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BOUNDARY STABILIZATION AND DISTURBANCE REJECTION
FOR AN UNSTABLE TIME FRACTIONAL DIFFUSION-WAVE
EQUATION

Hua-CHENG ZHOU'®, ZE-HAO WUu?*®, Bao-ZHU GUO?
AND YANGQUAN CHEN*

Abstract. In this paper, we study boundary stabilization and disturbance rejection problem for
an unstable time fractional diffusion-wave equation with Caputo time fractional derivative. For the
case of no boundary external disturbance, both state feedback control and output feedback control
via Neumann boundary actuation are proposed by the classical backstepping method. It is proved
that the state feedback makes the closed-loop system Mittag-Leffler stable and the output feedback
makes the closed-loop system asymptotically stable. When there is boundary external disturbance, we
propose a disturbance estimator constructed by two infinite dimensional auxiliary systems to recover the
external disturbance. A novel control law is then designed to compensate for the external disturbance
in real time, and rigorous mathematical proofs are presented to show that the resulting closed-loop
system is Mittag-Leffler stable and the states of all subsystems involved are uniformly bounded. As a
result, we completely resolve, from a theoretical perspective, two long-standing unsolved mathematical
control problems raised in Liang [Nonlinear Dyn. 38 (2004) 339-354] where all results were verified by
simulations only.
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1. INTRODUCTION

In this paper, we consider boundary stabilization and disturbance rejection problem for an unstable time
fractional diffusion-wave equation with Neumann boundary control governed by

S Dfu(2,t) = Uge (2, 1) + Ma)u(z,t), z € (0,1),t >0,
uw(0,t) =0, u,(1l,t)=U(t), t >0,
u(x,0) = ug(x), u(z,0) =ui(x), 0 <z <1,

Keywords and phrases: Diffusion-wave equation, disturbance rejection, feedback stabilization, boundary control, backstepping
method.
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where a € (1,2) is the order of the fractional derivative, u(x,t) is the displacement of wave propagation, A(x)
is a continuous function on [0,1], U(#) is the control input, and § D&u(z,t) stands for the Caputo derivative
with respect to time variable t. We consider system (1.1) in the state space L?(0,1). The investigation on
boundary stabilization problem of this class of fractional partial differential equations (PDEs) can be traced
back to the 2004 paper [21], where a special case of system (1.1) with A(x) = 0 was studied. System (1.1) can be
considered as a “special” cable, possibly made by some special smart materials, fixed at one end, and stabilized
by a boundary controller at the other end. In [21], a boundary controller for system (1.1) with A(z) = 0 was
designed as U (t) = —ku;(1,t) with k > 0, which is a classical negative velocity feedback control law based on the
passive principle for the wave equation. In [22], the performance and properties of a fractional order boundary
controller given by U(t) = —k§ Di'u(1,t) with k > 0 for system (1.1) with A(z) = 0 were verified. However,
we notice that the results in both [21] and [22] were only illustrated by numerical simulations without any
theoretical proof. For system (1.1) with A(z) =0, a = 2 and U(t) = —k§ D}'u(1,t), k > 0 in [30], the asymptotic
stability was proved by LaSalle’s invariance principle and the fact that the input-output relationship of a class
of generalized diffusion equation can be shown by fractional integrals. In the last a few years, stabilization
for fractional time derivative PDEs has been attracted much attention. Recently, both the state feedback and
output feedback for unstable time fractional reaction diffusion equations have been developed in [41] by the Riesz
basis and backstepping methods. The output stabilization for a fractional reaction diffusion equation subject to
spatially-varying diffusion coefficient has been developed in [4]. The Mittag-Leffler convergent observer based
feedback control of a coupled semilinear subdiffusion system has been explored in [9]. For controllability aspect
of fractional PDEs, an interesting result that fractional in time systems fail to be null controllable due to the
long-tail effect of fractional derivative has been presented in [26]. However, the key techniques obtaining the
stability in [4, 9, 41] are based on the fractional Lyapunov method established initially in [20] where the concept
of Mittag-LefHer stability was introduced. A useful fractional derivative inequality: § D&ta2(t) < 2z(¢)§ D&z (t)
for oo € (0,1) which is not known until 2014 in [1] is another powerful tool in establishing the stability. For the
fractional Halanay inequality with time-varying delay, we refer to [18]. However, when « € (1, 2), the inequality
§Dea?(t) < 2z(t)§ Dga(t) fails, which can be seen from a simple counter-example that when o = 1.5 and
z(t) =t, Dfa%(t) = F(fﬁ)tm and z(t)§ D¢z(t) = 0, which implies that §D¢z?(t) > 22(t)§ D8z (t) = 0 for
t > 0. Therefore, the method used in [4, 10, 41] is not applicable for the fractional wave equation.

In most practical situations, systems operate in the environment suffering from different kinds of external
disturbances or uncertainties. To maintain the performance of systems, the designed control law must be required
to be robust against the disturbance or uncertainty in some extent. There have been many effective approaches to
the control of systems with external disturbance or uncertainty, such as the adaptive control strategy for systems
with unknown constants [6] or unknown amplitudes of harmonic disturbance [16], the sliding model control for
one dimensional heat equation [37], wave equation with nonlinear boundary [25] and fractional order systems [2]
that are all subject to boundary control matched disturbance, and the uncertainty and disturbance estimator
(UDE)-based control for filtering the system input and state information [5]. Another remarkable powerful
approach applied widely in dealing with external disturbance and uncertainty is the so-called active disturbance
rejection control (ADRC) initially proposed by Han in the later 1980s [17]. Analogous to the adaptive control
where the estimation/cancellation strategy is adopted, the ADRC can handle much more general disturbance
that is estimated in real time by an extended state observer (ESO) and is compensated in the closed-loop by an
ESO-based feedback control, which makes the control energy significantly reduced in practice [38]. Very recently,
this emerging control technology has been shown to be highly efficient in stabilizing the one dimensional partial
differential equations (PDEs) [7, 12], multi-dimensional PDEs [13, 39] and stochastic differential equations
[14, 15], which are all subject to external disturbance, among many others. The investigation on ADRC for
nonlinear fractional-order systems and fractional PDEs with fractional derivative order « € (0, 1) also has been
available in [8] and in our recent work [40], but ADRC for the case of a € (1,2) has not been yet studied.
Disturbance rejection for fractional PDEs with o € (1,2) has been verified in [21] by numerical simulations
without mathematical proof, which motivates this paper to establish the mathematical basis for this case.
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We proceed as follows. The problem formulation and some preliminaries are presented in Section 2. The
boundary state feedback control and boundary output feedback control for system (1.1) without disturbance
are included in Sections 3 and 4 respectively. In Section 5, the boundary controller for system (1.1) subject
to external disturbance is explored. A numerical simulation is presented in Section 6 followed up concluding
remarks in Section 7.

2. PROBLEM FORMATION AND PRELIMINARIES

In view of state of the arts of the research aforementioned in last section, the following two interesting and
nontrivial problems arise naturally:
Problem I: Can we design an appropriate control law U(t) to stabilize system (1.1) so that the closed-loop
system is asymptotically stable?
When the boundary control u,(1,t) = U(t) of system (1.1) is replaced by wu,(1,t) = U(t) + d(¢) with d(¢)
being the disturbance, we can then ask the second question:
Problem II: Can we propose an output feedback control law to system (1.1) by rejecting the disturbance d(t)
and maintaining the stability of the closed-loop system simultaneously?
Significantly, two long-standing unsolved problems left in the paper [21] are just the special cases of Problems
I and II, where the plant is the system (1.1) with A(z) = 0 and the stability results have only been checked by
numerical simulations without theoretical proofs.
Next, we present some preliminaries. The Caputo derivative of w(z,t) with respect to time variable ¢ is
defined by
2
D& w(x,t) = 1>~ [8 Ua}g’ t)] ;

where 12~ is the Riemann-Liouville fractional integral operator given by

I’~w(x,t) = ﬁ/{) (t — s)' " *w(z, s)ds.

The time fractional diffusion-wave equation is perhaps one of the most important fractional order linear partial
differential equations, which is expected to describe generalized processes which interpolate or extrapolate
the classical phenomenon of diffusion [33]. In a physical model presented in [28], the fractional wave equation
describes the propagation of mechanical diffusive waves in viscoelastic media. It is well known from the definition
of the Caputo derivative that

0%w(x,t)
: C nHa )
ahrgl_ o Dfw(z,t) = EYoa

This means that when o = 2, the system (1.1) is reduced to the classic wave equations. To analyze the stability,
we recall the two-parameter Mittag-Leffler function Es ~(2) defined as

> k

z
Eéa’Y(Z) = Z )
= T(6k + )

where §,7 > 0 and I'(-) is the Gamma function. Taking v = 1, we define one-parameter Mittag-Leffler function
Es(2) :== Es1(2). It is easy to see that Fy(z) = %, Ea(—x?) = cos(x), and Ego(—2?) = w for all 2 € R.

