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Abstract: This study is concerned with observer design and observer-based output feedback control for a fractional reaction
diffusion (FRD) system with a spatially-varying (non-constant) diffusion coefficient by the backstepping method. The considered
FRD system is endowed with only boundary measurable and actuation available. The contribution of this study is divided into
three parts: first is the backstepping-based observer design for the FRD system with non-constant diffusivity, second is the
output feedback controller generated by the integration of a separately backstepping-based feedback controller and the
proposed observer to stabilise the FRD system with non-constant diffusivity, and the last is the Mittag—Leffler stability analysis of
the observer error and the closed-loop FRD systems. Specifically, anti-collocated location of actuator and sensor is considered
in the stabilisation problem of this system with Robin boundary condition at x = 0 and the boundary feedback controller for
Dirichlet actuation at x = 1. By designing an invertible coordinate transformation to convert the observer error system into a
Mittag—Leffler stable target system, the observer gains are obtained. They are used to design the output feedback control law
for stabilising the closed-loop system. Finally, a numerical example is shown to validate the effectiveness of the authors'

proposed method.

1 Introduction
1.1 Overview of prior literatures

In engineering application, the system state information is crucial
to its control problem. Nevertheless, not all states are available in
practical cases due to using restrictions of sensors or some
unmeasurable variables. Recent years, several intensive research
activities have been devoted to the observer design and the
observer-based output feedback. Many of these activities have
focused on integer-order differential systems, especially for
distributed parameter systems (DPSs) governed by partial
differential equations (PDEs). For these systems, the emphasis has
been put on the problem of the Lunberger-like state observer
design in the whole domain, see, e.g. [1, 2]. By the backstepping
approach, the boundary observer design method has been
announced in [3] for a class of PDEs. The main idea of the
backstepping method in [4] is to transform a preset system into a
selected stable target system. More basic knowledge and
development of the backstepping approach can be found in [5, 6]
and references therein.

Later on, a lot of related works have been arisen with the aid of
this method, such as adaptive observer design for the ordinary
differential equation-PDE (ODE-PDE) systems and parabolic
PDEs with domain and boundary parameter uncertainties in [7, 8],
and output feedback control of parabolic PDEs with moving
boundary in [9]. Note that these works are related to the constant
diffusivity. For non-constant diffusivity [10, 11], there are also
many considerable research results [12, 13] on boundary observer
design for the cascade PDE-ODE systems and semi-linear DPSs.

As we know, fractional differential equations have multiple
applications in environmental science and biology, physics, and
geophysics. Hence, great attention has been paid to this popular
topic, see, e.g. [14, 15]. In particular, for the fractional reaction
diffusion (FRD) system with constant diffusivity, the boundary
stabilisation and the observer-based output feedback control
problems have recently been addressed in [16—-18]. Specifically, the
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work in [16] considered the boundary feedback control problem for
the FRD system with Dirichlet or Neumann boundary conditions.
After that the state-feedback and the output-feedback problems for
the case of mixed or Robin boundary conditions were investigated
in[17, 18].

1.2 Motivation

The observer design problem of fractional-order systems can be
traced back to the work [19], which used the estimation of state in
the whole domain to design observer and developed a stability
criterion for these systems from the point of system matrix's
argument. Unfortunately, solving the argument is too difficult to
realise. It needs to find some other methods for the stability of
fractional-order systems, e.g. the fractional Lyapunov method [20].
Additionally, despite the considerable contribution of the boundary
stabilisation, observer design and output feedback control for DPSs
(integer-order systems) in [3, 21, 22], very few results are available
on the output feedback control for fractional-order systems with
constant or non-constant diffusivity except for the one of
fractional-order systems with constant diffusivity in [18].

Motivated by the advantage of the backstepping method for
integer-order systems, observer design for DPSs and the fractional
Lyapunov method for the stability of fractional-order systems, in
this paper, we introduce the backstppeing approach into the FRD
system with non-constant diffusivity for designing the observer and
the output-feedback controller. Then the Mittag—Leffler stability of
this controlled system is analysed by the fractional Lyapunov
method. Here, the diffusivity is allowed to spatially-varying (non-
constant), which can model pattern formation in inhomogeneous
media [23, 24] and may mimic the diffusion effects of particles in
the heterogeneous environment [25].
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1.3 Main contribution

The contribution of this paper will be presented as the following
aspects:

(1) Comparing with the integer-order case [3, 21, 22], the results in
this paper can be viewed as a generalisation of the integer-order
case. Specifically, compared to the case of integer-order system
with constant diffusivity in [3, 22], the system in this paper was a
fractional-order type and also subject to non-constant diffusivity so
that the designed observer contained the diffusivity term and the
stabilisation results of the observer error and closed-loop systems
referred to the fractional Lyapunov stability (Mittag—Leffler
stability) theory rather than the Lyapunov stability theory.
Compared to the non-constant diffusivity case of the integer-order
system in [21], our results are more difficult in some extent since
the fractional-order type of our system makes the stabilisation
problem complex and different from the integer-order one. Note
that the case of an integer-order system with non-constant
diffusivity in [21] only discussed the boundary stabilisation
problem but here we investigate the observer design and observer-
based output feedback control problems. They need to use the
boundary state-feedback results, which has been put into the
Appendix for reference.

(2) The boundary feedback control has recently been addressed in
[16, 17] for the FRD system with constant diffusivity. In this paper,
we do not focus on the constant diffusivity case. An important
extension of the backstepping approach is the design of an observer
and a stabilising output feedback controller for the FRD system
with non-constant diffusivity, which makes the observer error and
the closed-loop systems Mittag—Leffler stable. Here the output
feedback control problem is solved for an FRD system with non-
constant diffusivity, where the integration of the boundary
feedback controller and the observer is based on separation
principle, and only boundary measurement and actuation available.
(3) Compared to the output-feedback problems of fractional-order
systems with constant diffusivity in [18, 19], the one discussed
here give more freedom to choose the parameter value since the
diffusion coefficient is spatially-varying (non-constant). In [19],
the observer design is based on the fact measurement is available in
the whole domain while this present problem needs only the
boundary observation of the FRD system with non-constant
diffusivity. Furthermore, the observer-based output feedback
problem was considered for the constant-diffusivity FRD system in
[18], which may be simpler than our present problem where the
non-constraint diffusivity affects the FRD system and the
stabilisation results need to be guaranteed by certain constraint
conditions. From a theory point of view, this paper provides some
insight into the observer-based output-feedback control for
fractional-order systems with non-constant diffusivity.

1.4 Structure

The next section illustrates the output feedback problem for the
FRD system with non-constant diffusivity. After it, Section 3
presents the observer design for this system. This result is
combined with the boundary feedback controller (see the
Appendix) to generate an output feedback controller in Section 4.
Then, sufficient conditions for the Mittag—Leffler stability of the
observer error and the closed-loop systems have been presented.
The numerical simulation results are provided in Section 5 to
demonstrate the validness of our proposed method. Finally,
conclusions are contained in Section 6. To alleviate the
presentation, the boundary stabilisation results are attached in the
Appendix.

