¢. (14)

Then, the following alternative observer is constructed

1
P(x) = n(x) + / 8(8)p(1 + x — s)ds, (15)

where the function n(t, x) is defined by
nx) = Oa(x) + &, (16)

in which 6, £, and § are the estimations of ©, ¢, and g, respectively, and their parameter updating laws will be given in
the following section.
Moreover, the dynamics of n(t, x) and (¢, x) are given as follows:

{m(x) =m0+ 3 () =) + &, -
n(l) = Ou + &,

{f)z(x) = Dx(X) + Z)1(0) + % (n(x) = &) + [, (B +x — $)ds + &, a1s)

(1) = Ou + &.
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3.2 | Parameters updating laws

Define the following error variable

1
é(x) = v(x) — D(x) = v(x) — Oa(x) — / 8P +x—s)ds—£&
1
= e(x) + Oa(x) + / &)1 +x — s)ds + £, (19)

where O(t), £(t), and §(t, x) are defined as follows:
0=0-0, f=c-¢ §x =gx —gk). (20)

Setting x = 0 in Equation (19), one has

1
é(0) = v(0) — Oa(0) — / 8(s)p(1 —s)ds — &
0
1
= e(0) + Oa(0) + / 8(5)p(1 — s)ds + . (21)
0

The above equation is chosen as the parametric model to identify actuator faults as well as the unknown coefficient
g(x), since all the involved signals are available. Based on the parametric model (21), parameter updating laws of gradient
type are designed as follows:

__ né0a©

14 n2(0) + ||pX)||?’
JOR Ao 13(0)é0)B(1 —x)
FO=0 8= T o+ IR

0(0) =1,

éz = Proj[gmyl] {T, (:)} R

_ 72€(0)
1+ n20) + ||pX)|[?>

8(0,x) =0, (22)

&

where y1, 72, and y; are positive parameters, and the projection operator is defined as follows:

0, ©<0, <0,
Projig 1 {T’@} =10, 0>1, >0, (23)
T, else.
It follows from the properties of the projection operator’ that
0 € [0y, 1], C:)f <7? -00<-706. (24)

Then, we have the following lemma.

Lemma 1. With the parameter updating laws (22), the following properties hold

0, [180)I| € Les,
& 1€, 120l € Lo Las,
6(0)

€L,NLg. (25)
V1+n2(0) + [|fX)]]2

Proof. Inspired by Bernard and Krstic,>” we select the following Lyapunov candidate

~2 - 1=2

1 , 6 &2 / 8°(s)ds

Vi=Zlle@)|+ —+ —+ [ =——. (26)
1=l o+ Y L Znm
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Then, we have

V= o0y~ OO _EOED) _ /1é<s>§<s>
n Y2 o 73(0)
< _e(0) + 200 ~ €0

14 n20) + [|p0)]I?
¢%(0)

<- s 27
2(1 +n%(0) + ||1p(0)11?) @7
which yields
~ ~ é
6,218 € Lo, © €L, (28)
V1 + n20) + p3(x)
Furthermore, in view of (15)-(19), it is obtained that
2 2 (7(0) + £
20{(0) < (7%(0) + &%) . 29)
1+n2(0) + || (1+n2(0)+||[3(x)||2)(:)
20) 2 <e2(0) +6°a2(0) + 52) .
1+n20) + [|XI* —  1+n%0)+ [|)]]?
Consequently, combined with (28)-(30), the property (25) is proved. n

It follows from the properties (1), &(t) € Ly, that ©(¢) and £(¢) are bounded.

3.3 | Backstepping control design

In this subsection, the backstepping method is utilized to design the adaptive FTC scheme. Motivated by Xu and Liu,**
we define k(t, x) which satisfies

k() = / k(x — $)8(s)ds — §(x). (31)
0

Then, the transformation is described by

wx) = T1[D]1(x) 2 P(x) — / k(e — $)d(s)ds (32)

0

and its inverse transformation is described as follows:

X

A " A NA
D(x) = To[W](x) = W(x) — / W(s)8(x — s)ds. (33)

0

Lemma 2. If ||g(t,X)|| € L, then the existence and uniqueness of IAc(t, X), which is the solution of (31), are guaranteed, and
[1k(t,x)|| is uniformly bounded.