System (1.1) without control input is unstable when A(z) is sufficiently large, which can be seen from the
following simple Example 2.1.
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jus

Example 2.1. Let A(z) = %2 and let the initial value be uo(z) = sin(3

without control admits a solution given by

x), up(x) = sin(Fx). Then, system (1.1)

u(x,t) = Ea(ﬂ;ta) sin (gm) +tEqy 2 (%Qto‘) sin (gm),

which indicates that
1 772 o ’/T2 N 2
fute ooy = 5 (Ba (F) +tEna( o)

and

1 1 7T2 N 71_2 N 2
olznon = 3 (17 Ban () + B0 (G20

where t 71 E, o(t%) £ Y00, %’

conclude that both [lu(-,t)[|12(0,1) — +00 and [Jus(-, )| z2(0,1) — 400 as t — oo.

t > 0. Obviously, from properties of the Mittag-Leffler function, it is easy to

It is seen from Example 2.1 that an appropriate control must be imposed at the control end to guarantee
the asymptotic stability of the closed-loop of system (1.1). Generally speaking, by [29], the eigenvalues of the
operator 68—;2 + A(x) with the certain domain lying outside the closed angular sector |arg(5d—; +A2))] > Fa will
leads to instability.

The first aim of this paper is to design a control law U(t) to stabilize (1.1) and to present a mathematical
proof. Obviously, once this is achieved, by taking A(z) = 0, we give a complete solution for problem raised in
[21].

Significantly, two long-standing unsolved problems left in the paper [21] are just the special cases of Problems
I and II, where the plant is the system (1.1) with A(z) = 0 and the stability results have only been checked by
numerical simulations without theoretical proofs.

The following lemmas will be used in the proof of the stability of the closed-loop system.

Lemma 2.2. (/32], Thm. 1.6) Let § € (0,2) and v € R. For 56 < p < min{m,md}, there exists a constant
M = M(6,~,p) such that

M

E <
‘ 5,’7(2)‘ — 1_|_ |Z|

for all z € C with p < |arg(z)| <,

where Es~(2) is a Mittag-Leffler function with double parameters.

Lemma 2.3. Let 0 € (0,2) and v € R. For 50 < p < min{w,né}, there erists a constant M = M (0, 1) such
that for all z € C with p < |arg(z)| < m, there holds

M M

Ess_ < _ IE < 2.1
|Es,5 1(2)\_1“2‘2, | 6’6(2)|_1+|z|2’ (2.1)

where Es~(2) is a Mittag-Leffler function with double parameters.

Proof. By Theorem 1.4 of [32] or Chapter 1, p. 43, 1.8.28 of [19], we have the following asymptotic behavior of
Es~(2):

—k

z e :
Es(2) = — Z T =79 +O(|2|7P71) as |z| — +oo, with u < arg(z) < . (2.2)
k=1
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Noticing the fact F(Z,Y;_ld) =0 for y=d—1or v =94, and taking p = 2 in (2.2), we obtain Ejss_1(z) =
—m +0(z72), Ess(z) = —W + O(27?), from which, it is seen that

lim Es5-1(2) _ 1
z—oo,pu<arg(z)<w ( ) 1 F(—5 — 1)’

lim Eso(z) _ 1
z—oo,u<arg(z)<m ( | ) 1 F(—(S)

Hence, for any fixed My > 0 satisfying M; > max{\ﬁh |ﬁ|}, there exists a constant T' > 0, such that
for all |z| > T with u < arg(z) <,

(2.3)

Since both Ess_1(z) and Ejs5(z) are continuous function with respect to z on C, we know My = max{(1 +
1212)| Es.5-1(2)| + (1 + |2]?)|Ess(2)| : |2] < T, p < |arg(z)| < 7} < 400, which, together with (2.3), implies that
(2.1) with M = max{M;, Ms}. O

Remark 2.4. The importance of Lemma 2.3 lies in that it gives a more precise asymptotic behavior estimation
than Lemma 2.2 as z — oo. This precise estimation will be used in the proof of Theorem 4.2. Moreover, from
the proof of Lemma 2.3, the constant M depends on 6, i.e., M = M (4). It is worth stressing that M (6) — 400
as § — 27. Otherwise, M(2) < 400, since Ey 1(—z) = cos/x for all x > 0, we get

M(2)
< R S
1+ |=|2”

| cos Vx| = | Bz (=) (2.4)

Taking = = (2n7)? in (2.4) and letting n — 400, we obtain 1 < 0, which is a contradiction. Also, from

Eyo(—z) = Si’\lff, we can see that % siny/z < M(2). Taking = (2n7 + 7/2)? and letting n — 400 result

in +00 < M(2) < 4o0. This leads to a contradiction again.

3. BOUNDARY STABILIZATION VIA STATE FEEDBACK

In this section, a backstepping approach is adopted to construct a state feedback stabilizing control for system
(1.1). Motivated by [35, 36, 41], we introduce an invertible transformation v — w:

w(z,t) = (1 +Pu(z, t) = u(z,t) — /03” k(z, y)u(y, t)dy, (3.1)

to transform system (1.1) into the following equivalent system:

§Dfw(w,t) = wee(w,t), € (0,1), t >0,
w(0,6) =0, w(1,t)=0, t >0, (3.2)
w(z,0) = wo(x), wi(x,0) =w(x), 0 <z <1,
which is asymptotically stable. Now we determine the kernel function k(z,y) of (3.1). For this purpose, finding
Caputo’s fractional derivative for (3.1) and utilizing the first equation of (1.1), via performing the integration
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by parts, we obtain

Siww@¢>=€Dﬁwaw—1/ k(e 9)$ D uly, t)dy

:ng?uwuﬂgl/ k(. ) gy (9.£) + M)y, 1)) dy

(=)

= O, ) — (ks 2)ua (2, 1) — k(, 0)ug (0, 1) (3.3)
[k (o, ), £) — oy, 0)u(0, )]
[ ) + @Gt 0y
and
Waa (X, 1) = Ugy (x, ) — i(k(x, x))u(z,t)—k(z, x)
dx (3.4)

XUy (x,t) — ke (2, T)u(x, t) — /j ko (z,y)uly, t)dy.

Substituting (3.3) and (3.4) into (3.2), it is verified that the kernel function k(z,y) should satisfy the following
partial differential equation:

{ Koo (2,y) = kyy (2, 9) = Ay)k(z, ), (3.5)

k(z,0) = 0, k(x,x):—%/o Ay)dy.

By Theorem 2.1 of [35], there exist a unique solution k& € C?(F) for the PDE (3.5) where F := {(z,y) €
R?:0 <y <z < 1}. In particular, if A(z) = )\ is a constant, then its unique explicit solution is given by

k(x,y) = yhi/ivl\)(\im’) where I;(x) is a first-order modified Bessel function of the first kind given by

Li(z) =307, W,J{;H), In order to find the inverse transformation of (3.1), let

waw—u+m>w@ﬁ—www+43uwm@ﬁ@. (3.6)

Similarly, finding Caputo’s fractional derivative for (3.6) and utilizing the first equation of (3.2) by performing
the integration by parts, we obtain

S Du(z,t) = § DXw(x, t) la:yCDD‘ (y,t)dy
» 70

:g Fw(x,t) + ; Wz, y)wee(y, t)dy
= (U, 2)wy (2, 1) — Uz, 0)w, (0, 1) (3.7)
—[ly(z, 2)w(@,t) — 1y (2,0)w(0,)])

+/ lyy(l’,y)UJ(y,t)dy+U}II(I’7t),
0

and

Uge (T, 1) = Wap (2, 1) + di(l(x,x))w(x,t) + l(z, 2)
z z (3.8)

Xwg (4, 1) + Lo (2, w)w (@, t) + [ lew(z, y)w(y, t)dy.
0
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Substituting (3.6), (3.7) and (3.8) into (1.1), we see that the kernel function I(x,y) satisfies the following partial
differential equation:

lza:(xay) - lyy($>y) = —)\(!L‘)l(l‘,y),

z 3.9
e, 0) =0, z.) =~ [ A (39)

Once again, by Theorem 2.2 of [35], the PDE (3.9) admits a unique solution I € C2(F). In particular, when

A J1 (VA (2% —y?))

A(z) = A is a constant function, the unique solution is given explicitly by {(z,y) = —Ay——— where
VA (@2-y?)

$2n+1

Ji(z) is a first-order Bessel function that Ji(z) = > - (71)”m.

n=0

Next, we show the asymptotic stability of the system (3.2).

Lemma 3.1. Let a € (1,2). For any initial value (wo,w1) € [L?(0,1)]2, system (3.2) admits a unique solution
w € C(0,00; L?(0,1)), and there exists a constant M > 0 such that

M
Jw (-, )72 0,1y < W||(wo,w1)||[2m(o,1)]2- (3.10)

Moreover, when (wo,w1) € [H?(0,1)]?, there exists a constant M' > 0 such that

M/
1w (-, t), wi (- 20,12 < W”(mel)H[QH%O,I)P' (3.11)

Proof. Define the operator A : D(A)(C L?(0,1)) — L?(0,1) as follows:

{ [Afl(z) = [ (=), (3.12)
D(A) = {f € H*(0,1)| £(0) =0, f'(1) = 0}.