2 Problem settlement
In this paper, the dynamics equation and initial condition of the
FRD system with non-constant diffusivity are described by
§DFu(x, 1) = 9()ue(x, 1) + a(x)ulx, 1),
u(x,0) = u(x), x € [0, 1]

xe0,1), t>0, 0
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with the mixed boundary conditions

u,(0,1) — pu(0,H)=0, t>0, 2
u(l,n)=U@), t>0, 3)

or ull,0)=U@), >0, ()

or u(l,t)+qu(l,t)=U@), t>0, %)

where

O<ax<l

1 1 du(x, 1)
CDH%, — s
EDiu(x,t) = = /)' L = dz,

denotes the Caputo time fractional-order derivative of a order [26],
d(x) >0 for x €[0,1] represents the non-constant diffusivity,
a(-) € C'[0, 1], uy(x) is the non-zero initial value, p > 0, g > 0,
and U(¢) represents an input. In addition, this problem (i.e. FRD
process with spatially-varying diffusivity) has another structure,

which can be represented as §Dju(x,t) = (0/9x)(9(x)u,(x,
1)) + a(x)u(x, t). This system's dynamical equation is different from
(1) and also got much attention [14]. It can be converted into
EDIY(x, 1) = 9y, )+ (alx) + (°(0)/(48(x)) = (9"(x))/2))
y(x, £) with a change of variables u = y/4/8(x).

For the above system (1), the boundary conditions (2), (3) or
(2), (4) can be taken as mixed boundary conditions, and (2), (5) are
Robin boundary conditions. Here, we main focus on Robin
boundary condition at x = 0 and Dirichlet actuation at x = 1 (i.e.
(2), (3)), the cases of other boundary conditions are analogous and
without much technical differences. For the FRD system (1), (2)
without control, i.e. u(1,¢) = 0, we can know that it is unstable if
a(-) is large enough based on the stability results of fractional-
order systems in [19, 27]. Specifically, the stability of FRD system
is guaranteed by the fact that the roots of some polynomial lie
outside the closed-angular sector

an
>

I’O(u(x, 1)
o + a(x)))| < >

|arg(spec(

which has been proposed in [19, 27]. Although the eigenvalues of
the operator

I(O(x)u(x, 1))
ox’

are negative (see, e.g. [28, Section 3]), the stability of the open-
loop system (1)—(3) (with U(¢) = 0) can also be lost if the value of
a(x) takes large enough. Thus, we need to design corresponding
control to stabilise this system.

In this paper, we want to utilise an output feedback controller to
make this system stable. First, design a Mittag—Leffler convergence
observer for this system. Then, combine the proposed observer and
the backstepping-based controller to design an output feedback
controller to stabilise this controlled FRD system, which recurs to
the backstepping-based boundary stabilisation results (see the
Appendix for more details). The observer gains are determined by
the type of actuation (i.e. Dirichlet actuation or someone else), and
the setups of sensors and actuators, i.e. sensors and actuators are
allocated at the same end or at the different end (collocated case or
anti-collocated case). Actually, the two cases are analogous in
technical aspects, including observer design and output feedback
controller design. Thus, we only choose the anti-collocated case for
discussion and give some relevant corollaries or remarks for the
collocated case.

Remark 1: In the above system (1)—(3) ((1), (2), (4) or (1), (2),
(5)), if a =1, this system will reduce to the integer-order case,
whose observer design and observer-based output feedback
problems have been investigated in [3].

IET Control Theory Appl., 2018, Vol. 12 Iss. 11, pp. 1561-1572
© The Institution of Engineering and Technology 2018



Definition 1 ([20, 29] Mittag—Leffler stability):

If Hu@)! < (Rlu@)EQ -yt = 1)), (6)

where f, is the initial value of time, f € (0,1), y >0, b >0,
h(0) =0, h(u) is non-negative and meets locally Lipschitz
condition on u € B € R" with the Lipschitz constant A,, and

*—_— < tl
Eyt) = Zom Vg>0,1€C

in [30], then the solution of the equation
Dlu(t) = f(t,w) 7

is said to be Mittag—Leftler stable. In (7), u(f) is the initial
condition, f € (0, 1), f is piecewise continuous in ¢ € [, o0) and
locally Lipschitz in u.

Definition 2 ([20] Equilibrium point): The constant u, is an
equilibrium point of the Caputo fractional dynamic system (7), if
and only if f(¢,u,) = 0, t € [ty, ).

Based on the above Definition 2, we know u(x,t) =0 is an
equilibrium point of (1).

3 Observer design

Here, assume that the Dirichlet actuation is exerted at x = 1 and
measurement is available at x = 0. Then the output is given by

y(@) = u(0,1). ®)

In this case, the corresponding state observer for the plant (1)—(3)
is designed as follows:

EDfu(x, 1) = 9(X)ihg(x, 1) + a(x)u(x, 1) + r1(x)
x (0, 1) — (0, 1), x € (0,1),¢> 0, )

i(x,0) = dy(x), x € [0,1],
10, 1) = pu(0, ) + rou(0, 1) — (0, 1)), t> 0, (10)
a0 =U@, t>0, (11)

where r,(x) and r,, represent observer gains to be designed, 11,(x) is
the initial value.

Remark 2: Similar to the argument in [3, Section 3], the additional
observer gain p(u(0, 1) — (0, £)) in (10) is also used to eliminate the
dependency on p in the error system. This makes (10) has the
expression different from the one of extended Luenberger observer
in [13, Section II].

The observer (9)—(11) for FRD systems mimics the fractional
differential system in [19], whose observer is designed as the form
of d%=Ai+Bu—LE-y), =Cx and used for the plant
d°x = Ax+ Bu, Y = Cx (d°x is the smooth derivative of a with
respect to x). It is pointed out that in this paper the measurement is
available at the end rather than the whole domain. Also, the way to
find observer gains in the FRD system is based on the stabilisation
solution problem in the Appendix.

With the observer error ii(x, f) = u(x, ) — i(x, t), the following
error system is obtained:

Dl u(x, 1) = 9(X) i (x, 1) + a(x)i(x, 1),
—r()u0,t) x € (0,1), >0,
u(x,0) = uy(x), xe€l[0,1], (12)
u0,1) = — reu(0,1), t>0,
u(l,nn =0, t>0,

IET Control Theory Appl., 2018, Vol. 12 Iss. 11, pp. 1561-1572
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where ii,(x) is the initial value. Here, note that u(x,f) =0 and
u(x,t) = 0 are the equilibrium points of (9) and (12) in terms of
Definition 2.

