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Summary

This paper presents a control design for the one-phase Stefan problem under
actuator delay via a backstepping method. The Stefan problem represents a
liquid-solid phase change phenomenon which describes the time evolution of a
material's temperature profile and the interface position. The actuator delay is
modeled by a first-order hyperbolic partial differential equation (PDE), result-
ing in a cascaded transport-diffusion PDE system defined on a time-varying
spatial domain described by an ordinary differential equation (ODE). Two non-
linear backstepping transformations are utilized for the control design. The

92093-0411.

Email: skoga@eng.ucsd.edu setpoint restriction is given to guarantee a physical constraint on the proposed

controller for the melting process. This constraint ensures the exponential con-
vergence of the moving interface to a setpoint and the exponential stability of
the temperature equilibrium profile and the delayed controller in the H; norm.
Furthermore, robustness analysis with respect to the delay mismatch between
the plant and the controller is studied, which provides analogous results to the
exact compensation by restricting the control gain.
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1 | INTRODUCTION

1.1 | Background

Liquid-solid phase transitions are physical phenomena which appear in various kinds of science and engineering pro-
cesses. Representative applications include sea-ice melting and freezing,! continuous casting of steel,? cancer treatment by
cryosurgeries,® additive manufacturing for materials of both polymer* and metal,’ crystal growth,’ lithium-ion batteries,’
and thermal energy storage systems.? Physically, these processes are described by a temperature profile along a liquid-solid
material, where the dynamics of the liquid-solid interface is influenced by the heat flux induced by melting or solidifica-
tion. A mathematical model of such a physical process is called the Stefan problem,’ which is formulated by a diffusion
partial differential equation (PDE) defined on a time-varying spatial domain. The domain's length dynamics is described
by an ordinary differential equation (ODE) dependent on the Neumann boundary value of the PDE state. Apart from the
thermodynamical model, the Stefan problem has been employed to model several chemical, electrical, and social dynam-
ics such as tumor growth process,'® domain walls in ferroelectric thin films,! spreading of invasive species in ecology,'?
and information diffusion on social networks.!?
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While the numerical analysis of the one-phase Stefan problem is broadly covered in the literature, their control-related
problems have been addressed relatively fewer. In addition to it, most of the proposed control approaches are based
on finite-dimensional approximations with the assumption of an explicitly given moving boundary dynamics.!#16
Diffusion-reaction processes with an explicitly known moving boundary dynamics are investigated in'> based on the
concept of inertial manifold!'” and the partitioning of the infinite dimensional dynamics into slow and fast finite dimen-
sional modes. Motion planning boundary control has been adopted in Reference 16 to ensure asymptotic stability of a
one-dimensional (1D) one-phase nonlinear Stefan problem assuming a prior known moving boundary and deriving the
manipulated input from the solutions of the inverse problem. However, the series representation introduced in Reference
16 leads to highly complex solutions that reduce controller design possibilities.

For control objectives, infinite-dimensional approaches have been used for stabilization of the temperature profile
and the moving interface of a 1D Stefan problem, such as enthalpy-based feedback? and geometric control.'® These works
designed control laws ensuring the asymptotical stability of the closed-loop system in the L, norm. However, the result
in Reference 18 is stated based on physical assumptions on the liquid temperature being greater than the melting point,
which needs to be guaranteed by showing strictly positive boundary input.

Recently, boundary feedback controllers for the Stefan problem have been designed via a “backstepping
transformation”®2° which has been used for many other classes of infinite-dimensional systems. For instance, Refer-
ence 21 designed a state feedback control law and a state observer for the one-phase Stefan problem by introducing a
nonlinear backstepping transformation for moving boundary PDE, which achieved the exponentially stabilization of the
closed-loop system in the H; norm without imposing any a priori assumption, with ensuring the robustness with respect
to the uncertainty in physical parameters. As further extensions, Reference 22 investigated an input-to-state stability of
the control of Stefan problem developed in Reference 21 with respect to an unknown heat loss at the interface, and Refer-
ence 23 developed a boundary control design for the two-phase Stefan problem which models the temperature dynamics
in both the liquid and solid phases.

In the presence of actuator delay, a delay compensation technique has been developed intensively for many classes of
systems using a backstepping transformation:?* see Reference 25 for linear ODE systems and Reference 26 for nonlinear
ODE systems. Using the Lyapunov method, Reference 27 presented the several analysis of the predictor-based feedback
control for ODEs such as robustness with respect to the delay mismatch and disturbance attenuation. To deal with systems
under unknown and arbitrary large actuator delay, a Lyapunov-based delay-adaptive control design was developed in
References 28 and 29 for both linear and nonlinear ODEs with certain systems, and Reference 30 extended the design for
trajectory tracking of uncertain linear ODEs. For control of unstable parabolic PDE under a long input delay, Reference 31
designed the stabilizing controller by introducing two backstepping transformations for the stabilization of the unstable
PDE and the compensation of the delay. By the similar technique, in Reference 32 the coupled diffusion PDE-ODE system
in the presence of the actuator delay is stabilized. Implementation issues on the predictor-based feedback are covered in
Reference 33 by studying the closed-loop analysis under the sampled-data control.

1.2 | Results and contributions

Our conference paper3* presented the delay compensated control for the one-phase Stefan problem under actuator delay
for the stabilization of the interface position and the temperature profile at a desired setpoint and the equillibrium
temperature. This paper extends the results in Reference 34 by:

« proving that the designed controller is equivalent to the prediction of the nominal control law for delay-free Stefan
problem over a time interval corresponding to the input delay, and

« addressing the robustness analysis of the closed-loop system with respect to the mismatch between the delay in the
plant and the one compensated by the designed control.

First, combining our previous result in Reference 21 with the result in Reference 31, two nonlinear backstepping
transformations for moving boundary PDE are employed. One is for the delay-free control design of Stefan problem based
on Reference 21, and the other is for the compensation of actuator delay formulated with Volterra- and Fredholm-type
transformations based on Reference 31. The associated boundary feedback controller remains positive under a setpoint
restriction due to the energy conservation, which guarantees a condition of the model to be valid. The closed-loop system
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with the proposed delay compensated controller achieves the exponential stabilization of the moving interface to the
desired setpoint while ensuring the exponential stability of the temperature profile and the controller to the equillibrium
set in the H;-norm sense. Furthermore, the robustness analysis is investigated by proving that the positivity of the con-
troller and the exponential stability of the closed-loop systems hold for a given delay mismatch under sufficiently small
control gain.

1.3 | Organization

This paper is organized as follows. The Stefan problem with actuator delay is presented in Section 2, and the control
objective and our main result are stated in Section 3. Section 4 introduces a backstepping transformation for moving
boundary problems which enables us to design the state feedback control law. The physical constraints of this problem
are stated in Section 5. The stability analysis of the closed-loop system is established in Section 6. The equivalence of the
designed control with a prediction of the nominal control law is shown in Section 7. Robustness analysis with respect to

the delay mismatch is studied in Section 8. Supportive numerical simulations are provided in Section 9. The paper ends
with the conclusion in Section 10.

1.4 | Notations

Throughout this paper, partial derivatives and several norms of spatially and temporally varying variables are denoted as

ou ou
Ut(x, t) - E(x’ t)’ ux(x’ t) - a(—x; t)’

’ b
||u('a t)||L2(ll,b) = /a u(x7 t)zdxv ||u(" [)”H](a,b) = \/HM(', t)”iz(a’b) + ||ux(.’t)||iz(a,b)’

and analogously, the derivatives and norms of temporally varying variables are denoted as

for= Lo WOl =y [ serar, 10l = VIFOIE g + IFOIL
=\ Ly(ab) = . ) Hy(a.b) = L,(a.b) Ly(a,b)’

2 | DESCRIPTION OF THE PHYSICAL PROCESS

Consider a physical model which describes the melting or solidification mechanism in a pure one-component material of
length L in one dimension. In order to mathematically describe the position at which phase transition from liquid to solid
occurs, we divide the domain [0, L] into two time-varying subdomains, namely, the interval [0, s(f)] which contains the
liquid phase, and the interval [s(¢), L] that contains the solid phase. A heat flux enters the material through the boundary
atx = 0 (the external boundary of the liquid phase) which affects the dynamics of the liquid-solid interface. The boundary
heat flux is manipulated as a controller, and here we impose an actuator delay which is caused by several reasons such as
computational time or communication delay. Specifically, the communication delay takes place during the time in which
the signals are transmitted from sensors to the controller and from the controller to the actuator, and the computational
delay is caused during the time when the controller completes the computation after receiving the signals from the sen-
sors. As a consequence, the heat equation alone does not provide a complete description of the phase transition and must
be coupled with the dynamics that describes the moving boundary. This configuration is shown in Figure 1.

Assuming that the temperature in the liquid phase is not lower than the melting temperature Ty, of the material, the
following coupled system can be derived.

« The diffusion equation of the temperature in the liquid-phase is described by

Ti(x,t) = aTy(x, 1), 0<x<s(t), a:=— (@8]
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FIGURE 1 Schematic of one-dimensional Stefan problem with 1 iqU id solid
actuator delay [Color figure can be viewed at wileyonlinelibrary.com]
— delay —>-
qc(t)
| | |
1 | Y
0 s(t) L
with the boundary conditions
T(s®),t) = Tm, (3)
and the initial values
S(O) = S0, T(x’ 0) = T()(x), Vx (S [Os SO]s qc(t) = qC,O(t)7 Vt S [_Ds 0)9 (4)

where T(x, ), q.(t), p, Cp, k, and D are the distributed temperature of the liquid phase, manipulated heat flux, liquid
density, the liquid heat capacity, the liquid heat conductivity, and the input time delay, respectively.