A direct computation shows that A is self-adjoint in L?(0, 1) with the eigen-pairs {x;,e;(z)} given by

1\2 1
i = —(j+§) 72, ej(x) = /2sin (j—|—2> mx,j=0,1,2,.... (3.13)

Since {e;j(x)} forms an orthnormal basis for L?(0, 1), we can express the solution of (3.2) as
w(z, ) =Y ¢;(t)e;(x) (3.14)
§=0

with the initial state wo(z) = Z;io aje;(x), w(z) = Z;io bje;(x), where the coefficients a;,b; are a; =

fol ej(z)wo(z)dz, b; = fol e;(z)wy(x)dx. Since wo, wy € L*(0,1), one has {a;},{b;} € I2. Moreover, |{a;}|;z =
lwol|£2(0,1) and [[{b;j}|;2 = |lw1][£2(0,1)- For each j = 0,1,2,---, it is seen that ¢; € C(0,00;R) in (3.14) should
satisfy the following linear fractional differential equation:

§ D (t) = mip;(t), ;(0) = aj, ©}(0) =b;. (3.15)
In view of Theorem 4.3 in [19], the solution of (3.15) is found to be

©j(t) = ajEo(pt™) + bjtEq 2 (p,t®).
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Hence, the solution of (3.2) is finally derived by

= o ) + byt Eaa(15t%)] (). (3.16)

j=0

From Lemma 2.2, there exists a consant C; > 0 such that for all t > 0,

01 Cit
Eo (it — tE, ) < ——. d
0517) € e tEaa(t?) € T (317)
Since {e;(z)} forms an orthnormal basis for L%(0,1), it follows from (3.16) and (3.17) that
- 2
w2201 =D [aEa(t®) + bjtEa 2(p;t™)]
§=0
. Ct C3t?
<2 a? 1 + b3 1
JZZ:O { (1= pite)? (1= pyt)? (3.18)
2( 2y & 2 2
<2011+t Z 2 482 = Cl(l+t)

= (1= pot)? (1 — pot™)?

x| (wo, w1) ||[L2(071)} < W ([ (wo, w1) H[2L2(0,1)]2'

In the last step of (3.18), we used the fact that gi(:;t2))2 < 1+tj\2/{y,2 for some M > 0 due to lim;_, 2% (1+
12072) = 2C¢ /.

Next, when (wo,w1) € [H?(0,1)]?, then, {j2a;}, {j?b;} € [2. Moreover, from (3.13), there exists a constant
C5 > 0 such that

ZM a; ‘wOHHQ(O 1) (3.19)
7=0
By Chapter 1, p. 49, 1.10.1, p. 50, 1.10.7 in [19], £ Eq(u;jt®) =t~ Eqo(p;t®), L(tEq2(uit®)) =

Eo(pt*),where t 1 E, o(uj ¥) = Y pey (uht* 1) /T (k) is a function defined on [0, +00). This, together with
(3.16), gives

)= [ajt" Bao(pjt®) +b;Ea(pit®)] e (). (3.20)
7=0

Since t71E, o(t%) £ Y07, F(ak)’ Wthh is continuous over t € [0,00), by Lemma 2.2, there exists a constant

Cs > 0 such that [t71E, o(—t*)] < Replacing t by (—p;)'/*t gives

1+ta'
3 CS( )l/a
t71E, it ST 3.21
7 Eaoit®)] < 0 (3.21)
By Lemma 2.2, there exists a constant Cy > 0 such that
C
Eqo(ut®) < 1 (3.22)

= 1=yt
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Since (fuj)Q/o‘a? < (—p5)%a3 owing to a € (1,2) and —p; > 1, it follows from (3.19), (3.20), (3.21) and (3.22)
that

oo

_ o a2
lwe (D Z20,0) = D [t Bao(uyt®) + b Ba(t®)]
j= O
2/a 242
< QZ |: le% + b.? . )2
03 + O & 2/ag2 | 12
<2—— — « i+ bz
(1 _ Iuota)z j=0[< MJ) }
C3 + Cit?

= QWH(wval)”[Hz(O 1))2-

. . C24+C3t?
Since lim;_, oo 2 (e

In view of (3.23),

2 242
(1 +t2272) = 20C% /3, there exists a constant M; > 0 such that 2(?37:00155)2 < =z

M,
[we (- ) 172 0,1y < W||(w0»w1)“[21{2(0,1)]27
which, together with (3.18), implies that (3.11) holds with M’ = M + M;. O

Remark 3.2. From Lemma 3.1, for the stabilization of system (1.1) with A(z) = 0 considered in [21, 22], the
controller can be taken as U(t) = 0 if there is no disturbance. In other words, system (1.1) with A(z) = 0 is
automatically asymptotically stable without control. In [23] where the controller for system (1.1) with A(z) =0
was designed based on the Smith predictor by using delayed boundary measurement. By Lemma 3.1 again, there
is no need to measure the boundary because system (1.1) with A(z) =0 without disturbance is asymptotically
stable. We can therefore say from Lemma 3.1 that the stability of system (1.1) with A(x) = 0 raised in [21] has
been rigorously proved.

Remark 3.3. It is worth emphasizing that the asymptotic stability of (3.2) does not hold when the fractional
order takes a@ = 2. Actually, when o = 2, system (3.2) becomes

€ >
0, t >0, (3.24)

which is a classical wave equation. Since Mittag-Leffler function has the properties:

sin(x)

Ey(—2?%) = cos(z), FEaa(—2?) = , Vo >0,
x
from (3.16), the solution of (3.24) is explicitly solved by
) o 1 sin ( %)Wt
Z a;j By (1jt*) + bt Eo o(p1it%) Z a,; cos (]—I— >7rt—|—b 71]63'(33)
=0 =0 (j+s5)m

This implies the fact that in fractional case the influence of the natural frequency of the system vanishes over
time, which reveals a damping characteristic and differs from the integer-order case a = 2 in (3.24).
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We propose the following state feedback control law:

1
U0 = K1, Du(1, ) + [ halL )ty )y, (3.25)
0
under which, the closed-loop system of (1.1) becomes
OCDtau(x,t) = Ugy(x,t) + AM2)u(z,t), 2 € (0,1),¢t >0,

u(0,1) =0, ¢ >0,

1
up(1,8) = k(1, u(l, )+/ ko (Ly)uy. Oy, ¢ >0, (3.26)
u(z,0) = ug(r), us(r,0) =uy(x), 0 <o <1

Theorem 3.4. For any initial value (ug,u;) € [H%(0,1)]?, the closed-loop system (3.26) admits a unique
solution (u,us) € C(0,00; [L%(0,1)]?). Moreover, there exist two positive constants M,y > 0 such that

M
(- t), w5 )IF2 .1y < W||(UO»U1)H[2H2(0,1)]2~ (3.27)

Proof. By the invertible transformation (3.1), the closed-loop system (3.26) is equivalent to system (3.2). From
Lemma 3.1, there exists a constant M; > 0 such that

1w (), we( D 20,02 < 7523 (w0 wi)llfaz 0,1y (3.28)

On the other hand, by (3.1) and (3.6), there exist two constants My, M3 > 0 such that

{ (s 8), ue (- ) [Fe 0,192 < Mall(w(-,8), il 0)lIFr20,19725 (3.29)
”(wOawl)”[hﬂ 0,1)]2 < M3H(u07u1)||[H2 0,1)]2"
The (3.27) then follows from (3.28) and (3.29) with M = M;MsM3 > 0. O

Remark 3.5. Theorem 3.4 implies that (3.26) is Mittag-Leffler stable. Indeed, for any 8 € (0,1), I'(1 — 5) >

I'(1) =1and r(1—31)‘-(s-11:([15)—]\g)t2a—2 < 1+1§((11:§))j\2{1—2' By the well known inequality of Mittag-Leffler function ([34],

Thm. 4) below

1 1
< Bo(-2)< — Yz >0,
S EBal=0) S o 720

it follows from (3.27) that || (u(-, ), u (-, ))||[L2(0 e < I'(1—B)MEg(—t2*=2)||(u, u1)||[2H2(0,1)]2, which, together

with the definition of Mittag-Leffler stability [20] leads to Mittag-Leffler stability of (3.26). It is worth noting
that Mittag-Leffler stability implies the asymptotical stability and not conversely.

4. OBSERVER-BASED OUTPUT FEEDBACK FOR SYSTEM (1.1)

In this section, assume the output measurement of (1.1) without disturbance is u(1,t), we are devoted to
design an output feedback control for system (1.1) and do stability analysis. Note that the output feedback
stabilization for the system without disturbance is also interesting and nontrivial. To this purpose, an observer
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for system (1.1) is firstly proposed as follows:

C DT, t) = Thge (2, £) + Ma)T(x, t) + pr(@)[A(L, 1) — u(L,1)], @(0,t) =0, t >0,
Gu(1,t) = pola(L,t) — u(1,8)] + U(t), t >0, (4.1)

where x € [0,1] and (), U1 () € H?(0,1) are the initial states; p; (z) and pg are the observer gains to be chosen
to guarantee that the observer error u(z,t) — u(zx,t) approaches zero as t goes to infinity.
Let u(xz,t) = u(x,t) — u(z, t). It is straightforward to verify that u(x,t) is governed by
6 D@, t) = toa (2, t) + Ma)u(z, ) + pr(2)u(l, ),
’LL(O, t) = 07 uz(]-v t) = p()u(lv t)7 (42)
u(z,0) = Up(x) — up(x), U(z,0) = Uy (x) — ur(z).