The observer gains r(x) and r, are chosen to stabilise the
system (12). To solve the Mittag—Leffler stabilisation problem of
the system (12), we want to find an integral transformation

u(x, 1) = wix, 1) + /xr(x, yw(y, t)dy (13)

to map the system (12) into below target system:

EDM(x, 1) = S(X)WlX, 1) — MW (x, 1),
x€©0,1), t>0,
W(x,0) = wo(x), x€[0,1] (14)
wl(0,)=0, >0,
w(l,)=0, >0,

where 1 > 0 can determine the observer convergence speed, which
is usually different from A of control design in Section 2. wy(x) is
the initial value and Wy(x) = iio(x) — [ r(x, )Wwe(y)dy. It is
noticeable that this target system is Mittag—Leffler stable under
certain conditions (see the proof of Theorem 1 for more details).

The following is contributed to find out gain kernel r(x,y) in
(13) through a series computation and substitution. Based on
integral transformation (13), we know that (0, r) = w(0, ). Then,
taking the space derivative of (13), we have

u(x, 1) = we(x, 1) + r(x, Ow(x, 1) + / xrx(x, ww(y,t)dy (15)
and

U (X, 1) = We(x, 1) + dixr(x, W(x, 1) + r(x, x)w(x, )

x (16)
+rx(x,x)vT/(x,t)+/ ro(x, YW(y, 1) dy.

Next solving this integral transformation's Caputo time
derivative with the a order, it is readily to obtain that

SDlu(x, 1) = §DIW(x, 1) + f r(x, Y)§D{W(y, 1) dy . 17)
0
Substituting the first equations of (12), (14), and (16) into above
equality (17), we get
0= (8(x)%r(x, x) + 3(0)r(x, x) + a(x) + 1+ I(x)

X 1y(x, x) + &' (X)r(x, x))w(x, 1) + f X)) (x, y) (18)

+a(x)r(x, y) = (SIF(, )y + Ar(x, )Wy, 1) dy
+( = n(x) — ry(x,0)8(0) — r(x,0)8'(0)w(0, 1) .

By integral transformation (13), we have u(l,7) =w(l,7)+
[)] r(1,yyw(y,t)dy. This together with u(1,7)=0, w(l,f)=0,
implies that r(1,y) = 0.

Furthermore, (18), together with r(1,y) = 0, and the notations
d%r(x, x) = r(x, x) + 1,(x,x) where r(x,x) = rdx, )y _, (X, %)
= ry(x, y)ly - x, yields the following kernel PDE of r(x, y):

BT (x, ) — (S, )y = — (alx) + 2) (%, y)
219(x)dixr(x, x) = — 9, x) —a(x) — 1 (19)

r(l,y)=0
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for (x,y) €®={0<y<x<1}. Aside, since ix,t)=w,x,
1)+ r(x, X)W(x, ) + [ r(x, Y)W(, 1) dy, we can get ii,(0,1) = w0,
1)+ r(0,00w(0,7). It, together with u,(0,7) = —r,u(0,f) and
u(0,t) =w(0,7), induces that w,(0,7) = — (rio+ r(0,0)w(0, 7).
Comparing this with w,(0,7) = 0 and considering (18) again, we
see that observer gains need to be chosen as

n(x) = —90)ry(x,0) - 9 (O)r(x,0), rp= —r(0,0). (20)

Remark 3: In the above FRD system, if a=1 and
d(x) > 0,x € [0, 1], then the corresponding observer gains of this
integer-order system with non-constant diffusivity are same as (20)
which can be derived from the results in [3, 21]. And when a = 1
and J(x) = constant = D, the corresponding observer gains of the
integer-order one with constant diffusivity are r(x) =
—Dry(x,0),ro= —r(0,0) since §(0)=D,d(0)=0. It matches
with the result in [21]. In addition, if O0<a<1 and
d(x) = constant (i.e. fractional systems with constant diffusivity),
the observer gains are same as the integer-order case with constant
diffusivity, which has been discussed in [18]. That said, the
observer gains are associated with the diffusion coefficient
(constant or non-constant).

For the above kernel PDE (20), if its solution could be found or
the kernel exists, then observer gains also could be obtained.
Therefore, we next prove that the solution of kernel PDE exists and
is unique. Similar to the method in [3], we first use a change of
variables like
x=1-y,

':(5@}_’)=”(x,y), }_’2 1 - X, (21)

) =9), I = Iy),

to make the kernel PDE (19) into

a(y) = a(x) (22)

(O®FE, )5z — SG)Fs5(E, ) = (aG) + 1) /%, 3)
2é(y)diyf(y', ) = — SGIG.H) +aG) +1 (23)
r(x,0)=0

for(, 7)) E¥={0<y<i<l).
Then, by another change of variables

A5 3) = 990 ),

. _ = T dr PR - (24)
= =4/3(0 = 5 =XY B
n =) = y9(0) [ \/% n=2xy y

the kernel PDE (23) becomes

=
1l
o

Foih3) — Pyl ) = ﬂgﬁ’of) )
47 (i, %) 1 (25)
— = —— A
x > \/@ (a(x) + )
7x,00=0

where
o 38® )N s, o=
(x,y) = E( 19_((;)) B %yy)) ) ) Z(19”()6) )]
+@G) +4).

Obviously, kernel PDE (25) can be taken as a specific form in
class (73) from the Appendix (with p — ((9(0))/(49(0))) = o).
Using Lemma 3, we can get the existence and uniqueness of the
soultion of kernel PDE (19), which will be presented in below
lemma.
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Lemma 1: Suppose that a(x) € C'[0, 1], the kernel PDE (19)
with r(x,y) given by (21), (24), (25) also has a unique solution
which is bounded and twice continuously differentiable in
0<y<x<l.

Next, we will show a crucial lemma for the following proof of
our main results.

Lemma 2 [31]: 1f u(f) € R is a continuous and differentiable
function. For any time 7 > #, > 0, one can readily show that

%gD}’uz(t) < u(t)ng‘u(t), O<a<l.

Using the invertibility of integral transformation (68) in the
Appendix, we can obtain that the integral transformation (13) is
also invertible. This, together with the boundedness of kernel
r(x,y), implies that there exist constants M;, M, to make the below
inequalities hold:

Ha(x, )1 < MiHw(x, )11,

Hw(x, )T < M1 a(x, 0)11, (26)

and

Haa(x, )1y < Mol 1w(x, )1 g1, 7
Hw(x, 0) gt < Mo ia(x, 0) 1 gt . @7)

Then, we will present the Mittag—Leffler stability analysis for the
observer error system (12) in below the main theorem.

Theorem 1 (Mittag—Leffler stability of the observer error system
for anti-collocated case): Assume that a(x) € C'[0,1], and the
Laplace transformation of Ww(x,f) exists, x € (0,1),r>0. Let
r(x,y) be the solution of kernel PDE (19).

(1) For any iiy(x) € L*(0, 1), the observer error system (12) with
ri(x) and r, provided in (19) and (20) is Mittag—Leffler stable at
i(x,t) =0 in the L*0,1) norm if the following constraint
conditions hold:

¥0) <0
Y 19141::)( 19min (28)
A= > + 1 >0,

where ;. and 9, denote the maximum value of the second-order
derivative and the minimum value of d(x), respectively.