Proof. 1t follows from ||g(t,x)|| € L. that

1
/ 3()dx € L. (34)
0
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Furthermore, one has
1 1
/ g odx = / (8°00) + &°(0) — 28(08(x) ) dx € L. (35)
0 0
We assume that M, is an upper bound of ||§(¢, x)|].
Then, we define the following sequence
A~ ~ x;\
ko(t7x) = _g(t9x)7 kN+1(t7x) = / kN(x - S)g(ta S)dS - g(t’ x) (36)
0
and their differences
A~ A~ ~ A~ X ~
Ako(t,x) = =8(t,x), Akny(t,x) = knp1(t, %) — kn(t,x) = / Akn(x — $)g(t, s)ds. (37)
0
When N = 1, one has
n X
|Aky(t,x)| = / — 8(t.x — $)3(t, s)ds| < Mg. (38)
0
We assume that for N > 1
N+1xN—1
|Akn(t, )| < —. (39)
N N -1)!
Then it can be deduced that
. xMéV+1(x _ S)N—l
|Akni1 (2, %) = /O Wg(t, s)ds
MN+2 % MN+2xN
o 2WN-1) 8
D </ x—19) ds) < T (40)
Consequently, by induction, one obtains that for N > 1
|AI% (t )l - é\f+1xN—1 - M£I+1 (41)
NEOLS TN T SN
which implies that the series
k() = lim k(6.0 = =806 + Y’ At ) (42)
—00 Nel
uniformly converges to the integral equation (31) in x € [0, 1] and
|k(t,%)] < [8(6,%)] + Mgee,  [|k(t, x)|| € Loo. (43)
The uniqueness of k(t,x) can also be proved, which is similar to Section 6.1 in Reference 37. [
Lemma 3. The dynamics of W(x) can be described as follows:
Wi(x) = Wy (x) + %Tl(n(x) — &) + T1(&D) — k(t,x)é(t, 0)
+T (/xlg,(s)ﬂ(l +x— S)dS) + [y WO Ty (§elx — 9)) ds, (44)

W(l) = Ou + & — [k - y)p()dy.
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Proof. With the dynamics of ¥(x, t), it can be obtained that

W) = Dy () — k(0)D(x) — / lex(x = $)D(s)ds, (45)
0

Wi () = Th(0x(X) + 8)v(0)) + %T1(n(x) -8+ Ti(é)

1 X
+ T </ 8P +x— s)ds) -T </ lAct(x — s)f)(s)ds> . (46)
X 0

With the technique of integration by parts, one obtains

Ty (Dx(x) + ZCW(0)) = Dy (x) — k(x)é(0) — k(0)D(x) — / ke (xx — $)D(s)ds. (47)
0

Moreover, it is proved that

/ k(x = s)b(s)ds = / k() To(W(x — s))ds = / W(s) Ta(k,(x — 5))ds. (48)
0 0 0
Therefore, it can be deduced from (31) that

Ty (ki(x = 8)) = =T (8:(x — 9)). (49)

Eventually, the dynamics (44) can be derived from (45)-(48). n

To achieve W(1) = 0 in (44), the following backstepping control law is designed

1
u=1 < / k(1 = y)py)dy — e> . (50)
® 0

Then, the above analysis can be summarized in the following theorem.

Theorem 1. The system (1) can be stabilized by the control law (50) with the parameter updating laws (22) and the observer
(15) in the following sense

tlim zZ(t,x) =0, Vxe]0,1] (51)

and the boundness of all the closed-loop system signals is guaranteed.

