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Abstract

This paper is devoted to the study of the robustness properties of the 1-D wave equation
for an elastic vibrating string under four different damping mechanisms that are usually
neglected in the study of the wave equation: (i) friction with the surrounding medium
of the string (or viscous damping), (ii) thermoelastic phenomena (or thermal damping),
(iii) internal friction of the string (or Kelvin-Voigt damping), and (iv) friction at the
free end of the string (the so-called passive damper). The passive damper is also the
simplest boundary feedback law that guarantees exponential stability for the string. We
study robustness with respect to distributed inputs and boundary disturbances in the
context of Input-to-State Stability (ISS). By constructing appropriate ISS Lyapunov
functionals, we prove the ISS property expressed in various spatial norms.

Keywords Wave equation - Feedback stabilization - Thermoelasticity models -
Input-to-state stability - ISS Lyapunov functional - PDEs

1 Introduction

The wave equation is the prototype Partial Differential Equation (PDE) for the descrip-
tion of vibrations in elastic solid and compressible fluid media. Among the numerous
physical phenomena that it models are lateral, longitudinal, and torsional oscillations
in strings and acoustic oscillations (in gases, liquids and solids; see for instance the

To Eduardo, with gratitude for his deep, elegant ISS and CLF results, in which he had encoded a general
vision that enabled their extensions to stochastic, delay, and PDE systems.

B Tasson Karafyllis
iasonkar @central.ntua.gr, iasonkaraf @ gmail.com

Miroslav Krstic
krstic@ucsd.edu
Department of Mathematics, National Technical University of Athens, 15780 Athens, Greece

Department of Mechanical and Aerospace Engineering, University of California, La Jolla, San Diego,
CA 92093-0411, USA

Published online: 15 April 2023 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00498-023-00353-6&domain=pdf

Mathematics of Control, Signals, and Systems

textbooks [15, 35]). The study of the dynamics of the wave equation with or without
boundary control has attracted the interest of many researchers (see for instance [3, 4,
6,8,9,13, 14,16, 17, 21, 23-26, 28-30, 32, 33, 36, 37]). However, the wave equation
is an “idealized” model. In practice there are various damping mechanisms that usu-
ally affect the time evolution of the phenomenon, which are neglected in most PDE
control designs. For a vibrating string, the following damping mechanisms are usually
neglected:

1. friction with the surrounding medium of the string (or viscous damping; see [14]),
2. thermoelastic phenomena (or thermal damping; see [11, 12]),
3. internal friction of the string (or Kelvin-Voigt damping; see [6, 21, 26, 37]).

There is also an additional damping mechanism that may be present when the string has
aloose end: a friction mechanism at the loosely attached or damped end. This particular
damping mechanism is the so-called “passive damper” and has also been proposed as a
boundary feedback controller for the string (see for instance [2, 9, 10, 23, 25, 28, 30]).
The passive damper is the simplest boundary feedback law that guarantees exponential
stability and it can also guarantee finite-time stability. However, the passive damper
has been criticized by many researchers in the literature as a feedback controller that
presents severe sensitivity to input delays (see [9, 10] as well as the relevant recent
discussion in [1] for the case of systems of first-order hyperbolic PDEs). On the other
hand, for a “real” string the passive damper is an additional damping mechanism that
is (almost) always present.

The present work is devoted to the study of the robustness properties of the 1-D
wave equation under all four of the above damping mechanisms. We study robustness
with respect to distributed inputs and boundary disturbances in the context of Input-
to-State Stability (ISS). The ISS property is a stability property that was proposed
by E. D. Sontag in [32] for finite-dimensional control systems and has been recently
extended to the case of infinite-dimensional systems described by PDEs (see [20, 27]
and the references therein). The ISS property and the asymptotic gain property for
the wave equation under Kelvin-Voigt damping was recently studied in [21, 26]. The
study of ISS for systems of 1-D first-order, hyperbolic PDE:s is closely related to the
study of ISS for 1-D wave equations, since a 1-D wave PDE can be transformed to a
system of 1-D first-order, hyperbolic PDEs. The ISS property for systems of first-order
hyperbolic PDEs with respect to distributed and boundary inputs was studied in [18,
20]. More specifically, in [18] matrix inequalities are employed in order to guarantee
the ISS property in the spatial L? norm, while in [20] a small-gain analysis is employed
in order to guarantee the ISS property in the state sup-norm. Sufficient conditions for
the ISS property in the spatial sup-norm and for the integral ISS property in spatial
L? norms with p € [1, +00) are provided in Sect.5 of [7] for a 1-D wave equation
with set-valued boundary damping and boundary disturbances. Moreover, ISS-like
estimates for the mechanical energy functional are derived in [19] for a 2-D wave
equation with viscous damping and distributed/localized disturbances.