(2) For any ii,(x) € H'(0,1), the observer error system (12) with
ri(x) and ry, provided in (19) and (20) is Mittag—Leffler stable at
fi(x, 1) = 0 in the H'(0, 1) norm.

Proof: Before beginning our proof, we first study the existence
and uniqueness of the solution of the system (12) and a brief
statement on its regularity properties. From the above analysis, we
know that the integral transformation (13) is invertible. So if the
solution of the target system (14) exist and is unique, the existence
and uniqueness of the solution of the system (12) can also be
obtained. Indeed, we can use separation of variables to prove the
existence and uniqueness of the target system. Consider the target
system (14), we solve the eigenvalues and the corresponding
eigenfunctions of the operator

2 D) ~
PICOL )
0x
Then, based on the conclusion in [28, 32], the solution of target
system (14) exists and is unique, which can be given by
Wx, 1) = Yo | (We X)Eq(t)Xi(x), where g; and X; (i=0,1,2,
...) represent the eigenvalues and the corresponding eigenfunctions
of the operator %. Here note that y; <0, i =0,1,2,... since the
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2 =
eigenvalues of the operator W are negative. As illustrated

in the above, the solution of the system (12) exists and is unique.
The regularity of the solution of the fractional differential
equations has been proved by the eigenfunction expansions in [32],
which is also applicable to the solution's regularity here.

Now we continue our proof. The proof exploits the Mittag—
Leffler stability of the target system (14) together with the
invertibility of integral transformation (13) (i.e. inequalities (26),
(27)). Specifically, for the L' Mittag—Leffler stability, we consider
the Lyapunov functional as follows:

Ve, w(x, 1) = 1/2 f W(x, 1) dx. (29)

Then, taking the Caputo time fractional derivative of V(¢, w(x, 1)),
we have CD{V (1,30(x, 1)) = 1/2 [} €D{W(x, 7) dx. This, by Lemma 2,
becomes

EDXV(t,0(x, 1)) < f W(x, HEDH(x, ) dx . (30)

Substituting the state equation of (14) into above inequality (30)
and using the constraint conditions (28), we can get

EDIV(t, W(x, 1) < —28V(1, w(x, 1)), 31)

where S = 1 + (nin/4) — (92/2) > 0.

Next is for the Mittag—Leffler stability statement. Based on the
definition of the Caputo time fractional derivative in [30], we
remark that w(x,t) is continuously differentiable on ¢ € [0, c0)
since w(x, t) satisfies the state equation of the target system (14).
Then we can conclude that V(z,w(x,?)) is also continuously
differentiable. By the argument for the fractional-order Lyapunov
direct method in [20, Proof of Theorem 5.1], we set a non-negative
function Y(¢) for (31), which satisfies

EDIV(t, w(x, D)) + Y (1) = =28V (t, W(x, 1)) . (32)

The assumption of the Laplace transformation's existence of
W( -, ) implies that the Laplace transforms of V(z, w(x, £)) and Y()
on ¢ also exist. Thus we can take the Laplace transformation of
(32), it is readily to get that

sV (0) = Y(s)

V(s) =
) s+ 28

> (33)

where  V(0) = V(0,w(x,0)) >0, V(s)=ZL{V({E, w(x1)} and
Y(s) = Z{Y(r)} represent the Laplace transform of V(¢, w(x, )) and
N(2), respectively. V(t,w(x, 1)) satisfying (29) is locally Lipschitz
on w(x, t). It obeys the fractional existence and uniqueness theorem
[26]. Solving the inverse Laplace transform of (33), we have
V(@) = V(O)EL( — 281%) — Y(2) * [1* 7 'Eg o — 25t%)], where >0,
the symbol s represents the convolution operator, E, ()

= ZZLOF(%M and E (1) = E, (). It is also the unique solution
of (32) and can be deduce that V(¢) < V(0)E,( — 25t*) due to the

fact 7' >0 and E, ( —24t%) > 0 (see [33]), a > 0,4 > 0. This
inequality, together with (29), induces that

Hw(x, )11 < 2QV(0)E,(— 251”))%, where V(0) > 0 for w(x,0) # 0
and 2V(0, w(x, 0)) = 0 if and only if w(x, 0) = 0. Since V(z, w(x, 1))
is locally Lipschitz on w(x,7) (V(0,w(x,0)) =0 if and only if
w(x,0) =0), we can conclude that 2V(0) =2V(0,w(x,0)) is
Lipschitz on w(x,0) and 2V(0,0) = 0. Therefore, by Definition 1,
the L’ Mittag—Leffler stability of the target system (14) can be
obtained. This, together with inequalities (26) and (27), can easily
yield our result (1).

The H' Mittag—Leffler stability of the system (12) can also be
proved by combining the fact the target system (14) is the H'
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Mittag—Leffler stable (consider the Lyapunov functional
G(t,w(x, 1) = [ll Wwi(x,f)dx) and the invertibility of integral
transformation (13). o

Remark 4: If a = 1, the Mittag—Leffler stability of system (12)
will turn into the exponential stability of the integer-order system.
The Mittag—Leffler stability of fractional systems is analogous to
the exponentially stability of integer-order systems and can infer
the asymptotical stability. Since the fractional derivative has
memory and hereditary effects, the fractional Lyapunov method
and classical Lyapunov method is slightly different for the
stabilities of fractional-order and integer-order systems. It is worth
to point out that Lemma 1 in [31] makes the fractional Lyapunov
method developed in [29] applicable for the stability of the
fractional system. In the above proof, by Lemma 2 (Lemma 1 in
[31], the Caputo time fractional derivative of V (¢, w(x, t)) turns into
(30) and the corresponding computation result becomes (31),
which are similar to the ones in integer-order case like
V(t,w(x,0) = [ wlx, Owx,H)dx and V(,%(x,1) < — RV, W(x,
1) (R > 0), respectively. The argument on the Mittag—Leffler
stability in the above proof is for the fractional-order system, which
replaces the discussion on the exponentially stability of the integer-
order system. All of them show the presentence of the fractional
derivative and the differences on the proof between fractional-order
and integer-order cases.

This result can be extended to the collocated case, i.e.
measurement is available at the same end (i.e. x = 1) as actuation,
which will be concluded in below corollary. For the collocated
case, the state observer of (1)—(3) is given by

€D u(x, t) = 9Nt (x, 1) + a(x)u(x, 1) + ri(x)
X (u(1,1) — i(1,0), x € (0,1), t> 0,
i(x, 0) = ue(x), x € [0, 1], (34)
10, 1) = pu(0,t), t > 0,
u(1,8) = U@®) + rio(u(1,1) — 11, (1,1), t > 0,

where r,(x) and ry, denote observer gains. Then the observer error
system can be obtained

EDI(x, 1) = ()i (x, 1) + a(x)i(x, 1)
—n(i(l,1, xe€(©,1), >0,
i(x,0) = iy(x), xe€][0,1], (35)
u,(0,1) = pu(0,1), t>0,
u(l,t) = —ru(l,r), t>0.