« The local energy balance at the position of the liquid-solid interface x = s(t) leads to the Stefan condition defined as
the following ODE

o .k
$(t) = =pTx(s(), 1), P = OAH (5)

where AH* denotes the latent heat of fusion. Equation (5) expresses the velocity of the liquid-solid moving interface.

For the sake of brevity, we refer the readers to,’ where the Stefan condition of a solidification process is derived.
Remark 1. As the moving interface s(t) depends on the temperature, the problem defined in (1)-(5) is nonlinear.

Remark 2. Due to the so-called isothermal interface condition that prescribes the melting temperature Ty, at the interface
through (3), this form of the Stefan problem is a reasonable model only if the following condition holds:

T(x,t) > Ty for Vxe[0,s(t)], Vt>O0. (6)

The model validity requires the liquid temperature to be greater than the melting temperature and such a condition
yields the following property on moving interface.

Lemma 1. Ifthe model validity condition (6) holds, then the moving interface is always increasing, that is,
5(t) >0, for Vt>0. (7

Applying Hopf's Lemma to the boundary condition (3) and the condition (6), the dynamics (5) yields Lemma 1 as
shown in Reference 9. By Remark 2, it is justified to impose the following assumption on the initial values.

Assumption 1. s, > 0 and there exists Lipschitz constant H > 0 such that

T < To(x) < Tn + H(so — %), Vx € (0,50). ®)
Then, the condition (6) is guaranteed by the following lemma.

Lemma 2. With Assumption 1, if q.(t) is a bounded piecewise continuous function with generating nonnegative heat, that is,

then there exists a unique classical solution for the Stefan problem (1)-(5) with satisfying the validity condition (6) for all
t>0.


http://wileyonlinelibrary.com

2308 Wl LEY KOGA ET AL.

The definition of the classical solution of the Stefan problem can be seen in the literature, for instance see appendix A
in Reference 21. The proof of Lemma 2 is provided by maximum principle as shown in Reference 9. Due to the requirement
on the heat input stated in Lemma 2, we impose the following assumption.

Assumption 2. The past input g ,(¢) for ¢ € [-D,0) is a bounded piecewise continuous function and maintains
nonnegative, that is,

geo(t) 20, Vte[-D,0). (10)

With Assumption 1 and 2, the model validity condition (6) remains if g () > 0 for V¢ > 0 by Lemma 2.

3 | CONTROL PROBLEM STATEMENT

The control objective is to drive the moving interface s(¢) to a desired setpoint s, by manipulating the heat flux q.(¢). As
derived in Reference 21, the steady-state solution of the temperature profile Teq(x) governed by the Stefan problems (1) to
(5) with setting the equilibrium interface position as the setpoint s; is uniquely given by the uniform melting temperature,
namely, Teq(x) = Ty for all x € [0, 5;]. Hence, the primary objective is driving s(¢) to sy, and consequently the convergence
of T(x, t) to Ty, for all x € [0, s(¢)] is required: we aim to achieve

s(t) = s, T(x,t) > Ty forall xe€[0,s(t)], as t— oo, (11)

for given (Ty(x), sp) which satisfies Assumption 1. Note that while we aim T(x, t) - Ty, the liquid phase is not solidified
as long as the condition (6) is satisfied. The condition g () > 0 for ¢ > 0 imposes the choice of the setpoint as described
below. The plant (1) to (5) obeys the following energy conservation law:

d (k [© k !
il <— / (T(x, ) — To)dx + =s(t) + / qc(e)d0> =qc(), Vt>0. (12)
dt a 0 ﬁ t—D

The left-hand side of (12) denotes the growth of internal energy of the plant and the stored energy by the delayed heat
controller, and its right-hand side denotes the external work provided by the injected heat flux. The control objective is
achieved if and only if the following limit on the total energy is satisfied:

t

s(t)
lim <E (T(x,t) — T)dx + Es(t) + /
aJo B

t—o0 —D

qc(e)do> - /—’jsr, (13)

which can be derived by substituting (11) and q.(t) — 0 into the left-hand side of (13). Taking integration of (12) from ¢t = 0
to t = oo with the help of g.(¢) > 0 for £ > 0 and (13), the following assumption on the setpoint is provided as a necessary
condition.

Assumption 3. The setpoint is chosen to satisfy

0 So
5> 50+ B < / 9e0® 4, 1 / (To(x) — Tm)dx> . (14)
-D k a Jo

Next, we state our main result.

Theorem 1. Under Assumptions 1 to 3 and if the initial data are such that (To(-) — Tm, So — Sr, @c0(-)) € H1(0,S0) X R X
H1(-D, 0), the closed-loop system consisting of the plant (1) to (5) and the control law

t k s(t) k
qc(t) = —c </ qe(0)do + = / (T(x,t) = Tm)dx + —(s(t) — Sr)> , (15)
t-D o Jo B

where ¢ > 0 is an arbitral control gain, maintains the model validity (6) and is exponentially stable in the sense of the norm

||T(, t) - Tml |§.{1(0’S([)) + (S(t) - Sr)2 + ||qC()| |§11(I—D,I)' (16)



KOGA ET AL. W ILEY 2309

The proof of Theorem 1 is established through Sections 4-6.

4 | BACKSTEPPING TRANSFORMATION
4.1 | Change of variables
Introduce reference error variables defined by
ux,t) :=T,t) — Tn, X(@) :=s(t)—s;. 17)
Next, we introduce a variable

t—x—-D
Vx, ) = QC(TX), Vx € [-D, 0]. (18)
Here, the variable x € [-D, 0] in (18) is not the spatial coordinate x € (0, s(t)) of the systems (1) to (5), but a newly
introduced variable for an alternative representation of the delayed input, as introduced in Reference 31. Hence, the
variable g.(t — x — D) in (18) still represents the boundary heat input (not an input acting on the space x € (0, s(t))), during
the time period from ¢ — D to t. Then, (18) gives the boundary values of current input v(—D, t) = q.(t)/k and delayed input

v(0,t) = q.(t — D)/k, and v(x, t) satisfies a transport PDE. Hence, the coupled (v, u, X)-system is described as

vi(x, t) = —ve(x, 1), —-D<x<0 (19)
v(=D, 1) = q(t) /k, (20)

(0, 1) = —v(0, 1), (21)

u(x, ) = aue(x, £), 0<x<s(t) (22)
u(s(t),t) = 0, (23)

X(0) = —Pux(s), ). 24

Now, the control objective is to design g, (f) to stabilize the coupled (v, u, X)-system at the origin.

4.2 | Direct transformation

We consider backstepping transformations for the coupled PDEs-ODE system as

s(t)
WX, 1) = uCx, £) — § / x — y)u(y, tydy — %(x — S(O)X (D), (25)

0 s(t)
20, ) =v(x, t) + ¢ / vy, Hdy + § / u(y, tdy + %X o). (26)
X 0

The transformation (25) is the same transformation as the one proposed in Reference 21 for delay-free Stefan problem.
The formulation of (26) is motivated by a design in fixed domain introduced in Reference 31. Noting that s(¢) appearing in
(25) and (26) can be rewritten by s(t) = X(¢) + sy, both are nonlinear transformations. Taking derivatives of (25) and (26)
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in x and t along with the solution of the system (19)-(24), we have
c [0 c
Wi(X, 1) = ux(x, ) — = / u(y, ydy — EX(t)’ (27)
@ X

Zx(x, t) = vx(xs t) - C'V(x, t)7 (28)

0 s(t)
20, ) = —ve(x, t) — ¢ / vy, Hdy + ¢ / Uy (¥, Ddy — cuy(s(t), t),
X 0

= —v,(x, ) + cv(x, b). (29)
By (28) and (29), we get z;(x, t) = —zx(x, t). In addition, by substituting x = 0 in (26) and (27), wx(0, ) = —z(0, £) holds.

On the other hand, because w transformation does not depend on v, w system is not changed from the delay-free target
system given in Reference 21. Thus, the target (z, w, X)-system is obtained by

Zi(x, ) = —zx(x, 1), —-D<x<0, (30)
z(-D,t) =0, (31)

w0, 1) = (0, £), (32)

WX, £) = awy(x, £) + %S(I)X(t), 0 < x < s(t). (33)
w(s(0), ) = 0, (34)

X(t) = —cX(t) — pwy(s(t), ). (35)

The control design is achieved through evaluating (26) at x = —D together with the boundary conditions (20) and (31),
which yields

0 1 s(t) 1
q.(t) = —ck </ vy, Hdy + = / u(y, tydy + —X(t)) . (36)
-D a Jo p

Finally, substituting the definitions (17) and (18) in (36), the control law (15) is obtained.
In a similar manner, the inverse transformations are obtained by

s(t)
ux, ) = wx, t) + g / w(x = ywy, Hdy + y(x — s()X(), (37)
0 B s(8)
v, t) = z2(x, 1) — / ux = y)z(y, HHdy — ;ﬂ(x) SO, dy — E(s() ()X (D), (38)
X 0
where
w(x) = @ sin ( Ex> , (39)
p a

ulx) =ce”, ¢(x)= 1 cos <\/Ex> . (40)
p a
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5 | PHYSICAL CONSTRAINTS

Noting that (7) should hold since g.() > 0 is required by Remark 2 and Lemma 2 to satisfy (6), the overshoot beyond the
setpoint s; is prohibited to achieve the control objective s(t) — s;, that is, s(t) < s; is required to be satisfied for V¢ > 0. In
this section, we prove that the closed-loop system with the proposed control law (15) guarantees q.(¢) > 0 and s(¢) < s; for
Vt > 0, namely "physical constraints”.