We consider the 1-D wave equation for a vibrating string with one end pinned and
the other end free but in the presence of friction. The same model is obtained if one
assumes that the applied force on the free end is manipulated with a passive damper
(i.e., using the simplest boundary feedback law) with no input delays. In order to study
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the robustness properties of the string, we consider different models: (i) a model where
only friction with the surrounding medium of the string is taken into account, (ii) a
model where thermoelastic phenomena are taken into account as well, and (iii) a model
where all damping mechanisms are present. By constructing appropriate ISS Lyapunov
functionals for each model, we are in a position to prove the ISS property expressed
in different spatial norms. It should be noted that the ISS property for the cases (ii)
and (iii) has not been studied in the literature and the obtained results (Theorem 2 and
Theorem 3 below) for the cases (ii) and (iii) are completely novel. On the other hand,
as mentioned above, the ISS property for the case (i) can be studied using the general
results in [18, 20] (although the results in [20] will provide ISS estimates in different
spatial norms). However, we were not able to find similar results in the literature to
the results provided in the present work (Theorem 1 below) for case (i).

The structure of the paper is as follows. In Sect. 2 we present all different mathemat-
ical models for a vibrating string. Section 3 of the present work contains the statements
of all main results of the paper as well as a discussion on the obtained results. The proofs
of the main results are provided in Sect.4. Section5 gives the concluding remarks of
the paper. Finally, the Appendix provides a well-posedness analysis for all studied
models.

Notation

Throughout this paper, we adopt the following notation.

% Ry = [0, +00) denotes the set of non-negative real numbers.

x Let § € R” be an open set and let A € R” be a set that satisfies S € A C cl(S).
By C%(A ; ), we denote the class of continuous functions on A, which take
values in 2 C R™. By Ck(A : Q), where k > 1 is an integer, we denote the
class of functions on A € R”, which takes values in 2 € R” and has continuous
derivatives of order k. In other words, the functions of class C k(A; 2) are the
functions which have continuous derivatives of order k in S = int(A) that can
be continued continuously to all points in 9.5 N A. When 2 = R then we write
CY%A ) or CK(A ). When I C Riis an interval and n € C!(I) is a function of a
single variable, '(p) denotes the derivative with respect to p € I.

% Let I C R be an interval and let ¥ be a normed linear space. By CO(I ; Y),
we denote the class of continuous functions on /, which take values in Y. By
Cl(I ; Y), we denote the class of continuously differentiable functions on I,
which take values in Y.

% Let I € R be an interval, let @ < b be constants and let u : I X [a,b] — R
be given. We use the notation u[t] to denote the profile at certain t € I, i.e.,
(u[t])(x) = u(t, x) for all x € [a, b]. When u(t, x) is (twice) differentiable with
respect to x € [a, b], we use the notation uy (f, x) (ux (téx)) for the (second)

u

derivative of u with respect to x € [a, b], i.e., ux(t,x) = g3 @ x) (uxx(t, x) =

2 . . .
STI;(Z’ x)). When u[t] € X for all t € I, where X is a normed linear space with
norm |||y and the mapping I 5t — u[t] € X is C!, i.e., the exists a continuous
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mapping v : I — X with }}irrb (

the notation u, for the mapping v : I — X. Furthermore, when u € C' (I; X)
and the mapping I 5t — u,[t] € X is C', i.e., the exists a continuous mapping

w: I — X with lim( M—w[z‘]” ) = 0 for all + € I, we use the
h—0 X
notation u,, for the mapping w : I — X. Mixed derivatives are to be understood in
this way. For example, when u, € C! (I; X), i.e., the exists a continuous mapping
M —go[t]H ) = 0 for all + € I, we use the
X
notation uy; for the mapping ¢ : I — X.

% Let a < b be given constants. For p € [1,+400), L?(a,b) is the set of
equivalence classes of Lebesgue measurable functions u : (a,b) — R with

ulthl—ulr] _ ”[’]Hx> =0forallt € I, we use

01— Xwithlim(
h—0

b /p . .
llull, := (fa lu(x)|? dx) < +00. L*°(a, b) is the set of equivalence classes of
Lebesgue measurable functions u : (a, b) — R with ||u|| o, := ess sup (lu(x)]) <
xe(a,b)
+o00. For an integer k > 1, H k (a, b) denotes the Sobolev space of functions in
L?(a, b) with all its weak derivatives up to order k > 1in L?(a, b).

2 Four different models
The 1-D wave equation
Uy (1, %) = Py (1, %), 1 > 0,x € 0, 1), (1

where ¢ > 0 is a constant, is a model that is usually employed for the description of
the displacement in the y—direction u(¢, x) at time ¢t > 0 and position x € (0, 1) of a
string. The model is accompanied by the boundary conditions

u(t,0)=0, fort=>0, (2)
uy(t, 1) =U(), fort >0, 3)

where U (¢) is the control input that corresponds to an external force acting at the right
end of the string. The boundary condition (2) means that the left end of the string is
pinned down.