With the integral transformation

i(x, £) = wix, 1) + f r(x, y)w(y, t) dy, (36)

we can transform the system (35) into

EDM(x, 1) = S0, 1) — MW (x, 1),
x€(©0,1), t>0,
W(x,0) = wo(x), x€[0,1], (37)
wi(0,1) = p'w(0,1), >0,
w(l,)=0, >0,

Wo(x) = fig(x) — [r(x, y)Wy(y)dy. Based on
Definition 1, we can find that the target system (37) is the Mittag—
Leffler stable under certain conditions which is similar to the
counterpart of anti-collocated case (see the proof of Theorem 1 for
more details).

Similar to the arguments in anti-collocated, we can get

where p’ >0,

n(x) = —=9Dr(x, 1), re=0, (38)
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where r(x, y) satisfies the below PDE:
()16, ) = (O)IP(x, )y = — (a(x) + 4) r(x,y)
219(x)%r(x, x) = a(x) + - I (x)r(x, x)

r(0,y) = pr(0,y)
r(0,0)=p'—p

(39

for(x,y) e ={0<y<x<1}.
This equation also can be converted into the one in class of (73)
in the Appendix with a change of variables

Hx,5) = 8(x)~ "9 " *r(x, ),

. Yod

F= =00 [ NG (40)
dr

@

¥ = () = 90 / e

It follows that the existence and uniqueness of the solution of
kernel PDE (39) and the invertibility of the transformation (36) can
also be obtained.

Corollary 1 (Mittag—Leffler stability of the observer error
system for collocated case): Suppose that a(x) € C'[0,1], there
exists Laplace transformation of w’(x,7) for x € (0,1),7 > 0, and
r(x, y) be the solution of (39).

(i) For any initial value iig(x) € L*(0, 1), the observer error system
(35) with observer gains r,(x) and r,, described by (38) and (39) is
L’ Mittag—Leffler stable under the following constraint conditions:

p'8(0) — @ >0

5 '9H,CI£IX 19min
A - B + 4 > 0.

(i) For any initial value iio(x) € H'(0, 1), the observer error system
(35) with observer gains r(x) and r,, governed by (38) and (39) is
H' Mittag—Leffler stable.

(41)

4 Output feedback boundary control

Theorem 2 (Mittag—Leffler stability of the closed-loop system for
anti-collocated case): Let k(1,y) be derived from (72), (73),
observer gains r,(x), 1, be given by (19), (20) in the Appendix, and

X > 2> 0. Assume that the Laplace transformations of w’(x, 1) and
W(x, 1) exist for x € (0, 1),7 > 0, and a(x) € C'[0, 1].

(a) For any initial u, i, € L*(0, 1), the system (1)—(3) with the
Dirichlet boundary feedback controller

U = - f k(L y)iGy. 1) dy 42)

and the observer (9)—(11), (42) is L* Mittag—Leffler stable at
u(x, ) = 0, u(x, t) = 0 if the following constraint conditions hold:

9(0) <0
1
i — 3 >0 (43)

Snin — % + 41 =29, > 0.

(b) For any initial wu, i, € H'(0,1), the system (1)~(3) with the
Dirichlet boundary feedback controller (42) and the observer (9)—
(11), (42) is H' Mittag—Leffler stable at u(x, 1) = 0, ii(x, £) = 0.
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Proof:

(a) This proof is a generalisation of the FRD system with constant
diffusivity in [18, Theorem 4]. The transformations (13) and

w(x, 1) = a(x, 1) + /xk(x, yu(y, ) dy (44)

can convert the system including the observer (9)—(11), (42) and
the observer error system (12) into the integrated system of
(W(x, £), w(x, 1)) as follows:

EDW(x, 1) = )W o(x, 1) = Aw(x, 1)

+ {r(x) + / k(x, y)ri(y) dy}w(0, 1)

w(x, 0) = wy(x)

Wwy(0, 1) = pw(0, 1) + (p + rig)w(0, 1)
w(l,5) =0

EDM(x, 1) = I(X)WpalX, 1) — AW (x, 1)
w(x, 0) = wy(x)

W0, =0

Ww(l, 0 =0,

(45)

where p, p* > 0, wy(x) and W(x) are initial values that satisfy (44)
and (13), respectively. We first remark that the existence and
uniqueness of the solution of the closed-loop system (1)—(3),
controller (42) and observer (9)—(11), (42) hold since the integral
transformations of (13) and (44) are invertible and the existence
and uniqueness of the solutions of the system of w(x,f) and the
system of w(x, r) in (45) both hold, and the regularity of its solution
can also been proved (the proofs are similar to the ones in Theorem
1). It is noticeable that the integrated system of (W(x, £), w(x, f)) is
driven by w(0, 1), and the system of w(x, f) and the system of w(x, 1)
without the term of w(0, t) are L’ and H' Mittag—Leffler stabilities.
Consider the following Lyapunov functional:

V(t, W(x, 1), w(x, 1)) = % f Wi(x, 1) dx+% f Wx, f)dx, (46)

where Q is a positive constant that needs to be designed later.

Using Lemma 2 and the method of integration of parts for the
Caputo time fractional derivative of (46) of a order along with the
trajectory of (45), we can get

§DIV (2, (W(x, 1), W(x, 1))

-2 f EDRF (e, ) i+ 1 f DM (x, 1) dx
0 0
<0 / Wo(x, DDA (x, 1) dx + / Wx, NEDS(x, 1) dx
= Qf w(x, ()W (x, 1) — AW(x, 1)) dx + / w(x, 1)
0 0

X (B0 e, 1) = b, 1)+ {0 + f k) dy)

0
X 9(0, 1)) dx
= Q(— f 9 (WCx, D (x, 1) dox — f GO, 1) dx)

-0l / W (x, 1) dx — 900, H(PW(O, 1) + (p + F1o)
(47a)

IET Control Theory Appl., 2018, Vol. 12 Iss. 11, pp. 1561-1572
© The Institution of Engineering and Technology 2018



x w(0, 1)) — / 9 ()w(x, HOWw,(x, 1) dx — / S(X)Wi(x, 1) dx
0 0

2 [Wanacs [ieolnw+ [ieonoo)
0 0 0

X w(0,#)dx.
(47b)

Since w(1,1) = 0,w(1,1) = 0, by integration of parts, we can easily
get

/ S (x)w(x, Hw,(x, 1) dx

= _%(19'(0)#(0, H+ / 9" (X)W (x, 1) dX)
0 (48)

/ 9 ()W(x, Hw,(x, 1) dx

0
1 a2 ! a2
= - 5(8’(0)w 0,0+ [ 9w dx) .
0
Substituting (48) into (47), we have
EDV(t, (W(x, 1), W(x, 1))

< O(29OF 0.0+ 5 f (e, 1) dx — / o)
0 0
X Wi, 1) dx) -0l / W 1) dx — p* 900, 1)

—(p + r)dO)WO, HW(, 1) + %19/(0)%/2(0, 1+ %/‘ 9" (x)