Lemma 3. With Assumptions 2 and 3, the control law (14) for the system (1) to (5) generates a positive input signal,
that is,

qe(t) >0, Vt>O0. (41)

Proof. Taking the time derivative of (15) together with the solution of (1) to (5), we obtain

s(t)
qc(®) = —c <qc(t) —qc(t—D)+ k/ Tic(x, t)dx — kTx(s(b), t)> s
0

= —c(qe(t) — qc(t — D) — kTx(0, 1)),
= —cqc(b). (42)

The differential Equation (42) yields
qc(t) = QC(O)e_Ct~ (43)

Additionally, substituting ¢ = 0 into the control law (15) leads to

0 S
k [ k
qc(0) = —c </ qc(0)do + — / (To(x) = Trm)dx + —(so — Sr)> , (44)
-D a Jo p
Hence, Assumption 3 leads to
qc(0) > 0. (45)

Applying (45) to (43), the positivity of the controller (41) is satisfied. (]
Lemma 4. The following property of liquid temperature profile holds:

T(x,t) > T, forall xe[0,s(t)]. (46)

Proof. Applying Lemma 3 with Assumption 2 to Lemma 2, (46) is shown directly. (]

Lemma 5. The following properties of the moving interface hold:

§(t) >0, V>0, (47)

So < s(t) <s, Vt>O0. (48)

Proof. Applying Lemma 4 to Lemma 1, (47) is derived. Then, the condition (47) leads to sy < s(t). By the control law (15),
the following relation holds under the closed-loop system:

t s(t)
qc(0)do — - (T(x, 1) = Tr)dx, (49)
0

k

=L -
ﬂ(S(t)—Sr)— ch(t) /

t—D

Finally, applying (41) and (46) to the equation above, the inequality s(¢) < s; is derived, which leads to (48). L]



2312 Wl LEY KOGA ET AL.

6 | STABILITY ANALYSIS
In this section, we derive the conclusion of Theorem 1 by applying Lyapunov analysis and showing the norm equivalence
with the help of (47) and (48).
6.1 | Change of variable
Introduce a change of variable
o(x,t) = w(x, t) + (x — s(1)) 2(0, t). (50)

Using (50), the target (z, w, X)-system (30)-(35) is described by (z, @, X)-system as

z(-D,t) =0, (51)

zi(x, t) = —zx(x, 1), —-D<x<0 (52)

@x(0,1) = 0, (53)

01X, 1) = @ (X, 1) — (X = 5(£)) 22(0, £) + 5(t) (%X(t) - 2(0, t)) . 0<x<s(t), (54)
w(s(t), t) = 0, (55)

X(0) = —eX(1) — flax(s(®), 1) = 2(0,1)). (56)

6.2 | Stability analysis of (z,0,X)-system

Firstly, we prove the exponential stability of the (z, w, X)-system. Let V; be the functional defined by

0
V= / e ™z (x, 1)7dXx, (57)
-D

where m > 0 is a positive parameter. (57) satisfies

||Zx('7 t)| |iz(—D,0) < Vl < eMDl |Zx('a t)l |i2(—D,0)' (58)

Note that (51) yields z,(—D, t) = 0 through taking the time derivative and applying PDE (52). With the help of it, taking
the time derivative of (57) together with (51)-(52) leads to

0

V=2 / €™ 2 (x, D2 (x, dx
-D

0 d
— _ —mx 2
= /_D e <—zx(x, t) ) dx

0
_ d
= —e "% D20, + / <—e‘"”‘> Ze(x, 1)%dx
=-D _p \ dx

0
=—-2(0,0>-m / e "™z (x, £)*dx. (59)
-D
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Let V, be the functional defined by

1 1 /1
Va=3 <s_2||a>(-, OIIE 05y F 1o t)||iz(o,s<z)>> - 5/ e 0o D) ) d (©0
T 0 T

Equation (60) satisfies max{s2, 1}||w(-, t)| |H 050y < 2V2 < max(1 /s2,1}|| (-, )] |i[1 (0.0 Note that taking the total time

derivative of (55) yields w(s(¢), t) = —S(t)a)x(s(t) t). Taking the time derivative of (60) together with (53) to (55), we obtain

0! !
Va=— <— (5(8), 1)* + wx(s(D), t)2> / <—2co(x, Deo(x, 1) + x(x, Do (x, t)) dx
0 St

s(t)
= ?a)x( s(b), )% + 12 / (X, t) <aa)xx(x, 1) — (x — (1)) 2 (0, £) + 5(¢) <%X(t) — z(0, t)>> dx
St Jo

T

s(t)
+ 0y (S(1), D (s(t), ) — wx(0, t)w(0, 1) — / W (X, g (x, t)dx
0

s(t) s(t)
= —%wa(-, t)lli 05ty " lzzx(O, t)/ (x = 5(1)) w(x, Hdx + @ (EX(t) - z(0, t)) / (x, t)dx
s? 2 s? 0 sz \ B 0
— a||ox(-, D] |L Josay T Zx(0, Hw(0, t) — wa(s(t) 0 = 3(1) <%X(f) —-z(0, t)) wx(8(8), ). (61)

Applying Young's and Cauchy-Schwarz inequalities to the second terms on the first and second line of the (61) with
the help of (48) yields

s(t) s(t) 2
|2x(0, £) / (x = s(t) w(x, Hydx| < %ZX(O, 0+ ZL ( / (x = s(1)) w(x, t)dx> ,
0 0

71

n 1 s(t) 5 s(t)
< 20,0+ — < / (x—s(0) dX> < / (X, t)de> ,
2 271 \Jo 0

3
n 2, 5 2
< EZX(O, t) + 6—]/1||a)(',t)||L2(O’S([)),

71 2 255 2
< EZX(Oa t) + 3_7/1 I |wx(‘, t)l |L2(0,S(t))’ (62)

120, D (0, )] < 220, )7 + —— (0, 1?,
2 2y,

IA

V2 2 25 2
EZ)C(O’ t) + Zl |wx(" t)l |L2(O,S(t))’ (63)

where we utilized Poincare’s inequality ||w(:,t)||? < 483 |wx(, D] |? and Agmon's inequality w(0,1)* <

L,(0,5(2)) L,(0,5(2))
45|y, D|? 1,050’ and y; > 0 and y, > 0 are positive parameters to be determined. Hence, applying (62) and (63) to (61)

with the choice of y; = % and y, = Sai} the following differential inequality is deduced

3
. 4 2 o 2 16Sr 2
V) < _5 | |Cl)xx(-, t)l |L2(0,s(t)) - 2_Sfl wa(~, t)l |L2(0,s(t)) + ¥Zx(0, t)
+5(0) 2C—2X(t)2 +2200, )% + == [|o(-, D2 (64)
ﬂz ’ 253 ’ Ly(0,s(0) | ~
r

Let V3 be the functional defined by

Vs = %X(t)z. (65)
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Taking the time derivative of (65) and applying Young's and Agmon's inequalities, we obtain

Vi = —cX(1)* — PX(0)(wx(s(t), ) — 2(0, 1))
4p%s,
C

4Dp?

C

¢ 2 2 2
< _EX(t) + I |wxx(’ t)l ILZ(O,S(t)) + | IZX('s t)l |L2(—D,O)' (66)

Let V be the functional defined by
V=qVi+V,+pVs, (67)

where g > 0 and p > 0 are positive parameters to be determined. Combining (59), (64), and (66), we get

. o 8pﬂ2Sr 2 o 2 16S§ 2
V< _5 (1 - T) ||wxx(, t)| |L2(0,s(t)) - El |wx('a t)”Lz(O,s(t)) —-\q- ? Zx(oa t)
r

4Dp? pc
-m <q —-D me > ||ZX(" t)”iz(—D,O) - ?X(t)z

2
+5() <2%X(t)2 +2z(0, )* + $| l(-, 1) |i<o,s<m> : (68)

T

Hence, by choosing the parameters as

16s>
p=—, q=maX{ r Da } (69)

~ 16p%s, 3¢ 2ms,

the inequality (68) leads to

’ a 2 a 2 4Dp 2 PCy 2
V< _Z |0+, D) |L2(0,s(t)) - % [|cox (-, D) |L2(0,S(l)) —m <q - PW) [z (-, D) |L2(—D,O) - ?X(t)
r

, c? 1
+ S(t) <2ﬁX(t)2 + 2Z(07 t)z + 2_S3| |CO(, t)l li(O,s(t))) B
r

m
<—1V2——q

—mD pc 2 . 4c 1
Vi——=—X®"+3(®){ =V53+8DV; + =V, |, 70
<3 5 ¢ 1 - X0 S()</}2 3 1t 2> (70)

T

from which we obtain the form of

V < —bV 4+ ast)V, (71)
where
2
b=min{me""D,i,c}, a=max{@,l,£}. (72)
2 8s2 q s pp?