A family of boundary feedback laws has been proposed in the literature for the
global exponential stabilization of the string (see [23]). The feedback laws are given
by the formula

U(t) = —au,(t, 1) — the passive damper )

where a > 0 is a constant (the controller gain). The feedback law (4) (the passive
damper) guarantees global exponential stabilization of the string state (u, u;) in the
normof H'(0, 1)x L2(0, 1). Moreover, whena = ¢~ ! the feedback law (4) guarantees
finite-time stabilization of the string model (1), (2), (3) (see [2]). It should be noticed
that the boundary condition (3), (4) also arises when the free end of the string moves
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under friction (“skin friction”, modeling the interaction between the surface of the
string and the surrounding fluid).

However, as explained in the Introduction, in practice every string is subject to
various damping mechanisms and the evolution of the displacement of the string
is not described by the simple equation (1). When friction with the air (or viscous
damping) is taken into account then the closed-loop system is given by (2) and

e (1, X) = Py (1, x) — pu (1, x) + f(t,%x),1 > 0,x € (0, 1), )
uyx(t, 1) = —aus(t, 1) +d(), fort >0, (6)

where > 0 is a constant (the air friction coefficient-usually unknown), f is a
distributed disturbance that may be present and d (a boundary disturbance) can be
seen either as the actuator error of the feedback control mechanism or as an unknown
external force acting at the end of the string. Model (2), (5), (6) is a model that takes
into account viscous damping as well as distributed and boundary disturbances.

A more detailed model is derived when thermoelastic phenomena in the vibrating
string are taken into account. In this case the model of the string has an additional state
6 that corresponds to the deviation of the temperature from the reference temperature.
Employing the theory of linear thermoelasticity (see [11, 12]), we obtain a closed-loop
system given by (2), (6) and the PDEs

uy(t,x) = czuxx(t,x) — pus(t,x) —bOy(t,x)+ f(t,x),t >0,x € (0, 1), (7)
O;(t,x) = kOyy (£, x) — Auy(t,x),t > 0,x € (0, 1), 8)

where, again, u > 0Oisthe air friction coefficient, f isadistributed disturbance that may
be present, b, k, A > 0 are constants that are related to the reference temperature, the
reference density of the string, the elastic moduli of the string, the thermal conductivity,
the length, and the coefficient of thermal expansion of the string. Assuming that the
ends of the string are kept at the constant reference temperature, we also obtain the
temperature (Dirichlet) boundary conditions:

0(t,0)=06(,1)=0, fort>0. )

Model (2), (6), (7), (8), (9) is a model that takes into account both viscous and thermal
damping as well as distributed and boundary disturbances.

A more complicated model can be obtained if Kelvin-Voigt (internal) damping is
taken into account. In this case we replace the PDE (7) by the PDE

Ui (1, %) = Pty (1, X) + Oty (1, ) — puit (1, x) — b0y (1, x) + f(t,x)  (10)

fort > 0,x € (0,1), where 0 > 0 is the coefficient of Kelvin-Voigt damping (a
constant). However, in this case, the closed-loop system is not only affected by the
actuator error (or external force) d but is also affected by the derivative d. In order to
simplify things, we ignore in this case the control actuator errors (or external force)
and consider the model (8), (10) with boundary conditions (2), (9) and
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Table 1 Four models for a vibrating string under the feedback law (4)

Closed-Loop  Equations Viscous  Thermal  Kelvin- Distributed ~ Control
models damping damping Voigt disturbance  Actuator
damping Error

Model (A) (1), (), 1D - - - - -

Model B)  (2).(5). (6) 4 - - v Y

Model ©)  (2).(6).(D.(8).(9) ¢ 4 - v v

Model (D) 2), (8), 9), (10), (11) Vv v v v -

uy(t, 1) = —au;(t, 1), fort>0. (1

Model (2), (8), (9), (10), (11) is a model that takes into account viscous, Kelvin-
Voigt and thermal damping as well as distributed disturbances. It should be noticed
that the PDEs (8), (10) arise also in the study of a different phenomenon: sound
propagation. Indeed, the so-called acoustic approximation for a compressible fluid
(linearization around the steady state of constant density and temperature and zero
fluid velocity) moving in a single spatial direction gives the PDEs (equations of viscous
thermoacoustics-see [22]):

pr+yve =0 (12)
CZ

v + 710x + bty = ovxy (13)

0; + Avy = kO (14)

where ¢, y, b, k, A, 0 > 0 are constants (depending on the physical properties of the
fluid at the reference density and reference temperature), v is the fluid velocity and p, 6
are the deviations of density, temperature, respectively, from their reference values.
Differentiating (12) with respect to x and (13) with respect to r we get the PDE:

Ut = szxx + 0y — b0y (15)

Setting v = u;, the PDEs (14), (15) give us (8) and the PDE (u” — Uy — Oy +
bex)t = 0, which gives (10) with f(¢,x) = f(x) and u = 0 (since there is no
surrounding medium like air, there is no friction with the surrounding medium).