Proof. The detailed proof will be presented in Section 4. [

4 | STABILITY ANALYSIS

The stability of the closed-loop system will be analyzed in this section. Before proceeding further, two lemmas are
presented as follows:

Lemma 4. Let V(t) € C([0, +0)), li(t) € L1, i = 1,2,3 and b(t) be the non-negative functions defined on [0, +co0). If the
following differential inequality holds

1%4 <-aqV+ l1V + lz + (13 —ay) b, V(0)>0 (52)

in which a; and a, are two positive constants, then V(t) € L1 N L.
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Proof. Tt follows from I3(t) € L, that
dtg >0 st / (I3(s) — ay) b(s)ds < 0. (53)
l

Then, we define a function W(¢) by the following ODE
W = —a1W + 11W + lz + (l3 - a2) W, W(t()) = V(t()), (54)

which yields

t t t
W(t) = V(ty)eloCath®)ds / el (Carth®)ds (1, 2y 4 (I3(z) — ay) b(z)) dr. (55)

L

It follows from the comparison principle that V(¢) < W(t) when t > ¢,. Therefore, for ¢t > ¢, one has

t t t
V(t) < Vitg)ela (b | / e/ (1) 4 (Iy(7) — a) b)) dr

)

t
< <V(t0)e_a1(’_t°) + / e_al(l_to_f)lz(f)dr> elo hds < 4 oo, (56)
)

Moreover, it is obvious that V(¢) is bounded in the interval [0, fy], since V(¢) is continuous. As a consequence, it is
proved that V(t) € L.
Furthermore, integrating (56) over [ty, t], one has

t t T
/ V(s)ds < (M+e“1’° / / e—al<f-s>lz(s)dsd1> i hos
Ly
< <V(t0) alto/ / —al(r ”lz(S)deS) e/O 1, (s)ds

Jo L (s)ds
< <V(t ) — e“l’O/ (14+e a9y (s)ds) ¢
0 a1
< +o00. (57)
Then, it follows from (57) that V(t) € L. n
Lemma 5. For two functions a(x) and b(x), the following inequality holds
1
| atobeod < cllacol + di oo (8)
0
where c and d are two arbitrary positive constants satisfying cd > %
Proof. This lemma can be proved by the integral form of Cauchy inequality, which is omitted here. (]
It follows from (4) and (8) that
tlim 2(t,x) =0 < tlim v(t,x) = 0. (59)
Similarly, it follows from (32) and (33) that
tlim wt,x) =0 < tlim b(t,x) = 0. (60)
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4.1 | Pointwise boundness

In this subsection, the pointwise boundness of all the signals involved in the control scheme will be proved. The following
Lyapunov function candidates are first given

1 1 1
V, = / A +x)W*)dx, V= / A +x)n*x)dx, Vi= / 1 + x)p*(x)dx. (61)
0 0 0
It follows from the dynamics of W(t, x) and Lemma 5 that
1 C:) 1
V, = / 2(1 + X)WE)W(x)dx + Tt/ 2(1 + x)W(x)T1[n(x) — £]dx
0 ® Jo

1 1
+ / 2(1 + x)Ww(x) <s, - IAc(x)é(O) + T [ / gt(s)ﬂ(s)ds]> dx
0 X

1 X
+ / / 2(1 4+ X)W)W(s) T [8:(x — s)]dsdx
o Jo

~ ~ A2 n A2
< —2(0) — W) + d1 6 [nCO| P + 1| [0 + 25
+ 2| WO * + dséf + ¢s[[W)|1? + daé?(0) + ca| TR
+ds 10| PN + s WE0 2 + dl g G0l + 6l [Weo)]
6
s—”@—(1—2{)mmmﬂd@mmmW+®&+mﬁ
i=1
+di*(0) + ds| |2 Pl BOOI I + dol 20| (62)

Similarly, it follows from the dynamics of n(t, x), the control law (50) and Lemma 5 that
) 1 1 C:)
V3= / 2(1 + x)n(x)n,(x)dx + / 2(1 + x)n(x) (6‘ (nx)— &)+ é[> dx
0 0