The differential inequality (71) does not directly lead to the exponential decay of the norm. To deal with it, we consider
the following norm (of which the equivalence with V follows from Lemma 5)

W = Ve 0, (73)
Taking the time derivative of (73) with the help of (71), we have
W= (V-as(t)V)e*® < —bw. (74)

Hence, it leads to W(f) < W(0)e~". Substituting (73) and applying e*“(©—%) < ¢¥s—%) < ¢ derived from (48), the
exponential stability of (z, w, X)-system is shown as

V() < V(0)e®re™, (75)
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6.3 | Stability analysis of (z,w,X)-system

Taking the square of (50) and applying Young's and Cauchy-Schwarz inequality, we obtain

2 2 2
| |C()(, t)l |H1(0,S([)) < 2| |W(’ t)l |H1(0,S(t)) + Kl | |Zx('s t)l |L2(—D,O)’ (76)
| |W(, t)l |?—[1(0,s(t)) < 2| |w(7 t)l |?—[1(0!s(m + Kl | |zx(" t)l |12u2(—D,0)’ (77)
3
where K; = 8?‘ + 8Ds;. Consider the following norm
TI(E) = [ O gy + [WC. DI g0 + X (0P (78)
5 2 D 2 2 2
Then: recalhng | |Zx('7 t)l |L2(—D,O) S Vl S em ”Zx(a t)l |L2(—D,0) and K2 | |CU(, t)l |H1(0,S(t)) S 2V2 S K3 | |CO(, t)l |H1(0,S(l)) Where
K, = max{s?,1} and K3 = max{1/s?, 1}, applying (77) to (78) yields the following bound:
II< (1 + Kl)l |Zx('a t)l |1242(—D,0) + 2| |w(’ t)l |?.[1(0,S([)> + X(t)2’
<A+ K)V7 +4K,V, + 2V;. (79)

Moreover, recalling V = qV; + V, + pV; and applying the above inequalities, the following bound on V is derived:

K; p
V< qele IZX(" t)l |iz(—D,0) + 7' ICO(, t)l |§~l](0,s(t)) + EX(t)29
KK K p
< <q€mD + %) ||ZX('7 t)l |§,2(—D,O) + ?3| |W(7 t)l I?—ll(O,s(l)) + EX(t)Z (80)

Therefore, (79) and (80) leads to the following equivalence of the norm V and IT:

8V (1) <TI() < 8V (), (81)
where 6 = 1K = and 6 = max { LK +1),4K;, 2 } By (75) and (81), we have
- max{qe"‘“+%,K3,‘57 } q p
T(t) < gH(O)easre—“, (82)

which yields the exponential stability of (z, w, X)-system.

6.4 | Stability analysis of (v,u,X)-system
Taking the spatial derivative of the transformation (26) in x leads to
2, 1) = ve(x, ) — cv(x, 1). (83)
Taking the square on both sides of (83) and applying Young's inequality, the following bound is obtained:
122 DIE oy < 210G DIE oy + 23 VCDIE - (84)
By the inverse transformation (38) and Poincare's inequality, we have

| |V(‘, t)' |iz(—D,0) < Nl | |Zx(s t)l |iz(—D,0) + N2| |W(9 t)l |i2(0’5([)) + N3X(t)27 (85)
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where N; = 16D? <1 + ?(1 - e‘ZD)>, N, = %(1 —e?P), and N; = %(1 —e72D). Also, by rewriting (83) as v(x, ) =
Zx(x, £) + cv(x, 1), the following inequality is derived:

| |V(-, t)l |?.[1(_D!0) < 2| |Zx(', t)l |iz(—D,0) + (2C2 + 1)' |v('a t)l |%2(—D,0)' (86)
Combining (85) with (86), the following inequality holds
||v(" t)l |?‘[1(—D,0) S (2 + (2C2 + 1)N1)| |Zx('7 t)l |12‘2(—D,0) + (2C2 + 1)(N2| |W(7 t)l |12‘2(0,S(t)) + N3X(t)2) (87)
Moreover, as shown in Reference 21, there exist positive constants M; > 0 for i = 1, 2, 3,4 such that

| |W(7 t)l |§.[1(0,S([)) < Mll |u(-, [)l |§.{1(0’S(t)) + MzX(t)z, (88)

| |LI.(-, t)l |?—ll(0,s(t)) < M3 | |W(7 t)l |§‘[1(0,s(t)) + M4X(t)2 (89)

Then, adding (84) to (88) and (87) to (89), we have

2 2 2 2 2 2
||Zx(" t)l |L2(—D,0) + | |W(» t)l |H1(0,S(Z)) + X(t) < 2| |vx('a t)l |L2(—D,0) +2c | |V(', t)l |L2(—D,0)

+ MU, Ol13, o5 + Mz + DX, (90)

| |V(-, t)l |§{1(—D,0) + | |l/l(', t)l |§.{1(0,S([)) + X(t)z SLI | |Zx(" t)l |i2(—D,O) + L2| |W(7 t)l |§‘11(0,S(Z)) + L3X(t)27 (91)

where L;=2+Qc*+ 1Ny, Ly=Qc*+1)N,+M;, and L3=Q2c*+1)N3+M;+1. Define the following
norm

E(t) = 1vC. O3, Cpgy + UC DI, o500y + X O (92)
Then, (90) and (91) leads to
ME(t) < TI(t) < ME(D), (93)

where M = max {2,234, My, My +1},M = Finally, applying (93) to (82) we arrive at

1
max{L;.L,Ly}"
() < % gE(O)eaSre—’”. (94)

Noting the definition (18) (v(x, t) = q.(t — x — D)/k) and using integration by substitution, we get ||v(-, t)||

2
H,(—D,0)
[1gc()1 124, -p.r)- Applying this relation to (94) completes the proof of Theorem 1. 1

7 | RELATION BETWEEN THE DESIGNED CONTROL LAW AND A STATE
PREDICTION

As developed in some literature for ODE systems, the delay compensated control via the method of backstep-
ping is known to be equivalent to the predictor-based feedback where the control law is derived to stabilize the
future state called "predictor state,” see section 2 in Reference 24 for instance. Hence, one might have a question
whether our delay compensated control is also equivalent to the predictor-based feedback. This is not a trivial ques-
tion in the case of Stefan problem due to the complicated structure of ODE dynamics whose state is the domain
of the PDE.
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The nominal control design for delay-free Stefan problem developed in Reference 21 is given by

s(t)
40 = —c (5 / (T, 1) — T + X(s0) - s») : 95)
@ Jo p

where we defined the notation g, (t) to distinguish with the delay compensated control law (15). Thus, our interest lies
in proving q.(t) = q.(t + D) because g.(t + D) is the prediction of the nominal control. We start from the expression of
q.(t + D) which can be described as

s(t+D)
q.(t+D)=—c <§ / (T(x,t+ D) — Tyy)dx + g(s(t +D) — sr)> . (96)
0

Integrating ODE dynamics 3(t) = —fTx(s(t), t) given in (5) from ¢ to ¢ + D yields

t+D
s(t+ D) =s(t) - f / Ty(s(z), 7)d. (97)
t

Next, integrating PDE dynamics T; = aTy, given in (1) in time from ¢ to t+ D leads to T(x,t+ D) = T(x,t) +
o ]tHD Ty (x, 7)dr. Furthermore, integrating the both sides in space from 0 to s(t + D), we obtain

s(t+D) s(t+D) s(t+D)  pt+D
/ (T(x,t+ D) — Try)dx = / (T(x,t) — Tm)dx + a/ / Ti(x, T)d7dx,
0 0 0 t

s(t+D) t+D
= / (T(xa t) - Tm)dx + a/ (Tx(s(t + D)7 T) - Tx(oa T)dT7
0 t
s(t+D) t+D o [
= / (T(x,t) — Tp)dx + a/ Ty(s(t + D), 7)dz + % / q.(&)dE. (98)
0 t t—-D
Therefore, substituting (97) and (98) into (96), we get

K [ t+D t K
q.(t+D) = —c <; / (TCx,t) = Trm)dx + k/ (Tx(s(t + D), 7) — Tx(s(7), 7))d7 + / qe(§)dé + E(S(t) - Sr)> - (99)
0 t t-D

Consequently, it remains to consider the following term

t+D t+D s(t+D)
/ (Tx(s(t + D)7 T) - TX(S(T)7 T))dT = / / T.Xx(xa T)dxdT,
t t s(t)

1 s(t+D) sl (x)
= —/ / T.(x, 7)dzdx,
a Jsw t

1 s(t+D)

== / (TCe,s7' () = T(x, 1)) dx. (100)

& Js

where we switched the order of the integrations in time and space from the first line to the second line with defining
the inverse function s~!(x). The existence and uniqueness of s~1(x) is guaranteed due to the continuous and monotoni-
cally increasing property of s(t) provided g.(t) > 0. Thus, boundary condition T(s(¢), t) = Tp,, ¥t > 0 given in (3) implies
T(x,s71(x)) = Ty, from which (100) is given by

t+D 1 s(t+D)
/ (Tx(s(t + D), 7) — Tx(s(z), 7))dr = —= / (T(x,t) — Tyy) dx. (101)
t

a Js@

Substituting (101) into (99), we arrive at

s(t) t
4.t +D) = —c <§ / (T, 1) = To)dx + / qu(E)dE + %(s(t) - sr)> = 4:(0). (102)
0 t—D
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Therefore, we conclude that the delay compensated control (15) is indeed the prediction of the nominal control
law (95).