To find the observer gains p;(x) and pg, we look for the transformation:

1
e, t)i= (14 Pa)aot) = 2(2.8) ~ [ pla)s(u. )y (43)
that transforms (4.2) into the following target system:

ng‘z(J;, t) = zge(x, 1),
2(0,t) = 2,(1,t) = 0, (4.4)
2(x,0) = 20(x), 2z¢(x,0) = 2z1(x),

which, by (3.10) and Remark 3.5, is Mittag-Leffler stable. To find the differential equation satisfied by p(x,y),
we substitute (4.3) into (4.2) to give the equation satisfied by z(z,t):

1
O D2 2(r,8) = Zaa () + / p(,9) 2y (1 D)y

1 r 1
</ p(x,y)Z(y,t)dy) */ A@)p(z,y)z(y, H)dy + A(@)z(2,t) + p1(2)2(1, 1) (4.5)
= Zpz (T, 1) + pw T, Y) — Pz (T, ) — Mx)p(z, v)]|2(y, t)dy + (A(z) + 2£p(m,x))z(x,t)

dx
2o (L t)p(a, 1) + (p1 (@) — py(2,1))2(1,8),

and

2(07t)=17(07t)+/ p(O,y>Z(y,t)dy=/O p(0,y)z(y,t)dy, (4.6)

Z:c(lvt) = ax(lat) _Op(la I)Z(l,t) = ax(lat) - p(l, l)ﬂ(l,t) = (pO - p(la 1))ﬂ(17t)'

Comparing (4.5) and boundary conditions (4.6) with (4.4), we see that p(z,y) satisfies the following partial
differential equation:

Pyy(T,Y) — Paa(,y) = Ma)p(2, y),

0= | A@aE pog) =0,
2 0

(4.7)

—_



12 H.-C. ZHOU ET AL.

and the observer gains should be selected as
pi(@) = py(z,1), po=p(1,1). (4.8)

In order to show the existence of the solution of (4.7) and the invertibility of (4.3), new variables are introduced
as follows: T :=y, §:==x, p(Z,7y):= p(z,y). Then, (4.7) becomes

(4.9)

It is seen that (4.9) is exactly the same as (3.5) for k(z,y). Thus, (4.9) admits a unique solution p € C*(F) and
so does for (4.7), and the transformation (4.3) is invertible. Note that the invertibility of transformation (4.3)
can be also obtained by Theorem 3.1 and Theorem 3.3 of [24], and the inverse transformation can be expressed
by

2(x,t) = (1 +Py) 'z, t) = u(z, t) +/ q(z,y)u(y, t)dy, (4.10)

x

where g € C2(F) is uniquely determined by (4.3). Moreover, similar to (3.6)—(3.9), using (4.2) and substituting
(4.10) into (4.4), it is found that ¢(x,y) satisfies

Qo (T,Y) — qyy({; y) = My)p(z,9),

o) = =5 [ MO a0.) =0,

(4.11)

1
and q(1,1) = po = p(1,1), [, a(=,y)py(y, dy + p(1, 1)ay(z,1) + py(2,1) = gy(z, 1).
With the transformation (4.3) and (4.10), from Lemma 3.1, the following convergence result for observer
(4.1) can be obtained immediately.

Lemma 4.1. For any control input U € L? (0,00) and initial state (ug,u1, U, u1) € [L%(0,1)]*, the closed-loop

loc
system (4.2) admits a unique solution u € C(0,00; L?(0,1)) and there erists a constant M such that

- M ~ ~
a(- )1 720,1) < WH(UO — o, U1 —u1)|[Fp2 0,12 (4.12)

Moreover, when (ug,uy,Ug,u1) € [H2(0,1)]*, there exists a constant M’ > 0 such that

/

@), (- ) IFr2 0,192 < WH(% — ug, U1 — u1)||fra(0,12- (4.13)

Because an estimate u(z,t) of the state u(z,t) is obtained by observer (4.1), a natural output feedback
control, in terms of the state feedback control (3.25), is designed naturally as

1
U(t):k(l,l)ﬂ(l,t)Jr/O ko (1, y)a(y, t)dy. (4.14)
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This is an observer-based control law with u(x,t) being replaced by u(x,t). Under the output feedback (4.14),
the resulting closed-loop system of (1.1) is

gD?u(x, t) = Uge(z,t) + Ma)u(z, t),
w(0,t) =0, t >0,

uz(1,t) = k(1,)u(l,¢)+ ; ko (1, y)u(y, t)dy,
§D8U(w,t) = Upw(z,1) + M) (2, 1)

+p1(z)[a(1,t) — u(1,t)], a(0,t) =0, (4.15)
ax(lyt) = pO[a(lat - u(lat)]

Theorem 4.2. For any initial value Zo = (ug,u1, g, u1) € [H?(0,1)]*, the closed-loop system (4.15) admits a
unique solution (u,us, U, ;) € C(0,00; [L?(0,1)]*). Moreover, for some M > 0 the solution of (4.15) satisfies

1, 8), @ 1) IEz2 0,12 )

1 Lot —s)*t > 1 V2 ON? ) (4.16)
< — _— - 2 4
<|amrrit (] i om (S ) @) [M1theon

k=0
and

[ (we (-5 1), U (- t))||[2L2(0,1)]2

1 t(t—s)a2 1 12 N2 ) (4.17)
it ([ om0 (S ar) 9) [t

k=0

where p, = —(k + 3)?m. Furthermore, limy o0 ||(u(-, ), us (-, ), (-, £), Ue (-, ) lj£2(0,1)¢ = O.

Proof. Since u(x,t) = u(x,t) — u(z,t) is an observer error, by the invertible transformation (4.3), system (4.15)
can be rewritten as an equivalent system as follows:

DU, t) = Ugy (2, t) + NMa)U(x, t) —|—}1?1(x)17(1, t),
(1,0) = (L, 0)+ KL DL + [ Ea(L0)i: 0y, T0.0) = (L18)

gD?Z(xat) =
zZ.

By (4.3), u(1,t) = z(1,t). Under the invertible transformation

w(z,t) = (1 4+ Py)u(x, t) = u(z,t) — /09” k(x,y)u(y, t)dy, (4.19)



14 H.-C. ZHOU ET AL.

where k(z,y) is defined by (3.5), we further transform system (4.18) into

OCDtaﬂ)\(xat) = W (T,
w(0,t) =0, wW,(1,¢)
ngZ(x’t) - ZIZ(xvt)v
2(0,t) = z,(1,t) = 0.

) ( ) (1,2),

From the proof of Lemma 3.1, the solution of “z-part” of (4.20) is explicitly found to be
(oo}
Z ay; B, ) + az;tEa 2(p;t )] i (), (4.21)
7=0

with the initial state zo(z) = Z;io aijej(x), z1(x) = Z;‘io asje;j(x), where the coefficients are given by aq; =

fo e;(z)zo(z)dx )z = fg z1(z)dz. Since 29, 21 € H%(0,1) and {e;(z)} is an orthonormal basis for L?(0, 1),
we have {j alj} el {j agj} 6 l2 and for some M; > 0,

[{rjaijiz < Millzollm2(0,1),  [{rgaz; iz < Mallz1ll a2 (0,1 (4.22)

In order to show the well-posedness and Mittag-Leffler stability for system (4.20), a new variable is introduced as
follows: z(z,t) = W(x,t) — xpoz(1,t). This variable substitution is to make boundary conditions homogeneous.
We can verify that Z(x,t) satisfies

§ DPZE(w,t) = Zea(@, 1) +p1(2) Y [a1; Ea(1t) + a2jtEa2(1it*)] e;(1)
7=0

. . (4.23)
—xpo Zuj (a1 Ea(p31%) + az;tBa,2(ut™)] e;(1),

7=0
2(0,t) = 2,(1,¢) = 0.