0

X W(x, 1) dx — / YW, 1) dx — A / Wwi(x, ) dx
+/ w(x, t){rl(x)+/xk(x, Y1 (y) dy}w(0, 1) dx.
(49)

Based on the first constraint condition in (43), i.e. 9(0) < 0, we
can further get

EDIV(t, (W(x, 1), W(x, 1))
< Q(%f 19"(X)1/T)2(x, t)ydx — / Q(x)vDi(x’ ) dx) _ Qj:
0 0

X f W(x, £ dx — (p + r10)90)W(0, HW(0, 1) + %/ 9"(x)

0

(50a)
1 1
X W(x, 1) dx — / IWi(x, 1) dx — 4 / WA(x, ) dx
0 0
! X (50b)
+/ w(x, ) {ri(x) + / k(x, y)ri(y) dy}w(0, ) dx .
0 0
Aside by Lemma 2.1 in [4], it is easy to obtain
1 1
f Wix, 1) dx < 4 f Wi, 1) dx,
U j (s1)

1 1
/ W, dx < 4 / WAx, 1) dx,
0 0

since w(1,£) = 0 and w(1,¢) = 0. Similar to the arguments in [4, pp.
56-57], the following estimates holds by Poincaré and Young
inequalities
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=(p + )OO, )W (0, 7)

< % /0 lfvi(x, 1) dx + (p + 1)’ 9°(0) [ lvT/i(x, 1) dx, (52)
and
[ lv?/(x, N{rx) + [ xk(x, V() dyhi(0, 1) dx
< RW(0,1) [ lfv(x, 1) dx (53)

1 1
< 1 / Wi(x, ) dx + 4R / Wi(x, £) dx,
4/, o

where R = maxy.y.; {nkx) + /Oxk(x, yr(y)dy}.

With these estimates (51), (52), the equality (50) turns into
EDIV(t, (W(x, 1), W(x, 1)))
1 1
<Gon. [ wonav- 0. [ nnac- 07
0 0

1
X f Wz(x,t)dx+% f wix, ) dx + 9°0)(p + o)’
0 0
: ! 54
X f Wa(x, 1) dX+l19.;ax f W(x, £) dx — i 4
0 2 A
1 1
X f Wix, 1) dx — 2 f W(x, 1) dx
0 0
1 X
+ f w(x, D{r(x) + f k(x, y)ri(y) dy}w(0, £) dx
0 0

Then, this, together with the equality (53) further implies that
§DIV(t, (Wx, 1), W(x, 1))

1
< Qo [ w000 [ a0
0 0

1 1
X / W, 1) dx + % / Wax, £) dx + 9%(0)(p + r)’
0 0

1 1
X Wwilx, 1) dx + 19max W(x, 1) dx — i
0 2 0
1 1 1 1
X / wilx, fydx — A / Wwx, £ dx + = / Wwa(x, 1) dx
0 0 4 0

1
+4R° / Wix, 1) dx
0

= —(0i-%u..) / P06, 0) dx = (@8 = (p + o)

x 9%(0) — 4R?) / Wi(x, 1) dx — mm—%) f WA(x, £) dx(55b)

(/1 19,;M) [ WA, 1) dx.

Consider the second constraint condition in (43), the second
equality in (51) and the assumption 4 > 4 for the above estimate
(55), then we can get

(55a)
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EDFV(t, (W(x, 1), W(x, 1))
< - %(Q&mn —(p+ 10" 9(0) — 4R’ + 402 — 209;..)

1
" 1 1 ) (56)
x [ WA, 1) dx 4(19.,1,., 5 +47 219max)

1
x/ W, 1) dx.
0

Next, to make the right part of (56) to meet a multiple of the right
part of (46), Q is set to satisfy the following equality:

08 — (p + 110y (0) — 4R* + 404 — 2081,

1

= Q(sm — 54— 219;,;M), (57)

which implies that Q = 2(p + r,,)°8*(0) + 8R>.
This, together with (46) and (56), induces that

EDIV(t, (W(x, 1), W(x, 1)) < — %MV(Z, wix, 1), w(x, 1),  (58)

where M = 8,;, — % + 41— 28, > 0, which is based on the last
constraint condition in (43).

It is noticeable that w(-,f) and W(-,f) are continuously
differentiable on ¢ € [0, 00) since they both satisfy the state
equations of the integrated target system (45). Thus,
V(t,(w(x,1),w(x,1))) is also continuously differentiable on
t € [0, 00) and locally Lipschitz on (w(x,1),w(x,1)). By the same
deduction as the argument in Theorem 1, we can obtain L* Mittag—
Leffler stability of the integrated target system (45). Combining it
with invertibility of the integral transformation (13) and (44), it
follows that the system of (ii(x,?),i(x,t)) is L* Mittag—Leffler
stable at 7(x,7) = 0, ii(x,7) = 0, which induces L* Mittag—Leffler
stability of the closed-loop system of (u(x, 1), 1(x, 1)).
(b) It follows that the system of w(x,?) and the system of Ww(x,?)
without the term of w(0,7) are H' Mittag—Leffler stabilities by
considering Lyapunov functional G(t, w(x, 1)) = ﬁ)lszf((x, t)dx and
1.2

K(t,w(x, 1) = [ Wix, 1) dx + p'(0, 1), respectively. The
integrated system of (W(x, ), w(x,?)) is driven by w(0,7), and the
relationship between them is cascade. Thus, the integrated system
of (W(x, 1), w(x, 1)) is Mittag—Leffler stable in the H'(0,1) norm.
Furthermore, we can obtain the system of (ii(x, 1), i(x, £)) is the H'
Mittag—Leftler stable, which is related to the system of
(W(x, £), w(x, 1)) and the invertibility of integral transformation (13)
and (44). So we have proved H' Mittag—Leffler stability of the
system of (u(x, t), u(x, 1)). O

Remark 5: The constraint conditions (43) include the constraint
conditions (28) and the constraint conditions (74) (see the
Appendix) due to the fact that the conditions §'(0) <0 and

Oonin — % + 42 —29;,, > 01n (43) can lead to

. 9'(0) Giax | i
s L -
PO0) == >0, A-E4+ >0
and
y l91"1’\:1)( 8min
A= - + =X >0

(since 9(x) > 0,Vx € [0, 1] and 4 > 2).
Remark 6: If a = 1, the closed-loop system (1)—(3), controller (42)
and observer (9)—(11), (42) reduces the integer-order one, i.e. the

corresponding  Mittag—Leffler stability replaces by the
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corresponding exponentially stability. The difference in proof of
Theorem 2 between the fractional-order and the integer-order cases
is same as the one in Theorem 1, we refer to Remark 4 for more
details. For the stability of this closed-loop system, it can also solve
the solution of this system's equation without applying the
fractional Lyapunov method in [20] (see [34]. The method and
proof in this paper seems to be easier than solving its solution
directly with the help of the fractional Lyapunov method and
Lemma 1 in [31].