8 | ROBUSTNESS TO DELAY MISMATCH

The results established up to the last section are based on the control design with utilizing the exact value of the actuator
delay. However, in practice, there is an error between the exact time delays and the identified delays. Hence, guaranteeing
the performance of the controller under the small delay mismatch is important. In this section, D > 0 is denoted as the
identified time delay and AD is denoted as the delay mismatch (can be either positive or negative), which yields D + AD
as the exact time delay from the controller to the plant. Thus, the system we focus on is described by

Ti(x, ) = aTuw(x, 1), X € (0,5(0)), (103)
—kTy(0,£) = qu(t — (D + AD)), (104)
T(s(t),t) = Tp, (105)

$(t) = —pTx(s(0), 1), (106)

with the control law given in (15) which utilizes the identified delay D. Since the control law is not changed, the same
backstepping transformation in (25) and (26) can be applied, but the target (z, w, X)-system needs to be redescribed due
to the modification of (104). The theorem for the robustness to delay mismatch is provided under the restriction on the
control gain, as stated in the following.

Theorem 2. Under Assumptions 1 to 3, there exists a positive constant ¢ > 0 such that V¢ € (0,c) the closed-loop system
consisting of the plant (103) to (106) and the control law (15) maintains the model validity (6) and is exponentially stable in
the sense of the norm (16).

An important characteristic to note in Theorem 2 is that the existence of ¢ is ensured for any given AD as long as
D + AD > 0. An analogous description with respect to the small delay mismatch is given in the following corollary.

Corollary 1. Under Assumptions 1 to 3, for any given c > 0 there exists a positive constant € > 0 such that for all AD € R
satisfying |AD| < € the closed-loop system (103) to (106), (15) satisfies the same model validity and stability property as
Theorem 2.

Remark 3. An explicit estimate of £ can be represented by a monotonically decreasing function £(c) which satisfies

lim,—,+0£(c) = +o00 and lim,, y,£(c) = 40, at least, according to the Lyapunov proof in the sequel. Moreover, such proper-

ties of the monotonic functions yield the equivalence of the inequalities 0 < |AD| < €(c)and 0 < ¢ < ¢(|]AD]) := E_l(| ADY|)

where E_l(lADl) is the inverse function of €(c) such that E_l(E(c)) = ¢, and thus the estimate of ¢ is also a monotonically
decreasing function in |AD| which satisfies lim|ap|—+0¢(|AD|) = +o0 and limjap|—+¢(|AD|) = +0.

The proof of Theorem 2 is established through the remaining of this section.

8.1 | Reference error system

Introduce the same definition of the reference errors as in (17) and (18), namely, u(x, t) = T(x, t) — Ty, X(t) = s(t) — s;. For
the delayed input state, we modify to the following definition

v(x, t) = q.(t —x— (D + AD))/k. (107)
Then, the system (103)-(106) is rewritten as a reference error (i, v, X)-system as

v(x, t) = —ve(x,t), —(D+ AD) < x < max{0,—AD} (108)
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v(—(D + AD),t) = qc(t)/k, (109)
uy(0, 1) = —v(0, 1), (110)

u(x, ) = aup(x, 1), 0<x<s(t) (111)
u(s(n),t) = 0, (112)

X(t) = —Bux(s(t), 1). (113)

8.2 | Target system

We apply the same transformations as in (25)—(26). Since the boundary condition at the controller's position is replaced
by (109), evaluating (26) at x = —(D + AD) yields

0

_qe(®) c ¢ c
z2(—(D + AD),t) = — +c vy, Hdy + . u(y, tdy + EX(t). (114)
— 0

(D+AD)

Rewriting the control law (15) using the delayed input state (107), we obtain

—-AD s(t)
0 _ . < / v, Hdy + / u(y, dy + lX(zf)) . (115)
k ~(D+AD) @ Jo p
By (114) and (115), it holds
0
z2(—(D + AD),t) = c/ v(x, t)dx. (116)
—AD
Let f(t) be defined by
0
f = / v(x, Hdx. (117)
—AD

To describe the closed-form of the target system, the formulation of (117) needs to be rewritten with respect to the variables
(z,w, X). Applying the inverse transformation (38) to (117) and calculating the integrations, we deduce (see Appendix A1l
for the derivation)

0 s(t)
f=- / e OFADz(x, Hydx — (1 — e4P) <§ SO, Hdy + §(s()X (t)> . (118)
—AD 0
Then, we obtain the target (z, w, X)-system as
zi(x, t) = —z(x,t), —(D+ AD) < x < max{0,—AD}, (119)
2(=(D + AD), t) = cf(¢), (120)

wy (0, ) = —z(0, 1), (121)
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WX, £) = awy(x, £) + %S(t)X(t), 0<x<s(t) (122)
w(s(t),t) = 0, (123)
X(&) = =X (&) = fwx(s(0), 1). (124)
8.3 | Physical constraints

The conditions for the model validity (6) need to be satisfied by proving the positivity of the control law as
explained in Section 5. Taking the time derivative of the controller (15) along the solution of (103) to (106),
we obtain

ge(t) = —cqc(t) + ¢ (qe(t — D) — qc(t — (D + AD))). (125)
The solution to (125) is hard to solve explicitly, however, it is possible to investigate the positivity of q.(t) a priori since

the differential Equation (125) has the closed form in gq,. To ensure it, the following lemma is deuced.

Lemma 6. Foragiven AD € R, there exists c* > 0 such that Vc € (0, c*) the solution to the delay differential Equation (125)
satisfies the positivity, that is, q.(t) > 0 forall t > 0.

Owing to Lemma 6, with sufficiently small control gain c > 0, the properties §(¢) > 0 and sp < s(f) < s; are satis-
fied Vt > 0 as explained in Lemma 5, which are utilized for the stability analysis. The proof of Lemma 6 is given in
Appendix B1.

8.4 | Stability analysis

Introduce the same change of variable as (50), that is, w(x, t) = w(x, t) + (x — s(t)) 2(0, t). Then, the resulting target system
becomes

=D+ AD), 1) = cf (D), (126)

zi(x, t) = —z¢(x,t), —(D+ AD) < x < max{0,—AD}, (127)

@x(0,1) = 0, (128)

(X, 1) = awre(X, 1) = (x = 5(£)) 22(0, £) + 5(8) <%X(t) — z(0, t)> . 0<x<s(b) (129)
a(s(t), 1) =0, (130)

X(t) = —eX(1) — flax(s(t), ) +2(0, 1)). (131)

Inequalities of f(¢)? and f'(t)* are derived in Appendix C1, and they are utilized in stability analysis. The form of the
inequalities are slightly changed depending on AD > 0 or AD < 0, due to the domain —(D + AD) < x < max{0, —AD} for
z-subsystem. Thus, the (z, @, X)-system's stability needs to be analyzed by separating the cases of AD > 0 (underestimated
delay mismatch) and AD < 0 (over-estimated delay mismatch), as presented in Reference 27 to prove delay-robustness
for linear ODE systems.



KOGA ET AL. W] LEY 2321
8.4.1 | Underestimated delay mismatch: AD>0

Consider

0
Vi = / e ™ z(x, £)2dx. (132)

(D+AD)

Taking the time derivative of (132), we have
Vi = —z(0, )% + e™PHADC2f ()2 — mV,. (133)

Applying the bound given in Appendix C0.1 with the help of AD > 0 and ||z(-, )] |i apo) < [1z(-, B)] |i (—D+AD)0) 1O
(133) yields

Vl < _Z(O» t)z + em(D+AD)C,2 (2M1 | |Z(', t)l |i2(—(D+AD),O) + MZ' |60(, t)l |iz(0,s(t)) + M3Z(0, t)z + M4X(t)2) - mVls (134)

where
— sign(AD — — —
M, = gn(AD) (1 _ e—2cAD)’ M, = 8_52r(1 — APy R, = %(1 —e AP M, = iz(l _ eeADY2, (135)
2c a c p
Next, we consider
0
V, = / e "™z (x, £)*dx. (136)
—(D+AD)
Equation (136) satisfies ||zx(-, )| |iz Coramyey V2 < emD+AD) ||z (.. B)] |iz (_(b+aDy0)- T2king the time derivative of (136)
together with (126) and (127), we have
V2 — _Zx(oa t)2 + em(D+AD)CZfI(t)2 _ sz. (137)

Applying the bound given in Appendix C0.2 to (133) yields

VZ < _Zx(07 t)z - mVZ + em(D+AD)CZ <4|AD| | |zx(', t)| |iz(—(D+AD),O) + ZCZMI I |z('a t)l |]%2(—(D+AD),O)>

+ PP (& (Mo, DI + Ma2(0, 0 + MaX(02 ) ) (138)
Hence, we have
Vi+rV, <— <1 — 2™ (1 + "Cz)) 20,0 + e"PTAD M (1 + 1) ||oo(-, 1)) |i2(0,s(t))
— (m = 2e"PHAD VL (1 + r)Vy + e PHAD ML (1 + re?)X(£)?
— 1200, £)> — r(m — 4" PHAD 2 ADYV,. (139)

Since (w, X)-subsystem (128) to (131) is the same formulation as in the exact prediction case, using the same norm

Vi = %l |o(-, b)| |§_ll Ost) = % /()S([)(“’(fz’t)2 + w,(x, 1)?)dx and V, = %X (t)?, the time derivative of them yields the same norm

;
estimate as in the exact prediction case, which are

3
o< -2 Ik -x D12 2% 2
V3 S 2 ”a)xx( ’ t)l |L2(0,S([)) ZSE | |a)X( ’ t)l |L2(0,S([)) + 3a Zx(os t)

! c? 1
+ 5(b) <2ﬁX(t)2 +22(0,1)* + 2—S3||60(~, 3] Iiz(o,s(,))> ) (140)