Since p1(z), —apo € L*(0,1), we write pi(z), —wpo € L*(0,1) as p1(2) = 3272 bije;(x), —apo = 2252 baje;(2),
where by; = fol e;j(z)p1(z)dx, bej = fo e;(z)zpodx. Since {ej(x)} forms an orthnormal basis for L?(0, 1), we
can write the solution of (4.23) as z(x,t) = Z — o @j(t)e;j(x) with the initial state Zp(x) = Z;’O:O ciej(x), z1(x) =
doi—c2jej(x), where the coefficients are given by c1; = fol ej(z)Zo(x)dz and co; = fol e;(z)z1 (x)dz.
Since 20,21 S HQ(O,l), one has {jQClj} S l2,{j202j} S l2 and ||{,ujclj}\|lz < M2||30||H2(0,1)3H{HjCQj}HP <
M:||Z1 || 20,1)- Moreover, let ¥p(t) = a1xLao(prt®) + a2t Eq2(puxt®). Then, ¢; € C(0,00;R) satisfies the
following linear fractional differential equation:

6 D (t) = b (1) + by Z Vi (t)er(1) + bay Z i (t)er(1) (4.24)
k=0

k=0
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with the initial value ¢;(0) = c15, ¢}(0) = cz;. From Theorem 4.3 of [19], we derive the solution of (4.24) as
follows

¢;(t) = c1Ea(pit®) + cojtEo 2(p;t")
t
+b1j/0 (t — S)a 1Ea Iy U] t - 5 [Z wk ek ] (425)

t
+b2j/ (t—8)* ' Enalu(t —s) [Z prtbr(s ]
0

From Lemma 2.3, there exists C; > 0 such that for all t > 0, |Eqy,q(p;t*)| < Hfﬁ By Lemma 2.2, there exist
i
two constants Cy, C3 > 0 such that for all ¢ > 0,

CQ CBt

Balust®) < — 2 tBpo(upt®) < — 230 . 4.26
(ki )*1—ukta 2(ut®) < 7 T (4.26)
Since |ex,(1)| = v/2 < 2, the third term of (4.25) is estimated as
¢
’/(t_s)al aa,u]t—so‘) ZW ek
0 Dot & C - (4.27)
< 201/ ( 3 { 2l 3'“2’“‘5}(13.
01+th—32ak:0 l—uks"‘ 1 — pps®
The fourth term of (4.25) is estimated as
t
/(t_ )a 1Eo¢a M]t_sa [ZMHM ek ]
0 (4.28)

t o0
(t— C C
S201/ s) E Z[ 2|/~Lkalk| 3|uka2k|8]ds
0 1+u]t—s e 1 — pps® 1 — pps®

Noticing that |px| > o] = 72 /4 for all k € N, it follows from (4.25), (4.27) and (4.28) that

0o 02t2
. 2 2 2 3
[ECHIA be £4Z[u R +02j<1_ukta>2]

: J:
(t—s > [c2a1k| C’3a2k|s] )2
+16 Y b1 (C + ds
Z (o Tl X [ e
0o 2
Colprarr] = Cslprask|s
16 b d 4.29
+ Z ( / t_SQQkZO[l_Mksa—i— 1—Mk8a § ( )
CQ + C3t2 i (C /t (t — S)a_l
ST oto)? Yo T4t - s)2e

lra( 1+
X
Z 1_,U/k5a
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where a; = max{Cs|ay;|, C3laz;|}, b; = max{|b1;|, |b2;|}, ¢; = max{|ci;|, |co;|}. We claim that

~ M; ~ o~
1ZC, )1 720,1) < WH(ZOle)HQHQ(O 12
bt 5)0‘ 1 > /2 N2 , (4.30)
————(1 ds | M.
+</0 1+ pg(t — i <kzo 1- Uksa ) S> alltzor 21z .y
for some Ms, My > 0, and
Lt — )11+ 5) [ & 12
lim / Z ds =0. (4.31)
t=oo Jo 14 pd(t —s)2 Ol—,uksa
Indeed, by (4.22), it has Y7 (urar)? < ME(Cs + C3)?||(20, zl)H[QHZ(O_’l)]Q. By Cauchy’s inequality,
K (t—s |prar|(1+ s)
/ 2a Z a dS
t (t—S)a 1 00 1 1/2 0 ) 1/2
< | ————(1  E— d :
< et (S ) () 2

¢ (t—s)*t = 1 1/2 2 2 2
< / <1+s>(2()2) AsM2(Cs + C3)? (2 2l ara o

1+ p3(t — s)2@ = (1= pgs®

2 2
By the fact hmt_mo(l +t2a72)% Cg fOI‘ o > 1 and Z] =0 j < ||(ZO721)|| LZ(O 1) < ||(ZOazl)H HZ(O 1)]

there exists M3 > 0 such that

022 +C§t2 > 2 < M3||(20721)||[2H2(0,1)]2
(1 _ MOta>2 c J — 1+ t2a—2
7=0
This, together with (4.29) and (4.32), implies that (4.30) holds with My = 32MZ(Cy + C5)? Z; Ob? Since
o € (1,2) and py, = —(k + 1)?n2, it is easy to verify that
C /0071 ds, C /OOS(H ds < + (4.33)
= s, 5 1= S (0. ¢] .
! o (1+5%)? o 1+ nugs®
and
o0 1 o0
Cs = (4.34)
For any given ¢ > 0, take T' > 1 so that Ta 1 < 7z Since limy_, o maxe(o, 7y % 0, we can
choose T” > T such that for all t > T",
2715 (t — s)a~t € (4.35)

2o 14 (e —s)2e = Gl
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Denoting h(s) = 3237 g=rs=y> and noting that for all s > 1,

o0

(Cmr)

M

2

-1

(s+ 1)(h(s))1/2 <

SOt

it follows from (4.33), (4.34) and (4.35) that for all ¢ > 7",

17

(4.36)

/t %(1 + 5)(h(s))"/?ds
o 14 pg(t—s)%
T a—1 t a—1
(t—s) 1/2 / (t—>s) 1/2
< — 7 (1 7 (1
_/O 1+u%(t—s)2a( + 5)(h(s))/?ds + ; 1+,u8(t—s)2a( +5)(h(s))/*ds
A e 1/2 2 o(t—s)! 1/2
< BT Jy (O e e
2T15(t — s)~t r 1/2 2 T 1/2
—— 5 h(s)d
- sg(;i}%] 1+ p3(t —s)% </0 (s) s) T e /0 1+ pgs?e dsCy
> (=) oT 1/2
S 28 1 <Z 1 / : ds>
PGP\ & Ty T
e [ sol
— ————ds < 2e.
+C5 /0 1+u3520‘ds_ €

Hence, by the arbitrariness of €, we obtain that (4.31) holds. Since Zz(z, t)
(3.13), (4.26) and (4.21) that

oo

>

> 5

J=0

2
18 D)2, s2|2<~,t>%2<0,1)+4p3( %(t))

(=)

< A5 ) o) + 8p8( -

oo

1) 2Za1J+Z (1

= w(x,t) — xpoz(1,t), it follows from

S
_MtozZ

e
2])

which, together with 377 a?; + 3772 a3; < ||(20, 21)IT20,1y2 < 120, 21)[[Fer2(0,1))> and the fact that

jﬂuﬂwﬁ—m+%ﬂ@—mﬂ+r 37
0o S .3
Z C2t? 1 Z C2 < C2C, ( )
= (1 7‘u]toz) - t2a72 + 1 ] t2a 2 + 1
yields
N 2M3 + 8p¢(C2C; + C3Cy) o~
Hw('vt)H%P(O,l) > 10+ tia_Q 2 ||(Zo,21,20721)||[2H2(0,1)]4
w2( | (X i) as) Mo 2 -
o 1+ ugt—s) = (1 — pps®)? A SO
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This, together with (4.31), gives lim; o0 [|0(, t)||%2(0 1) = 0. From the bounded transformation

()-8 ™) )

and the simple fact that @g(x) = (I +P1) ‘W (x) = (I +P1) "1 (Z0(z) + xpo20(1)), U1 (z) = (I + P1) "ty () =
(I+P)" 1z (x) + 2poz1(1)), uo(z) = (I +P1) Liwg(x) — (I + Pa)zp(z), it follows from (4.38) and Lemma 3.1
that (4.16) holds with some M > 0 and lim; oo ||(u(-, 1), u(:, %)) [l{£2(0,1)2 = 0.

Next, we show that

~ Ms .
12 (5 ) 172 0,0y < WH(ZO,Zl)”[zHZ(O,l)]?

t (t _ S)a—Q 00 1 1/2 2 ) (4'40)
557 s 1 a2 d M ) )
(im0 (S i) 92) ol

k=0
for some Ms, Mg > 0. Actually, by Chapter 1, p. 49, 1.10.1 of [19] and Chapter 1, p. 50, 1.10.7 of [19], we have

S Ba(pt®) = t7 Eao(pjt®), 5 (tEa2(pit®)) = Ean(pit®) and & 1Eaa(uy ) = t*?Eqa-1(1t%).
This, combined with (4.25), gives

¢J( ) = et lEOLyO(thQ) + c2Ea,1 (1)
t

+b1j/(t—s)a QEaa 1(pi(t—s) [Zwk s)ex( ]
0

t
+sz/ (t —8)* 2 Epa1(u(t —8)* lZMH/)k s)er( ]
0

(4.41)

tkcx 1

Noting that ¢! Ea,o(t*) = 3232 gy, Which is continuous on ¢ € [0,00), by Lemma 2.2 and arg(—t*) = ,
there exists a constant Cg > 0 such that [t~ E, o(—t*)| < 7£. This yields

I+te
- Cs(—p )M/
tT By o(pt™)| < ——L2H 4.42
7 Bt} < S (1.4)
It follows from Lemma 2.3 that there exists a constant Cy > 0 such that
o Cy
| Bova—1(pt")] < W (4.43)
Similar to the estimation (4.29) for Z(x,t), by (4.41), (4.42) and (4.43), we get
oo
~ 2
12 (¢ ||L2(0 1) Z¢ 1—M0to‘ ch
(4.44)