1
A R A2 .
< 2/ k(1 — y)d)dy — n*(0) — (1 — ¢7 — )| In(X)|* + d70; + dgé}
0
N ~2 .
< my|[W)|[|? = n2(0) — (1 — ¢ — ¢s) [In@)||? + d70; + dsé}, (63)

where m; is an appropriate positive constant. For (62) and (63), ¢; and d; represent two arbitrary positive constants which
satisfyc;d; > M;, i =1, ... ,8,withM;, i =1, ... ,8being the appropriate positive constants and make (62) and (63) truth-
ful. The boundness of O(¢), £(t) and ||lAc(t, X)|| guarantee the existence of M;, i =1, ... , 8. For the ease of the following
analysis, the values of ¢;,i = 1, ... ,8 are setas ¢; = é i=1,...,6andc; =cg = i.

In view of (10) and (19), one has

V4 < 202(0) — B2(0) — ||BX)]|? < 464(0) + 4W*(0) — F2(0) — || 0)]|%. (64)

The following Lyapunov candidate is given

V-
Vs =4Vy + — + V. (65)
my
Based on (62)-(65) and Lemma 1, it is proved that
Vs < -myVs+ n’I311V5 + m412 + <msl3 - mi> HZ(O), (66)
1
where m;, i =2, ... ,5 are appropriate positive constants and [;(¢), i = 1, 2, 3 are described by
A2
é°(0 ~2 N a
L © h=6 +1IP+L, L=k +é, 67

T 14120 + IO

which indicate that [y, l;,l; € L; N L. Consequently, combined with Lemma 4, it can be deduced that Vs(t) € L; N L.
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Furthermore, combined with (15) and (65), one has

DIl € LN Lo, NI € Ly N Lo, [[AO0)|] € L2 N Leo. (68)
The pointwise boundness of u(t) and a(t, x) follows from (10), (50), and (68). With (13), (15), and (16), it can be deduced
that n(t,x), (t,x) and v(t,x) are pointwise bounded. As a consequence, it is obvious that the input signal u(f) and the
output signal y(t) are both bounded. The pointwise boundness of f(t,x) and z(t,x) can also be deduced from the above
analysis.
4.2 | Pointwise convergence
In view of (11), (16), (21), (68) and the boundness of n(t, 0), it can be obtained that é%(t,0) € L,. Additionally, based on
(21) and the boundness of all the variables, the boundness of é,(t, 0) can be proved. Thus, it follows from Barbalat’s lemma

that é%(¢,0) — 0.
Furthermore, in view of (22) and the boundness of «(t, 0), one has

lim®;, =0, limé =0, (69)
=0 t—o0

which indicates that O(f) and &(f) will converge to two constants.
It follows from (66) and Vs(t) € L., that V5(¢) is bounded. Therefore, based on Barbalat’s lemma, it can be obtained
that V5(¢) — 0, which implies
lim [[pC)l] =0, lim [|f()]| =0,  lim [[n()[] = 0. (70)
By using (11), (16), and (50), one has

n(x) = Oa(x) + £

A 1

= A& </ k(t,1 =yt +x—1,y)dy — &(t +x — 1)> + £(0). (71)
Ot+x—-1) \Jo

Then, by combining with (15), (69), and (70), one has

tlim nx) =0, tlim P(x) =0, Vxe]lo,1]. (72)

Furthermore, it can be deduced that

tlil(l)lo v(x) = tll)rilo (e(x) +D(X) + Oa(x) + £ + [;g(s)ﬂ(l +x - S)dS)
= tlirg (Oa(x) +£) = :llglo (é(O) —e(0) + g (n(x) — n(O))> =0. (73)

Therefore, it can be obtained that
lim u() = —%. (74)

Finally, it follows from the inverse transformation (8) that

tlim z(t,x)=0, Vxe]l0,1]. (75)
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FIGURE 1 Trajectories of the system states (A) z(t,x) and (B) ||z(t,x)||? with adaptive control scheme

[1z(t, 2)?