T
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. C 2 4ﬂ2Sr 2 ﬂz 2
V4 < _EX(t) + T”wxx(’ t)' |L2(O,s(t)) + ?Z(O’ t) . (141)
Let V be the Lyapunov function defined by
V= Vl + VVZ + qV3 +pV4, (142)

where r > 0, q > 0, p > 0 are positive parameters to be determined. Applying (139) to (141) to the time derivative of (142)
with choosing

8
85y c 2%

=2 p=_—, r=_"t 143
q=—_" P r=o (143)

we get

V<= (5 - 8PP - e BPR( 4 16 ) 200,07 - 22,00, 17

— (m — ™PHAP)e (1 — 7280 (1 + r)Vy

2
—r(m—4e"PHAD2|AD|) V, — 4"? {1-16e™PAD(1 — 74Py (1 + rc?) } X (1)

2 2 2 1 88 up+aD) 2 —cADy2 2 2
- 2Sr| Ia)xx(, t)l |L2(0,s(t)) - S_r | |CUX('9 t)l ILZ(O,S(t)) - E - ?em c(l-e ¢ YA +rc) Ila)(s t)l |Lz(0’3(t))
r
#0506 { ZEX(02 + 8Dl IE o + E It 012 (144)
AT Ll DL, poy 5 N0 DHL sy

where we substitute the definition of M; for i = 1,2, 3,4 given in (135). Applying inequalities x > 1 — e~ for all x > 0 to
(144) with setting m = (D + AD)™1, one can derive that for all AD € (0, £(c)) where

min { 1, }
SrC
cv/32e(1 + rcz)’

1 min{l,ﬁ}
S|\ 2+ ——7—-D[t (145)

£(c) = min
© 2ec?

there exist positive constants b > 0 and a > 0 such that V < —bV + as(t)V holds. Since £(c) defined by (145) is a monotoni-
cally decreasing function in csatisfying lim._, .o£(c) = +o0 and lim,_, ; ,€(c) = +0, as addressed in Remark 3, the inequality
0 < AD < g(c)isequivalent to 0 < ¢ < ¢(AD) := E_I(AD). Using the same technique as deriving from (71) to (94) in exact

compensation case, we conclude Theorem 2 for underestimated delay mismatch.

8.4.2 | Over-estimated delay mismatch: AD<0

We consider the same definitions of V7, V>, V3, V, as those in the case AD > 0. However, in the case of AD < 0, the

bounds given in Appendix C1 yields f(£)* < 2M;||z(-, 1)| 2 0-apy T M,||w(-, t)| 2 s T M;z(0, )% + M,X(¢)* and f'(t)? <
2\ 2(Y,
4| AD|||zx (-, D) |iz(0’_AD) +2¢2M4||z(-, )| |i2(O,AD) + c? (M2| lw(-, t)| |22(O’S(t)) + Mz(0, 1> + M4X(t)2>. Hence, the bounds of

(134) and (138) are replaced by

Vl < _Z(O» t)z + em(D+AD)C2 (ZMI | |Z(" t)l |iz(0,—AD) + MZ' |Cl)(, t)l |i2(0,s(t)) + M?;Z(Os t)z + M4X(t)2) - mVla (146)

VZ < _Zx(o’ t)z - mVZ + eM(D+AD)C2 <4|AD| I |Zx(‘7 t)l |iz(0,—AD) + ZCZMI I |Z('7 t)l |i2(O,AD)>

+ DD <c2 (le |, DI} o0y + M32(0, 7 + 1\_44X(t)2) ) : (147)
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We additionally consider

—AD
Vs = / e ™ z(x, 1)*dx, (148)
0
—AD
Ve = / e ™z, (x, t)2dx. (149)
0
Then, we have e"2||z(, OII7  _up, < Vs < 112C5 DI _xp) a0d e3P 112e( DT ) S Ve < Hzx( DI (o _ap)- The

time derivatives of (148) and (149) are given by

Vs = —e™P7(—AD, 1)? + z(0, 1) — mVs, (150)

Ve = —™Pz (—=AD, t)? + z:(0, t)* — mV. (151)
Then, by redefining the Lyapunov function V as
V=Vi+rV,+qV; +pV4+%V5+£V6, (152)

with the same choices of the parameters as (143), the time derivative of (152) satisfies the following inequality

V- (% = 8emPHAD(] — ¢ SDR(1 4 1c%) ) 2(0, 177 - 22:(0.0?

2
—mVy —rmV, — 40? {1 - 16€"P+AP(1 — AP (1 4 rc?)} X(2)?

- <% —e"Pe(e?P —1) (1 + rc2)> Vs — <% - 4re’"Dcz|AD|) Ve

2 1 8s, _
— 2Sr| |a)xx(, t)l |i2(0,s(t)) - S_r”a)X(’ t)l Iiz(O,S(t)) - <E — a_zrem(D+AD)CZ(1 —e CAD)Z(l + cm)) Ila)(y t)l |i2(0’s(t))
r
s { 25 X072 + 8D| ] 12 2 o] 2 153
+ qS(t) F (t) + ||ZX||L2(—D,O) + Ellw”Lz(O,s(t)) . ( 5 )

Setting m = D! and noting AD < 0, one can derive that for all AD € (—&(c), 0) where

£(c) = min (154)

. a
mm{l’@} 1 ( 1 > 1
S +1).

- ln + 1 s ln —2 —2
c 8+v/e(1 + re2) 2¢ 8eDc(1 + rc?) 32erc

there exist positive constants b > 0 and a > 0 such that V < —bV + a$(t)V holds. Applying the same technique with the
derivation for underestimated delay mismatch below (145), we conclude Theorem 2 for over-estimated delay mismatch.

8.5 | Robustness to model mismatch from uncertain advection and reaction

Our main focus in Section 8 is on the delay-robustness, however, one might wonder the robustness to model's mis-
match caused by uncertain advection and reaction. Such a model is developed in* for thermodynamic model of screw
extrusion-based polymer three-dimensional printing, where the advection is caused by the rotating screw and the reac-
tion is given by Newton's law of the convective heat flux, and the delay-free control is designed through backstepping
method with a more complex gain kernel. Motivated by this physical process, we consider

Ti(x,t) = aTx(x, £) + AnTy(x, t) — AMT(x, t) — Ty), x € (0,5(2)), (155)
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—kTy(0,t) = q.(t — D), (156)
T(s(®),t) = T, (157)
8(t) = —pTx(s(t), 1), (158)

where Az and A1 are uncertain advection speed and the reaction coefficient, respectively. We study the robustness of the
proposed control (15) with respect to the uncertain parameters (Az, A1).

Theorem 3. Under Assumptions 1 and 3, and assuming that An > 0 and A > 0, there exists a positive constant R > 0 such
that if An* + AA? < R then the closed-loop system consisting of the plant (155) to (158) and the control law (15) maintains
the model validity (6) and is exponentially stable in the sense of the norm (16).

Proof. We provide the proof succinctly by showing (a) positivity of the control, (b) perturbed target system, and (c)
stability analysis. Note that both Lemmas 1 and 2 are still valid owing to the maximum principle, referring to section 7.2
in Reference 35. The time derivative of the control law yields

s(t)
ge(t) = —cqc(t) + An%{(T(O, )= Tm)+ Ai% (T(x,t) = Tm)dx, Vt=0. (159)

0

We prove g (t) > 0 for all £ > 0 by contradiction approach similarly to.* By Assumption 3, g.(0) > 0is ensured. Assume
that there exists a finite time ¢ > 0 such that g.(f) > 0 for all ¢ € [0, ) and q.(¢) = 0. Then, applying Lemma 2, it holds
T(x, t) > 0 for all x € [0, s(£)] and for all t € [0, ). Applying this to (159) leads to

qe(t) > —cqe(t), Vte[0,0). (160)

Thus, applying comparison principle to the differential inequality (160) yields g.(t) > qc(O)e‘cE > 0, which contradicts
with the assumption g.(f) = 0. Therefore, by contradiction, we can ensure that g.() > 0 for all £ > 0. Next, we apply the
same transformations (25) and (26) to the system (103) to (106) with uncertain advection and reaction, and also apply the
change of variable (50), which yields the following target system:

zZ(-D,t) =0, (161)
z06,t) = =20, ) +F, -D<x<0 (162)
@x(0,1) = 0, (163)

wi(X, 1) = awn (X, t) + Anwy(x, t) — Adw(x, £) — (x — 5(£)) 2¢(0, £) + 5(0) <%X(t) - z(0, t)) +G(x), 0<x<s@) (164)
w(s(t),t) =0, (165)

X(0) = —eX(1) — flax(s(t), 1) = 2(0,1)). (166)

where F and G are additional terms caused by the uncertain parameters (An, A4). Finally we consider the Lyapunov
function V defined by (67). Applying the same procedure from (57) to (68), and taking the bound of ||G||, one can obtain
the following inequality:

V< —g (1-(An* + A2D/R)V + a3V, (167)
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where R > 0 is a positive constant that is not dependent on the parameters (An, A1), which completes the proof of
Theorem 3. .

Under known parameters of the advection and reaction, the delay-compensated control is an interesting design
problem. This is possibly achievable by combining the proposed procedure in this paper with the design procedure in
Reference 4 which is involved with a more complex gain kernel in the backstepping transformation. We have not derived
it in this paper, and will consider in a future work.

9 | NUMERICAL SIMULATION

In this section, we provide the simulation results of the proposed delay compensated controller under the accurate value
on the delay and the delay mismatch.