For better of understanding the output feedback control design for
an anti-collocated case, we are ready to give a specific example to
illustrate it here.

Example 1: Consider a(x) = a = const in the system (1)—(3). We
know that this open-loop system with U(f) = 0 is unstable if a is a
large enough positive value (see the arguments on stability of
fractional-order systems provided in [19, 27]). In this case, it needs
to design a controller to make this system Mittag—Leftler stable.
Here, we first design an observer, then combine it with the
Dirichlet boundary feedback controller (69) developed in the
Appendix to form an output feedback controller as follows:

U@ = — f k(1,y)i(y, H)dy, t> 0. (59)

The observer copied the
a(x) = a = const) is given by

system (1)-(3), (59) (with

€Dl i(x, 1) = () (x, 1) + au(x, 1) + r(x)@(0, £)
—u(0,1)), x€(0,1), t>0,
i(x,0) = u(x), x€[0,1], (60)
1,(0,) = pu(0, 1) + o0, t) — 1(0,1)), t>0,
u(l,t) = — / k(1, y)u(y,t)dy, t> 0.

Then we can obtain the observer error system (12) (a(x) = a).
Using the integral transformation (13) to map this system into the
corresponding target system (14). Based on the analysis on PDE of
kernel r(x,y) in Section 3, we can get the kernel PDEs (19) and
(25) (with a(x) =a). There are two solutions of
(39'2(;7)/169(;?)) - ((9”(77))/4) = const, 1 = x,y (see [21, Section 3]
for more details). Here, we take one solution
@) = 8(1 + py(1 — %)), y =%, 9, where 8 >0, p, and x, are
arbitrary constants. According to it and (22), we have

8 = (1 + p(1 =0 =x)), n=xy. (61)
As is illustrated above, we find that /i(i, y)=a+ 7. Thus, with the

help of the results in [4, Page 35], and the change of variables (21),
(22), (24), we can get r(x, y) as follows:

(Wb — )

r(x,y) = 909 ™" 9(”WW’ (62)

where

1+ pexg

b=(a+1)/30), i= i (atan(/py(1 — y — %)) + atan

Poxo),

and

1+ po

y = T (atan(y/py(1 — x — x,)) + atan(y/pyxy)) -

Moreover, we have
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1o s g3t (b = 37)
() = = 790909 (O)I Dbyt
R TIEEH )

#8090”0027

and
_ oAt A 1o n(y/po(1 = %))
200 n, o (64)
+atan(y/p%)),
where
L+ oo atan(ﬁ(l X)) + atan(@xo)).

=T

According to Theorem 1, the observer error system (12) (a(x) = a)
with the observer gains (63), (64) is Mittag—Leffler stable at
ii(x,t) = 0in the L*(0, 1) and H'(0, 1) norms.

Next, we want to solve the kernel (1, y), which is given by (71)-
(73) in the Appendix. Here assume that p* = p. Combining this
assumption with a(x) = a = const, then the kernel PDEs of k(x, y)
and k(%5 becomes (71) and (73) (with a(x)=a,
k(0,0) = 15(0, 0) = 0) in the Appendix. The results in [22, Section
VIIL.B] together with (72) and (61), induce that the control kernel
k(1,y) as follows:

172

1+ Poxg)
k(l,y) = —
= T p -y
LA = 57) pdp(mi
\//I(x - uz) \/}L +i72 (65)

- -‘:mo\/ﬁ
x[ e’ I( AX+ )X —y T))

o [\/m/i;c

X sinh A+ > dr]
where
. 1+ p(
X= %(atan(&(l — X)) + atan(y/pyxo)),
0
and

. 1+ p(1—x) .
§ = LEALZ I an (1 = x0) — atan(yp1 =y - %),
_a+i
— 90

Obviously, consider Theorem 2, it is easy to obtain the L* and H'
Mittag—Leffler stabilities of the system (1)—(3) (a(x) = a) with the
observer (60) and the controller (59).

Remark 7: The result of output feedback boundary stabilisation can
also be generalised to the collocated case with certain constraints
conditions for system parameters. Similar to the anti-collocated
case, the output feedback controller is also the combination of the
observer and the backstepping controller. We are ready to present a
brief example as below.

Example 2: Consider the plant (1)—(3) with a(x) = a. Suppose the
measurement and actuation are both available at x = 1. The
corresponding observer is the one (34) (with a(x) = a). Here
assume that p® = p. Based on the argument on the observer design
of the collocated case in Section 3, we can get the PDE of r(x, y) in
(36) and the observer gains ri(x) = — 9(Dr(x, 1), ry=0. This
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PDE is same as (39) (a instead of a(x), (0, 0) = 0). By the change
of variables (40), the PDE of r(x, y) becomes the one (73) (#(x, y)
instead of lg()“c, ¥), a(x,y) =a+ 4, 15(0, 0) = 0). Similar to Example
1, here 9(x) = 9y(1 + po(x — x0)°). According to [22, Section VIII-
B], we can get 7(x,y) and r(x, y) (see (40)). This, together with the
observer gains, implies that

S(1 + px — )| e
o =-4 NEOY
"= = T+ =30 v

I( /1()22_5}2)) pV‘g(O/lf —p-t/z

VIE =) i+ p

X L\AG+ )G~ - T))sinh(—v/l;pzr)dr]

where
- 1+ pyxi (J
i= T (atan(y/p(1 = x0) + atan(y/pxy))),
| ) -
y= T/pﬁ atan(\/a(x Xo) + atan(\/ﬁxo) A= %,
- _ 90
49(0)

Combining the observer (34) (with a(x) = a) and the controller
(69) in the Appendix, it infers the output controller

u(l,t) = U@ = — [;'k(1,y)i(y, 1) dy with

= Jf?l(?le(y %)(3 | PO I(x/\/ﬂ(fiy))
X sinh| @1) dz|,
where
=1 J\r/ﬁ]x“ (atan(y/po(1 — %)) + atan(y/pexo)),
1+ poid © a+i

y= T (atan(y/py(y — o)) + atan(y/pexo)), AZW'

5 Simulation study

In this part, we use a same prototypical case of the FRD system in
[17] for numerical simulation except the non-constant diffusivity.
By the Caputo derivative numerical algorithm in [35, 36] together
with the finite difference method and the approach of differential
evaluated by difference, we carry out simulation computations for
the anti-collocated case of this plant. The system parameters have
the values as a=0.7, a(x) =10, p*=p=1, 1=10, 1 =20,
uy(x) = 10x(1 — x), wo(x) = 7x(1 — x). The non-constant diffusivity
is chosen as 8(x) = (1 + (1 —x)*)%, i.e. & =1, p, = 1, x, = 0. These
parameters and the diffusivity are set to match with the constraint
conditions (28), (43), and the assumption 4 > A. According to these
given parameter values, we will present our numerical simulation
results.