2(t, x)

=7 7 7 N e A, = L L
3 @
Time (s) Time (s)

(A) (B)

FIGURE 2 Trajectories of the system states (A) z(t,x) and (B) ||z(t,x)||> (adaptive FTC control scheme)

5 | SIMULATION STUDIES

In this section, the following numerical example, which is referred to as the Korteweg-de Vries-like equations,®® is utilized
to validate the effectiveness of the proposed output-feedback boundary adaptive FTC scheme

{zt(t, X) = Ze(t.X) — 4z(t, 0) sinh(x) + 4 2(t.y) cosh(x — y)dy. 76)

2t D) =W (1), y@)=2z(t0), z(0,x)=1+2sin(zx),
and the explicit forward Euler method*® is utilized for the simulation of PDE (76).

It is shown in Reference 37 that the system (76) will be unstable if u/(f) = 0. In simulation studies, the actuator output
signal u/(¢) is selected as follows:

{uf ) = u(d), 0<t< 20, -

() = 0.5u() + 2, t > 20,

which indicates that the combined multiplicative and additive actuator faults occur at t = 20.

5.1 | Adaptive control scheme

To highlight the effectiveness of the proposed output-feedback boundary adaptive FTC control scheme, the previous
output-feedback boundary adaptive control scheme,*” which can only stabilize the target system with no actuator faults,
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FIGURE 3 Trajectories of observer states (A) ¥(t, x) and (B) n(t, x)
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FIGURE 4 Trajectories of (A) the control signal u/(t) and (B) the output signal y(t)

is utilized for comparison in simulations. Figure 1 shows that when actuator works normally, the adaptive control scheme
can stabilize system (76), when ¢ > 20 the system state z(t, x) is oscillating constantly due to actuator faults. Obviously, it
can be concluded from the above results that the adaptive control scheme proposed in Reference 37 cannot accommodate
the actuator faults (77).

5.2 | Adaptive fault-tolerant control scheme

The simulation results of the proposed output-feedback boundary adaptive FTC control scheme are presented in
Figures 2-6. The gains of parameter updating laws are chosen as y; = 3, y, = 5, and y3(x) = 4. Figure 2 depicts the trajec-
tories of z(t,x) and ||z(t, x)||2. It can be concluded from Figure 2 that when actuator operates normally the adaptive FTC
law can stabilize the system state z(t, x), Vx € [0,1]. When ¢ > 20 the system state z(¢, x), Vx € [0, 1] still converges to zero
after an oscillation caused by actuator faults. Figure 3 gives the trajectories of (¢, x) and n(t, x), which both converge to
zero when ¢ > 20. The trajectories of u(t) and y(¢) are depicted in Figure 4. It is shown from Figure 4A that when actuator
operates normally, the control signal u(t) will converge to zero. When ¢ > 20, the control signal u(t) will converge to —4
which indicates that the output of the actuator w/(f) = 0.5u(t) + 2 converges to zero. The trajectories of the parameter
estimation variables O(f), £(f) and 8(t,x) are depicted in Figures 5 and 6, respectively. When ¢ > 20 the estimation vari-
able O(t) will converge to the constant 0.314 and the estimation variable £(¢) will converge to 1.245. It should be noted
that although the actuator faults u/(f) = 0.5u(t) + 2 and the unknown parameter g(x) cannot be accurately estimated, the
whole system can still be stabilized by the proposed FTC control scheme.
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FIGURE 5 Trajectories of the fault parameter estimations (A) O(t) and (B) &(t)
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FIGURE 6 Trajectory of the parameter estimation g(t, x)

6 | CONCLUSION

In this article, the output-feedback boundary adaptive FTC problem is addressed for scalar hyperbolic PDE system with
actuator faults. The combined multiplicative and additive actuator faults are considered. The uncertainties of control
system, which consist of both uncertain fault parameters and uncertain system parameters, are compensated by parameter
updating laws of gradient type. With the filters based observer and the parameter updating laws, an output-feedback
boundary adaptive fault-tolerant controller is designed via infinite-dimensional backstepping method. The pointwise
boundedness of all the signals involved in the control design is guaranteed and the system state will converge to zero
pointwise in space. The simulation studies validate that the proposed adaptive FTC control scheme can reduce the impact
of the actuator faults.
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