9.1 | Exactcompensation

The performance of the proposed delay compensated controller is investigated by comparing to the performance of the
nominal controller (95). As in References 18 and 21, the simulation is performed considering a strip of zinc whose phys-
ical properties are given in Table 1 using the boundary immobilization method with a finite difference discretization
studied in.*® The time delay, the past heat input, and the initial values are set as D = 2 minutes, g (f) = 500 W/m for
vt € [-D,0), so = 0.1 m, and To(x) = T(1 — x/so) + Ty With T =50 K. The setpoint and the controller gain are chosen as
sy = 0.15 m and ¢ =0.01/s, which satisfies the setpoint restriction (14). This setup renders a challenging problem due to
a small initial reference error s, — so > 0, a large time delay D > 0, and a large past heat input q.(f) > 0 for t € [-D, 0],
since the model is an irreversible process in which an overshoot beyond the setpoint is prohibited to achieve the control
objective.

Figure 2 shows the simulation results of the closed-loop system of the plant (1) to (5) with the proposed delay compen-
sated control (15) (red) and the uncompensated control law (95) (blue). The closed-loop responses of the moving interface
s(t), the boundary heat control g.(f), and the boundary temperature T(0, ¢) are depicted in Figure 2A to C, respectively.
As stated in their captions, the proposed delay compensated controller ensures all the conditions proved in Lemma 3 to 5
with the convergence of the interface position to the setpoint, while the uncompensated control does not provide such a
behavior. Hence, the numerical result is consistent with the theoretical result, and the proposed controller achieves better
performances than the uncompensated controller under the actuator delay.

9.2 | Robustness to delay mismatch

To evaluate the delay robustness, the performance of the proposed controller is investigated under the delay mismatch.
First, the simulation is conducted with the underestimated delay mismatch where the time delay from the actuator to the
plant is 60 seconds while the compensating time delay in the controller is D = 30 seconds, that is, the delay mismatch is
AD = 30 seconds. The closed-loop responses are shown in Figure 3 with the choices of the control gain ¢ = 0.01/second
(red) and ¢ = 0.1/second (blue). Figure 3A illustrates the convergence of the interface position to the setpoint; however,
the monotonicity of the interface dynamics is violated with larger gain (red). From Figure 3B, C we can observe that
the positivity of the control input and the temperature condition for the liquid phase are satisfied only with the lower
gain (blue) for all time, while the simulation with the larger gain (red) violates these conditions too. Hence, with the

TABLE 1 Physical properties of zinc

Description Symbol Value

Density p 6570 kg/m?3

Latent heat of fusion AH* 111961 J/kg

Heat capacity Cy 389.5687 J/(kg - K)

Thermal conductivity k 116 Wm
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(C) T(0,1) converges to the melting temperature T, with maintaining
70,0 > T,

FIGURE 2 The closed-loop response of (1) to (5) with the delay compensated control law (15) (red) and the uncompensated control
law (95) (blue). The proposed delay compensated control is success with satisfying the required conditions (41), (46) to (48). The
uncompensated control fails through the violation of the required conditions: the heat input becomes negative after t = 4 minutes, and then
the boundary temperature gets below the melting temperature after ¢ = 7 minutes, which physically causes the solidification from x = 0 to

x = s(t) and hence violates the condition for the model maintaining the phase of “liquid-solid," and finally the monotonicity of the interface is
violated around ¢ = 8 minutes. A, Delay compensated control achieves the monotonic convergence of s(t) to the setpoint s, without
overshooting, that is, § > 0, sp < s(t) < s,; B, Delay compensated control keeps injecting positive heat, that is, g.(t) > 0; C, T(0, t) converges to
the melting temperature T, with maintaining T(0, t) > Ty, [Color figure can be viewed at wileyonlinelibrary.com]

underestimated delay mismatch, the robustness is well illustrated for sufficiently small gain ¢ > 0, which is consistent
with Theorem 2.

Next, we have studied the simulation with the over-estimated delay mismatch with the same value of the time delay
from the actuator to the plant 60 seconds but the compensating time delay in the controller is D = 90 seconds, that is,
the delay mismatch is AD = —30 seconds. The closed-loop responses are shown in Figure 4 with the same choices of the
control gain as in simulation of underestimated delay mismatch. While the magnitude of the delay mismatch is same
as the one conducted in the underestimated delay mismatch, we can observe from Figure 4B,C that the positivity of the
control input and the temperature condition for the model validity are satisfied for all time with both smaller control
gain (red) and larger control gain (blue). Although Theorem 2 guarantees these properties only for sufficiently small
control gain ¢ > 0, the numerical results illustrate that the restriction on the control gain to satisfy these properties is not
equivalent between the underestimated and over-estimated delay mismatch.

Indeed, as far as we have investigated the numerical results with the over-estimated delay mismatch using other
values of the control gain c and the delay perturbation AD, the positivity of the control input is satisfied for every cases
and the convergence of the interface position to the setpoint is depicted without overshooting. These observations from
the numerical simulation leads us to conjecture that the delay-compensated controller might exhibit greater sensitivity
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FIGURE 3 The closed-loop response under the "underestimated” delay mismatch with D = 30 seconds and AD = 30 seconds. The
simulations are conducted with the control gain ¢ = 0.01/second (red) and ¢ = 0.1/second (blue). The delay-robustness is observed only with
smaller gain in terms of the model validity, namely, under the large gain (blue), the required conditions (41), (46) to (48) are violated as
observed in the uncompensated control in Figure 2. A, Monotonicity of the interface dynamics is satisfied with smaller gain but is violated
with larger gain; B, Positivity of the heat input is satisfied with smaller gain, but is violated with larger gain; C, The boundary temperature
keeps above the melting temperature with smaller gain, while it reaches below the melting temperature with larger gain, which violates the
temperature condition for the liquid phase [Color figure can be viewed at wileyonlinelibrary.com]

to delay mismatch when it is underestimated rather than over-estimated in terms of the model validation. Hence, once
the user is faced with some range of the uncertainty in the actuator delay, it is better to choose small control gain ¢ > 0,
and additionally, it might be better to choose larger value of the compensating delay in the controller to be conservative.

10 | CONCLUSIONS

This paper presented a boundary control design for the one-phase Stefan problem under an actuator delay to achieve
exponential stability in the H;-norm using full state measurements. Combining our previous contribution?! with the
contribution in Reference 31, two nonlinear backstepping transformations for moving boundary problems are utilized
and the associated backstepping controller is proved to remain positive with a proper choice of the setpoint due to energy
conservation. Then, some physical constraints required for the validity of the model are verified and the proof of stability.
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FIGURE 4 The closed-loop response under the "overestimated” delay mismatch with D = 90 seconds and AD = —30 seconds. The
simulations are conducted with the control gain ¢ = 0.01/seconds (red) and ¢ = 0.1/seconds (blue). In this case, all the constraints for the
model validity are satisfied with both smaller gain and larger gain. A, The interface position converges to the setpoint without overshooting;
B, The heat input maintains positive; C, The boundary temperature is greater than melting temperature, which satisfies the temperature
condition for the liquid phase [Color figure can be viewed at wileyonlinelibrary.com]

The equivalence to the exact prediction of the nominal control law is shown, and the robustness to delay mismatch is
analyzed.

An analogous state estimation problem is not a trivial extension, especially when the sensor delay appears in the
measurement of the interface position. This problem is motivated by the estimation of sea ice melting,! where the
thickness of the sea ice can be measured by satellites which causes a time delay to acquire the data through some com-
munication. In such a case, the interface position at current time needs to be estimated, and the estimated interface
position should be incorporated in the domain of the estimated temperature profile, which leads to a completely dif-
ferent structure of the system from the plant for control problem we have studied. This extension is considered as a
future work.
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APPENDIX A.CALCULATION OF DOUBLE INTEGRALS
We show (118) from (117). Substituting the inverse transformation (38), (v(x,t) = z(x,t) — /xo u(x —y)z@, tHdy —

Lu0) J5 commwiy, dy = Es@)IC0X(0) into (117) yields

o

0 0 0 0 0 st
f= / v(x, t)dx = / Z(x, H)dx — / / ux = y)z(y, Hdydx — / p(x)dx <ﬂ COm@, tydy + ¢ (S(t))X(t)> .
—AD —AD —-AD Jx —-AD 0

(A1)
Since u(x) = ce*™ (see (40)), the followings are obtained:
0
/ u(x)dx =1 — e AP, (A2)
-AD
0 0 0 0 0 x=0 0
/ / u(x —y)z(y, Hdydx = / / ce““Vz(y, Hdydx = e~ / e Yz(y, HHdy + / Z(x, tdx
—AD Jx —AD Jx X X=—AD —AD
0 0
= —¢ AP / ez, Hdy + / Z(x, Hdx. (A3)
—AD -AD
Substituting (A2) and (A3) into (A1), we arrive at
0 0 B ()
f@) = / v(x, Hdx = / e O Az (x, Hydx — (1 — e74P) (— SO, Hdy + E(s()X (t)> , (A4)
—AD —AD @ Jo

which is same as (118). The time derivative of (A4) is given with the help of the target system, as

0 s(0)
Sfilx, t) = — / e APz (x, Hdx — (1 — e4P) (g @MW, Hdy + S(S)X (1) + (O (s(t)X (t)>

AD 0

=- <e‘c"‘+AD)z(x, D=0, p+e /

—-AD

0
e—c(x+AD)Z(x, t)dx)

s(t)

s(t)
—(1-e"P) <Z(0, - % / Wy, Hdy + $(HX(0) < Cdy +¢ '(S(l‘))> —cX(¢ (S(t))> . (A
0

<
aJo
Since {(x) = 1—13 cos <\/§x> (see (40)), we have

0 s(t)

e~ C+AD) 7y pydy 4 (1 — e~¢AD) <% COMmWW, Hdy — cX(t)¢ (S(t))>

0

fiGe, t) = —z(0,t) + z(—AD, t) — c/
—-AD

0 0 cp [0
= - / 20, Hdx — ¢ / e~ D) 7(x, H)dx + (1 — e~°AD) <; Cmw(y, Hdy — cX ()¢ (S(t))) . (A6)

AD -AD 0
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APPENDIX B. PROOF OF LEMMA 6

By rescaling the time ¢ by defining = ct, p(f) = q.(t), D = ¢D, A = cAD, and by dropping the bar on the variables to reduce
the notational burdens, the delay differential equation (125) is rewritten as

p(t) = —p(t) + p(t = D) —p(t = D — A), (B1)

Do =wo > 0. (B2)
Hence, to derive Lemma 6, it suffices to show that there exists A** > 0 such that the solution to (B1) with a positive

initial condition is positive. We deduce it by proving the following two lemmas.
Let us define Ty = min {D,D + A}, T, = max {D,D + A}, M,, = max[_t, 0|P(s)|, and Ml'J = MaXe[—T,,0|P()].