2
t a 2 &

(t—s lpkak|(1 + s) 2

+32 C’/ ds b*

(HZ ) 3
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where ¢ = max{Cg(—p;)"/*[e1;], Calegj|}. Since [[{mjer}liz < MalZollm2(0.1), [{mic2i iz < Mal|Zi] 20,1y,
one has Z;io &< 010”(20,/2\1)”[2]{2(071)]2 for some Cj¢ > 0. By the Cauchy inequality,

t
(t— (1
/ S 2a Z ‘Mkak| —I;S ds
o 14+ pd(t—s) 1—purs

L= g)a? oo 1 1/2 oo , 1/2
< —_— (1 —_ d .
< i *8)(,§<1—Mksa>2> S(é“‘”“) (445)
fo(t—s)? - 1 12 2 2 2
< —_— (1 —_— dsM;(Cy + C .
Now, we claim that
- )a21+s x 1z
tlggo/o 1+ pd(t — s)2@ (Zo 1- kso‘ ) ds =0. (4.46)

Indeed, from the proof of (4.31), and the fact

[e] Sa72
————ds < +o0,a € (1,2),
/0 L+ pgs> 2

we know that (4.46) holds. From q—5 < fi/t’;a, (4.45), (4.44) and (4.46), we get (4.40) with M5 = C132/72,
Mg = 3209 M2 (Cy + C3)% 352 b2 and limy 0 || 2 (-, )HQLQ(OJ) = 0. Moreover, by z;(z,t) = Wi(x,t) — 2poz:(1, 1),
(3.13), (4.26) and (4.21), denoting W;(t) = a1t~ Eao(ujt*) + a2j Ea1(pjt®), we obtain

j=0"J

o] 2
1@ )22 0,1y < 2070, 0T (0,0) + 4P3 ( > ‘Pj(t))

Jj= 0
<20 +38 (3 = Zawz T gt ).
j=0 j=0

Similar to the inequality (4.38), by Y272 af; + 372 (—p;)**a3; < (20, 21)|[F2(0,1))2+ we derive

2Ms + 8p2(C2C7 + C2Cy)
1+ t2

L(t— )2 1 12 N2 )
2, gt Srmar) %) Ml Dl

k=0

H’&}\t('a t) ||2L2(0,1) < H(ZO, 21, 20, /Z\l) ||[2H2(0,1)]4

(4.47)

In view of the bounded transformation
ug(z,t) _ (I+P))~t —(I+Py) W (z, 1) (4.48)
Ty (x,t) (I+P)" 0 ze(z,t) ) '

and the simple fact that g (x) = (I +Py) LWy (x ) (I +P1) 1 (Zo(x) + xpo20(1)), U1(z) = (I +Py) "ty (z) =
(I +P) 1 (Zi(x) + xpoz1(1)), uo(w) = (I +P1) two(z) — (I + Pa)2o(x), it follows from (4.38) and Lemma 3.1
that (4.17) holds with some M > 0 and lim; o0 || (we(-, 1), We (-, ) |l[£2(0,1)2 = 0. This completes the proof of the
theorem. =
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Remark 4.3. Different from the stability proof for fractional diffusion equation in [41], which is based on the
fractional Lyapunov method and Riesz basis method, here it is difficult to use fractional Lyapunov method for
the fractional order o € (1,2) and the inequality § Dg22(t) < 22(t)§ D¢ z(t) with o € (1,2), instead, the Riesz
basis approach is adopted to prove Theorem 4.2 through estimating the explicit expression of solution.

Remark 4.4. Similar to Remark 3.3, we emphasize that Theorem 4.2 is true only for a € (1,2) and the
fractional order « in (4.15) cannot be « = 2. This is because the proof of Theorem 4.2 is based on Lemma 2.1
and requires the condition on the boundedness of M («) (given in Remark 2.4) which can be seen from (4.26)
and (4.43). However, when o = 2, M (2) = +o0.

5. DISTURBANCE REJECTION VIA STATE FEEDBACK

In this section, as addressed in [21], it is assumed that a disturbance force d(t) comes from the same end
where the boundary control input is imposed, that is, the stabilization and disturbance rejection is considered
for a system described by

§Du(x,t) = gy (2, ) + Ma)u(z, t), z € (0,1),t >0,
u(0,t) =0,

ugy(1,t) =U(t) +d(t), t >0,

u(z,0) = up(x), u(x,0) =ui(x), 0 <z <1,

(5.1)

where « € (1,2) is the order of the fractional derivative, u(z,t) is the displacement of wave propagation,
A(z) € C[0,1], U(t) is the control input, and d(t) is the boundary disturbance.

Now, we come to the second objective of the paper to seek a control law U(t) to stabilize (5.1) and reject
the disturbance d(t). Obviously, once this is done, by taking A(z) = 0, we give a complete solution to problem
raised in [21].

To achieve Mittag-Leffler stability for system (5.1) and reject the disturbance d(t), the following assumption
about d(t) is assumed.

Assumption 5.1. The disturbance d(t) satisfies d € L>(0,00) and § Dgd(-) € L>(0,00).

The examples of such kinds of disturbances satisfying Assumption 5.1 include all finite sum of harmonic
disturbances like d(t) = a; sin(w;t) with unknown amplitude a; and unknown frequency w;. To see this, for any
given frequency w, we prove that § D§ sin(wt),§ D cos(wt) are uniformly bounded for all £ > 0, i.e.,

sup | D sin(wt)| < 400 and  sup|§ DY cos(wt)| < 4-00.
>0 >0

Indeed, by Caputo’s derivative, we have

2
2

L tslfo‘sinw — 5))ds L
F(2—a)t/0 (Wt = s))d 2o

sin(wt)/ st cos(ws)ds—cos(wt)/ st sin(ws)ds
0 0

/O (= 5 sin(ws)ds

2

X

It follows from page 284, A.4.11 of [11] that

° r'ez- ° I'z-
/ 517 cos(ws)ds = A sin (%> and / 517 sin(ws)ds = fe-a) cos (%)
0 2 0

wOé
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hold for a € (1,2), which infers that both fo 1=acos(ws)ds and fO bin(ws)ds are bounded over [0, 00).
According to the boundedness of sin(wt) and cos(wt), we know that sup,- |§Df* sin(wt)| < 400 and thus
§ D¢ sin(wt) € L°°(0, 00). Similarly, one can show that § D¢ cos(w-) € L*(0, 00).

Since any periodic signal can be expanded through Fourier decomposition and can be approximated by the
finite sum of periodic harmonic signal [3], the disturbance signal satisfying Assumption 5.1 is much general, and
Assumption 5.1 seems to be reasonable. It is worth pointing out that the noise d(t) in [21] is assumed to be a
sinusoidal disturbance signal with an unknown amplitude and phase but with a known frequency w. Clearly,
Assumption 5.1 includes these sinusoidal signals and is much more general than the one of [21].

It should be noted that for the case of no disturbance, the collocated feedback control (3.25) will stabilize
Mittag-Leffler the system (5.1). Nevertheless, this designed stabilizer (3.25) is not robust to the external dis-
turbance. For instance, when d(t) = C' # 0 is a constant, from the transformation (3.1) and (3.6), it is easy to
verify that the system (5.1) under the control (3.25) has a solution:

w(z, ) = Ca + c/om Iz, €)EdE € L2(0,1) (5.2)

with {(z,y) being the solution of (3.9). So, when there is the external disturbance, the control must be re-
designed.

Since a stabilizing control law for system without disturbance force d(¢) has been designed in Sections 3 and
4, it is natural to find a disturbance estimator to estimate the disturbance force d(t) and compensate for the
disturbance in the closed-loop.

To estimate the disturbance, following [7], we propose a disturbance estimator as follows:

§D&v(w,t) = vag (2, 1) + Az)u(a,t),z € (0,1),t >0,
v(0, t) 0, v.(1,t)=U(t), t >0,
ng‘z(az,t) = zg2(2,t), ©€(0,1), t >0,

2(0,t) =0, z(1,t) =v(1,t) —u(l,t), t >0,
v(z,0) = vo(z), ve(z,0) =vi(x), 0 < <1,
2(x,0) = 20(x), ze(x,0) = 21(z), 0 <z <1,

which is an infinite-dimensional system with the state consisting of the functions v, z, defined on (0, 1). It is seen
that system (5.3) is completely determined by the displacement u(z,t) and input U(¢). In other words, system
(5.3) is a completely known system. Since the disturbance estimator (5.3) proposed here looks complicated, now
let us explain why we make such a construction.

Firstly, a “v”-part of system (5.3) is to bring the disturbance from original system to a Mittag-Leffler stable
system. Indeed, let ¥(z,t) = v(z,t) — u(x,t), it is easy to verify that v(z, t) satisfies the following time fractional
wave equation:

OCD?@\(SL‘,t) = i)\a:a:(xat)> T E (07 1), t>0,
0(0,6) =0, Dy(1,8) = —d(t), ¢ =0, (5.4)

Lemma 5.2. Let Assumption 5.1 hold and o € (1,2). For any initial value (vVo,v1) € [L%(0,1)]2, there exists
a unique solution to (5.4) such that ¥ € C(0,00; L?(0,1)) satisfying sup,> [[0(, )| 12(0,1) < +00. Moreover,
when limy_,o0 d(t) = limy_,o0 § D§Fd(t) = 0, it has limy_,o0 [[0(-, )| 12(0,1) = 0. Furthermore, when (0o(-),01(+)) €
[H?(0,1)]?, there holds SuPy>o (@, 1), 0e(-s 1)l L2 (0,1) < +00.