In Fig. 1, we show the shape of spatially-varying diffusivity,
kernel gain (65) for control law, and observer gain (63) for the
closed-loop system. Note that here we removed the end value of
observer gain (i.e. r,(0)) and take r,(0) = O in our simulation due to
the fact that the denominator of r,(0) is zero. With this observer
gain, the observer error system can approach to L’ and H' Mittag—
Leffler stablities, as shown in Fig. 2. Based on the simulation

1569



B s
£
2
15
1
0 02 04 5 06 08 1
a
14 120
12 100
10 80
3 —
5 B
=8 =%
= [y
6 40
4 20
% 02 04 06 08 i % 02 04 06 08 1
b c

Fig. 1 Diffusivity 9(x) =1+ (1 - X)%)% control kernel k(1, y) and
observer gain r(x)
(a) Diffusivity, (b) Control kernel, (c) Observer gain
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Fig. 2 Simulation results of observer error system (12) with observer
gains (20)

(a) Evolution of state L% norm, (b) Evolution of state

results in Fig. 3, we can see that the closed-loop system (1) and (2)
with the observer (9)—(11), (42) and the controller (3), (42) is the
Mittag—Leffler stable at u(x, 7) = 0 in the L* and H' norms, i.e. state
norm and state both converge to zero. In addition, the control effort
is also presented here. In Fig. 4, we present the output in cases of
normal and with white noise (20 dB of signal-to-noise ratio). Fig. 5
illustrates that this closed-loop system with measurement noise still
robustly converges to zero, which implies the robustness of the
proposed observer on measure noise in some extent.

6 Conclusions

In this contribution, a combination of observer design and
backstepping feedback controller has been successfully employed
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Fig. 3 Simulation of open-loop and closed-loop responses of system (1),
)

(a) Comparison of state L* norms of open-loop (with u(1,7) = 0) and closed-loop
(under controller (3), (42)), (b) Control effort of stabilising controller (3), (42), (c¢)
State evolution of the closed-loop system with observer (9)—(11), (42) and controller
(3), (42)

to form the output feedback controller, which is used to stabilise
the FRD system with non-constant diffusivity. Then sufficient
conditions for the output feedback stabilisation problem has been
obtained based on the fractional Lyapunov stability (Mittag—Leffler
stability) theory and the backstepping method. To some extent,
these conditions are relatively conservative since the diffusivity of
the system is a general form of spatially-varying function rather
than a specific one. Namely, for a specific diffusivity, the estimates
can be improved or more relaxed.

Future research work could consider the extension of the
backstepping transformation method to the boundary stabilisation
problem of coupled FRD systems with different constant
diffusivity or different non-constant (spatially-varying) diffusivity,
whose dynamics is governed by fractional PDEs

oDIU(x, 1) = OU(x, 1) + PU(x, 1), (66)
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Fig. 4 Output y(0,1)

(a) Normal case, (b) With noise case

Fig. 5 Simulation results of closed-loop system with noise
(a) Evolution of state L’ norm, (b) Evolution of state

or
oDIU(x, 1) = @)U, (x, 1) + PU(x, 1), 67)

with the boundary conditions U.(0,7) =0 and U(l,t) = U.(t),
where the state vector U(x, ¢) and the input vector U.(1,1) are 1 X n
matrices, diffusion coefficients ®, ®(x) and reaction coefficient ¥
denote n X n matrices. Moreover, the backstepping-based output
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feedback boundary control problem for these coupled systems,
would be a challenging and interesting research topic.
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9 Appendix

9.1 Outline of backstepping boundary feedback control
design

By designing a backstepping-like boundary feedback controller, the
stabilisation problem of FRD system (1)—(3) has been solved with
the help of the below integral transformation:

w(x, ) = u(x,t) + /Xk(x, Yu(y, t)dy. (68)

Using this integral transformation, we convert the FRD system
(1) and (2) with the Dirichlet boundary feedback controller

u(l, 1) = —fk(l,y)u(y,t)dy (69)

into a target system

ED"W(x, 1) = I(X)Wy, — Aw(x, 1), x € (0, 1), > 0,
wo(x) = w(x,0),x € [0, 1],
wy(0,1) = p’w(0,1),t > 0
w(l,1) =0,t> 0,

(70)

where 1> 0, p* > 0, and wy(x) = ug(x) + [, k(x, y)uo(y) dy. Here the
above target system (70) can also be Mittag—Leffler stable if its
parameters meet certain conditions. Our objective is establish the
kernel k(x,y) of the integral transformation (68). Similar to the
arguments in [17, Section 3.1], we can show that kernel k(x,y)
satisfies the below PDE:

I0keex, y) = (WK, ¥))yy = (a(y) + Dk(x, y)

ky(x,0) = (p — 8(0)/9(0))k(x, 0)
219()6)% = — I(X)k(x,x) +alx)+ 1 1)
k(0,0) = p* = p
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for(x,y) ell=0<y<x<1
Based on the analysis in [21, Section 2], we also use a change
of variables

kG, 3) = 97" ()9 (Mk(x, y),
(72)

= w0,y =y, wi) = v90)

to convert above kernel PDE (71) into a canonical one as follows:

Falid) — Ksgt ) = S D5
XX ’)’) yy(x’ )’) 19(0) k( )
P 9(0)

ky(x,0) = k(x,0)

) ( 419(0)) (73)

aly” (X)) + 4

2y/9(0)

k(0,0) = 9"(0)(p* - p),

dr ..
ak(x,x) =

where

@ 8G), 1
S50 (& @) = 3G + (@) + 2)

Q5 5) = 7

and w~'(-) represents the inverse function of (- ). In this PDE,
the parameter a(x,y) depends only on y if 9(x) is equal to a
constant. To prove the existence and uniqueness of the solution of
kernel PDE (73), the proof given in [17, 37] can apply here by
using the bound of this parameter. Based on the above analysis, we
will give the below main results.

Lemma 3: Suppose that a(y) € C'[0, 1], the kernel PDE (71)
with k(x, y) given by (72), (73) also has a unique solution which is
bounded and twice continuously differentiable in 0 <y <x < 1.

Moreover, based on Lemma 2.4 in [37], the integral
transformation (68) is invertible. Thus, it is easy to prove the
controller (69) can stabilise the system (1) and (2).

Theorem 3: Assume that a(x) € C'[0,1] and the Laplace
transform of w’(x, £) exists for (x, £) € (0, 1) x [0, o).

(i) For any initial value u, € L*(0, 1), the system (1), (2) under the
controller (69) (Dirichlet boundary feedback controller) with the
gain kernel k(x, y) described by (72), (73) is Mittag—Leffler stable
at u(x,r) =0 in the L*0,1) norm if the following constraint
condition holds:

& (O)

p*9(0) — >0
74
/1_19r'r'1ax+l9min>0 (74)
2 4 ’

(i) For any initial value u, € H'(0, 1), the system (1), (2) under the
controller (69) with the gain kernel k(x, y) described by (72), (73)
is Mittag—Leffler stable at u(x, f) = 0 in the H'(0, 1) norm.

Proof: The proof is very similar to the one of Theorem 1, so we
omit it here. 0
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