Lemma 7. There exists A* such that, if |A| < A*, it holds
Ip(H)] < Mpe™" ,t >0, (B3)
forsomey € (0,1).

Proof. The proof of this lemma follows from Halanay inequality. By Mean-Value theorem, there exists a(t) € [t — T2, ¢ —
T1] such that Ap(a(t)) = p(t — D) — p(t — D — A) holds, V¢ > 0. Hence, by the use of such a(t), (B1) is given by

p(®) = —p(t) + Ap(a(t)), t=0. (B4)
Moreover, applying triangle inequality to (B1), we get

[p(H)] £3 max p(t+s), t=>0. (B5)
se[~T,.0]

Applying (B5) to (B4) yields

p) < —p()+3|A| max p(t+s), t>0. (B6)
s€[-2T,.0]

Applying Halanay inequality to (B6) leads to (B3) with A* = % where y is a solution to
y+3|AleT2 =1 =0. (B7)

Since the left hand side of (B7) is a monotonically increasing function in y with having negative value at y = 0 and positive
value at y = 1, the solution to (B7) satisfies y € (0, 1), which completes the proof of Lemma 7. [
Hereafter we assume |A| < A* = %

Lemma 8. There exists A** > 0 such that, if |A| < A** and if yy is positive-valued, the solution of (B1) satisfies
p®) >0, t>0. (B8)

Proof. Assume that the positive lower and upper bounds of T; and T such that T < Ty < T, < T are known. This is

verified supposing that A is small enough.
(i) Prove (B8) fort € [0, T ]:
Applying the variation of constant formula to (B4), it holds

t
p) =e"p0)+A / e”Ip(a(s))ds, (B9)
0
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in which a(s) € [s — T,,s — T1]. Since a(s) € [-T,,0] for s € [0, t] and t € [0, T1], (B9) leads to

t
p®) = e”'p(0) — |AIM] / e ds = e7'p(0) — [AIM)(1 — e7). (B10)
0

Therefore, choosing k = M, — e > 0 in which e > 0 is small enough, and provided that

€

Al <A 1= ————, (B11)
MI’)(eT -1
(B10) leads to
_ ot
P > e'p(0) — e,
el —1
> (p(0) —e)e™,
> ke, tel0,Ty] (B12)

(ii) Prove (B8) for t € [T}, T»]: We evaluate Ap(a(t)) in (B4) by separating the cases a(f) < 0 and a(t) > 0 as follows

[A max |D(s)| if a(t) <0
. S€[-T,,
Ap(a(®)) < § 34 r[n%xo] Ip(t+9)] <3|AIM, if at)> 0 (B13)
se[-T,,

where we used Lemma 7 in the second line considering |p(t)| < Mpye™"* < M, for t > 0. Combining the two cases, it holds
that Ap(a(t)) < |A|M where M = max {maxe(_r, 0|P(s)], 3maxse(1, 01 |P(s)| }. Applying this inequality and the variation
of constant formula to (B4), as previously, one concludes that

t
p(t) = e "Tp(Ty) + / e" "I Ap(a(s))ds, (B14)
T
t
>elk—|AIM | e Vds =ek — |AIMQA — e~ T), (B15)
Tl

in which we used p(T;) > ke~ by (B12). Consequently, defining 7, = 1 + ¢, for some ¢, > 0, and provided that

k(1 — el
|A| < A, := min Al,# , (B16)
M(eT — el
one concludes from (B15) that
p(t) > ke™™" | te[0,T,l, (B17)

(iii) Prove (B8) for ¢ > T»:
Finally, we consider ¢t > T,. We define the sequence

to=T, (B18)
= T In (14070) | neN. (B19)
-Y
This sequence is increasing as (B19) leads to t,4; > fly In (e(l—”‘n) = t,,. If it were bounded, then the sequence t,, would

converge to a point t* such that

= : I (1 n e<1—y>t*) o I — 1 4 (B20)
-7
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from which we see that such t* does not exist. Therefore, the sequence (t,) is unbounded. Consequently, there exists

n € Nsuch that ¢, < t < t,,;. Moreover, we define the sequence

70 =1+ e,

Fnpr=1-— tlln (e — Cy)

n

where Cy € (0,1). By definition, one has 7,41 > 7, > 1 and the following relation

e(1_7n)tn — e(1_7n+1)tn + C0~

Using these sequences, we prove the following statement.
(#) Vn € N it holds p(t) > ke for t € [0, t,,].

(B21)

(B22)

(B23)

The statement (#) is shown for n = 0 through (i) and (ii). We use induction approach, namely, assume the statement
(#) is true for n, and we prove the statement for n + 1. It is clear that the statement holds for ¢ € [0, ¢,] by the assumption,
and therefore, we consider t € [t,, t,+1]. Then, using the variation of constant formula to (B4) and Lemma 7, it holds

t
p(t) = e "Wp(t,) + / e" I Ap(a(s))ds,

t,

n

t
> etel=nk — 3|A|M, / e eI s,
tYl

3|A|e7T2Mp(

> el Tlif
1-y

e 1t = e—t+(1—7)tn)_

Then, by the use of (B24), a condition for p(t) > ke 7", t € [0, tp41] is

3|AlerM,
1-y

=Tt _ (€07t — 11y > fp(~Tnn),

With the help of t € [¢;, t,+1], (B19), and (B23), a sufficient condition on A to satisfy (B25) for Vn € N is

k(A - y)Co
3er:M,

[A] £ A5 1=
Therefore, by construction, if

|A] <min {Ay, Ay, Az},
then for any ¢ > 0, there exists n € N such that ¢t € [t,,, t,4+1] and 7,41 > 1 such that

p(t) > ke ™t > 0,

which completes the proof of Lemma 8.

APPENDIX C. NORM ESTIMATE

C0.1 Bound of f(t)?
Applying Young's inequality, we have

2

0 2 s(f)
f’ <2 (( / e O ADz(x, t)dx> +2(1 — e8Py (fj—z < COm(y, t)dy> + S (s(D)*X (1)
—AD 0

(B24)

(B25)

(B26)

(B27)

(B28)

)> (e
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For both cases of AD > 0 and AD < 0, by applying Cauchy-Schwarz inequality, we deduce

0 2 max{0,AD} max{0,AD}
</ e—c(x+AD)z(x’ t)dx) < </ e—2€(x+AD)dx> </ Z(x, t)de>
—AD min{0,AD} min{0,AD}

_ max{0,AD}
=M, </ z(x, t)zdx> , (C2)

in{0.AD)
where M = % (1 - e24P). Also, applying Young's, Cauchy-Schwarz inequality,

2

s(t) s(8)
< EOMm(y, t)dy> < < CO(w(x, 1) — (x — s(1)) z(0, t))dy>
0 0

2

2

s(t)
< ( o, H)dx + @ <1 — cos <\/Es(t)>> z(0, t)) s
0 pe a

s(0) 2 2 2
2a 2 2S1’ 2 2a 2
Applying (C2) and (C3) into (C1), the following inequality is derived
. max{0,—AD} . . .
f@®? <2M, < / z(x, t)zdx> + MalloC DI g 40 + M32(0, ) + MuX(1)?, (C4)
min{0,-AD}
where
M= 2a e My=Sa_ecerp M= oo ey (C5)
o2 2 §2
C0.2 Bound of f' (t)?
Note that
0 0 cp ()
flit)y=- / Zx(x, H)dx — ¢ / e OADz(x, Hydx + (1 — e™4P) (— SO, Hdy — cX(1)§ (S(t))> . (Co)
—AD -AD @ Jo

Thus, applying Young's inequality,

0 2 0 2
(f'())?* <4 < ( / Ze(X, t)dx> +c? < / e COHAD) x. t)dx)
—AD —AD

2 s(t) 2
+(1 — e~cAD)22 (% < oW, t)dy) + C(s(t))zX(nZ))
0

max{0,—AD} _ max{0,—AD}
< 4|AD| < / Zlx, t)de> +2¢°M, < / z(x, t)de>
m m

in{0,—~AD} in{0,—~AD}

+c (le |G, OIIF g0 + Maz(0, 07 + Mmt)z) . (C7)