Proof. Since the disturbance d(t) in (5.4) is at the boundary, we define a function g(z) = x, « € [0,1] and
introduce the variable v(z,t) = v(x,t) 4+ g(z)d(t) to shift d(¢) from the boundary into the in-domain. Indeed,
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we can verify that v(z,t) is governed by

§DXO(z,t) = Vg (w, 1) + g(2)§ DXd(t), z € (0,1),t > 0,
3(0,t) =0, Tu(1,t)=0, t>0, (5.5)
(z,0) = vp(x), ve(z,0) =v1(x), 0 <z <1,

where T () = To(x) + g(2)d(0) and ¥y (x) = 0 () + g(2)d(0). Since the function g is in L2(0,1), we write g(x)
as g(x) = 372 aje;(x) where the Fourier’s coefficient a; is given by a; = fo ej(x)xdz. Since {e;(x)} forms an
orthnormal basis for L2(0,1), we write the solution of (5.5) as

)= ¢i(t)e;(@). (5.6)
=0
The initial states are vo(x) = Y 72 bje;(x), vi(x) = X277 cjej(x), where b; = fol e;j(z)vo(z)dz, ¢; =
fo e;(z)v1(z)dx, with {b;}, {c;} € I* and ¢; € C(0, 00; R) satisfying
6 D 6;(t) = njd; (t) + a;§ Did(t), (5.7)

and ¢;(0) = b;, ¢7(0) = ¢;. In view of Theorem 4.3 in [19], the solution of (5.7) is calculated to be

¢;(t) = bjEta(th“) + ¢jtEq 2 (p;t%) (5.5)
+a; fo (t— s)aflEa,a(;Lj (t— s)a)gD?d(s)ds. ’

Since {ej(x)} is an orthonormal basis for L?(0,1), by the inequality (a + b+ ¢)* < 3(a? 4 b 4 ¢?) for any
a,b,c € R, it follows from (5.6), (5.8) and (4.26) that

[o(-,t HLz(o 1) Z¢ < 32 [bQ o (1t%))? + G (tEq 2 (1151%))?

It follows from Lemmas 2.2 and 2.3 that there exists a constant M; > 0 such that E,(p;t*) <
1 a : : M7l

1—1\,{515“’ tEq2(pst®) < g A,{ = | Baa(ptt)] < - Since limy—, o0 = Loﬁ)% =0, it follows from (4.33)

and (5.9) that

2

ta? ( / () Byt — %6 Did(s)as)

M,y
1+N’?t2a

s M?2 M?2#2
156Dl <3 [b? L M
o <32 B T ey

+a2||;>a (O~ ([ M(>d)]

T+ - 5
M1 (1+12) =1po
< PRTIE Zb +c
7=0
M2 a—1 2 oo
« 2 1 2
HIDEAC) 1 (0.00) < A +u%82ads) Zaj < +o0.
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This, together witgh Assumption 5.1 and v(z,t) = v(x,t) — xd(t), gives sup;sg [[0(-t)[£2(0,1) < +00. Now,
suppose lim;_,, § D§d(t) = 0. We claim that limy_ [|[0(+,¢)||22(0,1) = 0. From the proof of the boundedness of
SuP;0 [[0(, 1) 17201y and

t t —1
_ Ml(t—s) .
t— ) By o(ui(t — ) Dd(s)ds| < —_— s)|ds, 7 €N,
[ =9 B = 5 Dpd(s)as| < [ G D (e,
it suffices to show that
My (t—
lim (= 9)7 |§Da (s)|ds = 0. (5.10)

t=oo Jo 14 pg(t —s)2

Indeed, for any given ¢ > 0, since lim;_, o Dad( ) = 0, we can take T > 0 sufficiently large so that |§ Dgd(t)| < e

forallt > T'. By lim¢ oo max,cjo, 1) % = 0, there exists T’ > T such that | max,¢o 7] Mﬁ| <e.
Thus,

¢ M1(1f — S)a_l
o TH -5

LMyt —s) !
Myt =8t

p T+ Rl )

< e DA | 1000y + € /

|Did(s)|ds < e[| Dyd(:)|| Lo (0,00) + €

which implies that (5.10) holds. Since v(z,t) = v(x,t) — xd(t), it has sup;~q [[0(-,t)[|L2(0,1) < +00.
Next, suppose that (7g,01) € [H?(0,1)]%. W claim that sup,s [|(0(-,t),0:(:, )|l L2(0,1) < +00. Actually, from
(5.8),

oi(t) = bjsza,o(uth) + ¢jBa (pt)

+aj/0 (t — $)* 2 Eqa_1(p;(t — $)*)§ D¥d(s)ds. (5.11)

By Lemma 2.2, (4.42), (4.43) and (5.11), we estimate ||5t(',t)||2L2(071) to yield

15 D20 =3 G200) <3z[b 7 B0 (15t) + ¢ B (1587
j=0 =0

o ( (¢ = )" B (15t s>a>8‘Df‘d<S>d5) ]

M3 (—p;)? > M3
< 2 2 2 2
D> [ o A e

7=0

) ) t (t_s)a—Q 2
SO~ 000 ( ) T~y

ML +1%) o~y 20 o
<32 TN 22 4
- (l_ﬂofo‘)2j O['“J i+ ¢l

s

t a—2 2>
+MZ|| D d ()| (/ ) aj
AP0~ ( ), T ms) 2%

Jj=
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for some My > 0. Since (0, 1) € [H%(0,1)]?, it has (Yo, 01) € [H?(0,1)]?, which gives Z] O[,u2b2 +c5 ] < +00.

From a € (1,2), it is easy to verify that [ ds < +o0. Hence, sup;> [[0¢(+, )| L2(0,1) < +00, which yields

m
sup;>o [0t ()| 22(0,1) < +00. This ends the proof of the lemma. O

Remark 5.3. The condition lim; ., §Dfd(t) = 0 in Lemma 5.2 does not imply that d(t) tends to zero as

time t goes to infinity. For example, d(t) = t# with 3 satisfying 1 < 8 < a < 2. A straight computation gives
§Ded(t) = %tﬁ_“. Clearly, lim;_, o, § D&d(t) = 0 but limy_,, d(t) = +00. From the proof of Lemma
5.2, it is concluded that in order to ensure lim; o [|U(:,%)||2(0,1) = 0, the condition lim; ., d(t) = 0 cannot be

removed.

Remark 5.4. The second statement that lim; ;o [|[0(-,%)[/z2(0,1) = 0 of Lemma 5.2 is invalid when a = 2.
Actually, system (5.4) with a = 2 becomes

(5.12)

which is the classical wave equation with Neumann boundary control input —d(t). Let d(t) = 0. Then,
from the boundary condition ©(0,t) = 0,7,(1,t) = 0, it is easy to verify that system (5.12) is a con-
servation system, i.e., ||i}}(~,t)||2L2(071) + ||ﬁm(-,t)||2L2(071) = ||71}(-,0)H%2(0)1) + Hi}\w(-,O)H%z(O’l) for all ¢t > 0.
Moreover, from Remark 3.3, the solution of (5.12) with d(t) = 0 is given by v(z,t) = Z;X’O [a; cos (j +
)7rt+ b, (( + 3)m)~Isin (j + $)wt]ej(z) where ej(z) = V2sin (j + 3)7wz, a; = fo ej(x)vg(x)dx and b;

fo ej(x z)dz. Note that there exist ig,jo such that a + b2 # 0 whence (vo,vl) 75 0, we obtain
Ilo(-, )||L2(071) > CLZO cos (zo—|— 2)7rt—|—b?0((jo + 2) 7) " 2sin (]0 —|— )7rt, Which implies lim; o0 [|[0(-, )|/ 22(0,1) # 0.

Secondly, the “z”-part of system (5.3) is to estimate the disturbance d(t). Actually, let Z(x,t) = z(x,t) —
v(x,t), then, we can verify that z(z,t) is governed by

§DeZ(w,t) = Zya(2,1), @€ (0,1), t >0,
z(0,t) =0, z(1,t)=0, 2 , (5.13)
Z(x,0) = Zo(x), Zt(x,0) =Z1(x), 0 <2 <1

Lemma 5.5. For any initial value (Zo,z1) € [L?(0,1)]2, system (5.13) admits a wunique solution Z €
C(0,00; L?(0,1)), and there exists a constant M > 0 such that

~ M -~
IZC, D12 0,192 < W”('ZWZI)H%L?(O,I)]Q'

When (wo,w1) € [H?(0,1)]?, there exists a constant M’ > 0 such that

- ~ M ~ -
||(Z('at)7Zt('vt))H[QLQ(O,l)]? < 1Jrtm”(zoaZl)||[21112(o,1)]2~

Proof. Since the proof is similar to the proof of Lemma 3.1, we omit the details. O

By (3.25), we propose the following control law

1
U(t) = k(1,1)u(1,t) +/O ke (1, y)u(y, t)dy — (—2z(1,1)). (5.14)
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The purpose of this control law is essentially just cancelling the disturbance by its estimate. The closed-loop
system is governed by
6 D, t) = ugy (2, 1) + A(a)u ( X
u(0,t) =0, u.(1,¢t) =k(1,1)u +/ k(1 y, O)dy + 2, (1,t) + d(t),
0
C na
o Difv(z,t) = vye(z,t) + AMx)u (x t), ) (5.15)
v(0,t) =0, crrvg(1,t) = k(1,1)u —|—/ k. (1 y, t)dy + z,(1,t),
0

§De2(z,t) = 2pa(z, 1),
z2(0,t) =0, z(1,t) =v(1,t) —u(l,t)

Theorem 5.6. Suppose that Assumption 5.1 holds. System (1.1) can be stabilized by the controller (5.14)
and the disturbance estmator (5.3), which gives the closed-loop system (5.15). Moreover, for any initial value
Zo = (ug,v0, 20, U1, v1,21) € [L*(0,1)]%, there exists a unique solution (u,v,z) € C(0,00; [L?(0,1)]3) to (5.15),
and there exist two positive constants M > 0 such that

M
[u(- )72 0,1y < WHZO”%L?(O,U]G’ (5.16)

and sup,sq [[(v(-,t), 2(-, ) [l{£2(0,12 < +00. Moreover, when (uo,vo, 20, u1,v1,21) € [H?(0,1)]%, there eists a
constant M' > 0 such that

(0,1)]6
1 +t20 2

M| Zo| Ity

), e D) [aoye < , (5.17)

and sup;sq [|(v(-, 1), ve (-, 1), 2(, 1), 2 (-, 1)) [l (22 (0,14 < +00.

Proof. Using the variables v(x,t) = v(x,t) — u(x, t), z2(z,t) = z(x,t) — 0(x,t) and p(x,t) = w(x,t) — Z(x,t) by
the transformation (3.1), an equivalent system of (5.15) can be obtained as follows:

OCDtap(mvt) = Paa(,1), T € (07 1)7 t>0,

p(0,t) =0, p.(1,t)=0, t>0,

6 Dfv(x,t) = Upw(,t), @€ (0,1), £ >0, (5.18)
v(0,t) =0, U (1,t) =—d(t), t >0,

§ DZ(x,t) = Zga(z,t), x€(0,1), >0,

z(0,t) =0, z(1,t)=0,t>0.

By Lemma 5.2, sup; > |[0(+, )| 22(0,1) < +00. From Lemmas 3.1 and 5.5, there exists a constant C' > 0 such that

C
IpC, )17 20,1y < W“(pﬂapl)H[QL?(O,l)]z (5.19)
and
- )2 C 1z 20
1272001y < WH(ZO,Zl)H[LQ(O,I)]?' (5.20)

Noting the invertible transformation

u(x,t) (I+P)~r 0 ([I+P)t p(x,t)
v(xt) | =T +P)"t —T (I+P) ! o(z,t) |, (5.21)
z(x, 1) 0 1 1 Z(z,t)
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it follows from (5.19) and (5.20) that (5.16) holds and sup,~q [|(v(:,t), 2(-, 1)) ||{£2(0,1))2 < +00. Next, suppose
that (ug,vo, 20, u1,v1, 21) € [H?(0,1)]%. Since

ug(z,t) (I+P)~t 0 ([IT+P)! pe(x,t)
v(z,t) | = (T +P)"t —I (I+P)7! Ug(z,t) |,
zi(x,t) 0 I I Zi(x,t)

by Lemmas 3.1, 5.2 and 5.5 again, and by (5.21), we know that (5.17) and sup,>q|[(v(-,t), v¢(:,1t),
2(+,t), 2¢ (-, 1)) |liL2(0,1))+ < +00 hold. This completes the proof of the therem. O

Remark 5.7. As discussed in Remark 3.5, from (5.16) and (5.17), we can see that the state (u,u;) of system
(5.15) is Mittag-Leffler stable.

Remark 5.8. From the proof of Theorem 5.6 and Lemma 5.2, it is seen that if the bondedness of disturbance
estimator is not required, then, d € L>°(0, co) in Assumption 5.1 is not necessary. For instance, take d(t) = a + bt
with some constants a, b with b # 0, § D&d(t) = 0 for all > 0. Clearly, d(t) — oo as t — co and d ¢ L>(0, o0).

Remark 5.9. As dicussed in Remarks 3.3 and 4.4, the result of Theorem 5.6 is not valid for a = 2 in (5.15).

At the end of this section, we point out that Theorem 5.6 provides a disturbance estimator for system
considered in [21] which reads as

gD?u(xat) = uww(xat)a T e (Oa 1)) t>0

w(0,t) =0, ug(L,t) = U(t) +d(t), t >0, (5.22)
u(z,0) = up(x), ur(z,0) =ui(x), 0 <z <1
The disturbance estimator for (5.22) is given by
§Dfv(z,t) = vep(w,t), x€(0,1), t>0,
’U(O,t) =0, vz(Lt) - U(t)v t >0,
§D&2(w,t) = 240 (2, 1), @€ (0,1), t >0,

2(0,t) = 0,
z(1,t) = v(1,t) — u(1,t), t >0,

which is completely determined by output u(l,¢) and input U(t) and thus is an output-based disturbance
estimator. By Theorem 5.6, the control U(t) can be designed as U(t) = z,(1,t) that is based only on the the
disturbance estimator. Since the disturbance estimator depends only on w(1,t) and U(t), the control U(t) =
z(1,t) is an output feedback controller. Moreover, Theorem 5.6 also provides a mathematical proof for the
stability of the closed-loop system of system (5.22). Hence, the Problem II arised in [21] is completely solved.

6. NUMERICAL SIMULATION

In this section, we present some numerical simulations results for the closed-loop system (5.15). For numerical
computations, we take fractional order o = 1.5 and o = 2. The disturbance is taken as d(t) = sin(t), and the
initial values are u(x,0) = 2sinz, u¢(x,0) = (z + 1)sinz, v(z,0) = 222 + 2sinz, vy(x,0) = 3z(x — 1) + (z +
1)sinz, z(x,0) = cosz — 2z + 222, 2(z,0) = 2z cos ¥ + 3z(z — 1), A(x) = 4. The numerical algorithm is based
on the combination of the L1 scheme [31] in time and the second order centred difference scheme [27] in space.
We take the spacial step as dz = 0.001 and the time step as dt = 0.01.

Figure 1 displays the state (u(-,t),v(-,t), 2(-,t)) of system (5.15) with o = 1.5. It can be observed that the
control law (5.14) is very effective to make the “u-part” of system (5.15) convergent to zero and make the
“(v, z)-part” of system (5.15) being bounded. Figure 2 shows the state (u(-,t),v(:,t),2(:,t)) of system (5.15)
with a = 2. It is seen that the “(u,v, z)-part” of system (5.15) with o = 2 is bounded, where the “u-part” of
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FIGURE 1. Simulation for system (5.15) with o = 1.5.
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FIGURE 2. Simulation for system (5.15) with o = 2.
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(a) System (5.15) with o = 1.5 (b) System (5.15) with o = 2
FIGURE 3. Disturbance, estimate and control input.

system (5.15) does not converge to zero. This is exactly as that pointed out in Remark 5.9: The control law
(5.14) does not work when a = 2. Figure 3a and b demonstrates the disturbance d(t), its estimate —z,(1,t) and
the control input U(t) for system (5.15) with o = 1.5 and for system (5.15) with a = 2, respectively. It is seen
that for o = 1.5 the disturbance is fast estimated and the control approximates the value —d(t) as the time ¢ is
sufficiently large while the disturbance cannot be estimated for o = 2. This is similarly as that pointed out in
Remark 3.3: The solution of the Z-part of system (5.18) with a = 2 is not convergent to zero.

7. CONCLUDING REMARKS

In this paper, the boundary stabilization of an unstable time fractional diffusion-wave equation system with or
without boundary external disturbance is considered. For the system free from boundary external disturbance,
we achieve the Mittag-Lefller stability via state feedback and asymptotic stability via output feedback, by using
the backstepping method and Riesz basis approach to the analytic solution of the closed-loop system. For the
system subject to boundary external disturbance, we construct an infinite dimensional disturbance estimator
consisting of two subsystems to estimate the disturbance and compensate the disturbance in the feedback loop.
It is shown that the w-part of the resulting closed-loop system is asymptotically sable, while the (v, z)-part
is bounded. As a result, the paper solves completely two long-standing mathematical control problems raised
n [21]. As future works, designing an output feedback controller for system (5.1) by the active disturbance
rejection control or sliding mode control method would be an interesting problem. It is worth pointing that the
difficulty in designing output feedback for system (5.1) is because the system (5.1) has the term A(z)u(z,t).
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