Table 1 shows the four different models for a vibrating string under the feedback
law (4).

The feedback law (4) is designed for the simplest string model (1), (2), (3). More-
over, it is generally difficult to know the exact values of all constants b, k, A > O,
o, i > 0 that appear in the more complicated models. A boundary feedback design
procedure that is based on the more complicated models would require knowledge of
the exact values of all constants b, k, A > 0, o, u > 0. Consequently, two important
robustness questions arise for the family of simple feedback laws (4):
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1. Does the string exhibit exponential stability in the absence of disturbances and in
some appropriate state norm for Model (B), Model (C) and Model (D)?

2. Does the string satisfy an ISS property with respect to the disturbances and in some
appropriate state norm for Model (B), Model (C) and Model (D)?

The next section of the paper is devoted to the answers of these questions.

3 Main results

The answers to the questions that were posed in the previous section are positive. In
other words, for all models the string exhibits exponential stability in the absence of
disturbances and for all models the string satisfies an ISS property with respect to the

disturbances. The following theorems give precise information for each model and are
the main results of the present work.

Theorem 1 (String with Viscous Damping): For every a,c¢ > 0, u > 0 there exist
constants w, G, y1, y2 > 0 such that every solution

weC! (R+; H'(, 1)) nco (R+; H2(0, 1))
of (2), (5), (6) corresponding to inputs f € C° (R+; L%(0, 1)), d € CY(Ry) with
u € C! (R+; L2 (0, 1)) nc® (R+; H'(0, 1)) and uy(t,0) = 0 fort >0

satisfies the following estimate for all t > 0:

172 1/2
(haele13 + 1uxte213) < G exp (=) (1l 0113 + Niux [0113)
11 sup (I£1s1ll2) + 2 sup (d(s)]) (16)

0<s<t O=<s<t

Theorem 2 (String with Viscous and Thermal Damping): For every a,c > 0, u > 0,
b, k, . > 0 there exist constants w, G, y1, Y2 > 0 such that every solution

uec! (R+; H'0, 1)) nc® (R+; H2(0, 1))
9ecC! (R+; L0, 1)) nco (R+; H2(0, 1))

of (2), (6), (7), (8), (9) corresponding to inputs f € C° (Ry; L*(0, 1)), d € C° (Ry)
with

u, € C! (R+; L2(0, 1)) nc® <R+; H0, 1)) and u,(1,0) =0 fort >0
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satisfies the following estimate for all t > 0:

172
(e 113 -+ Noaa o113 + 61113

1/2
= Gexp (=) (10113 + lux 0113 + o[0113)
+7 sup (I fs1l2) +72 sup (d(s)D a7)

0<s<t 0<s<t

Theorem 3 (String with Viscous, Thermal, and Kelvin-Voigt Damping): For every
a,c >0, u>0,0,bk, . > 0 there exist constants w, G,y > 0 such that every
solution

ueC! (]R+; L2 (0, 1)) nco (]R+; H2(0, 1))

o ecC (R+; L2, 1)) nco <R+; H2(0, 1))
of (2), (8), (9), (10), (11) corresponding to input f € C® (Ry; L*(0, 1)) with

u, € C! (R+; L2 (0, 1)) nc® (R+; H2(0, 1)) ,
e € C1(Re: L20, D), (-, 1) € €T Ry)

d
ur(t,0) =0, uy(t,1) = —a (us (2, 1)) fort=0

satisfies the following estimate for all t > 0:

172
(e 103 + e 103 + e D103 + L2, DI + 101113 )

1/2
< Gexp (o) (0113 + s 0113 + e [011 + s 0, DI+ 610113)
+7 sup (I71s1l) (1)

=s=t

Remark (i) The reader should notice that ISS estimates (16), (17), (18) for each of the
models (model (B), model (C) and model (D); recall Table 1) actually guarantee the
so-called “exponential ISS” property (see [27]), i.e., the effect of the initial condition
is expressed by an exponential K L function and the gain functions of the disturbances
are linear. The ISS estimates (16), (17), (18) show global exponential stability in the
absence of disturbances.

(ii) The ISS estimates (16), (17), (18) for each of the models (model (B), model
(C) and model (D); recall Table 1) are expressed in different state spatial norms. More
specifically, ISS estimate (16) for model (B) involves the norm of the space H 10, 1) x
L2(0, 1), ISS estimate (17) for model (C) involves the norm of the space H Lo, 1) x
L2(0, 1) x L2(0, 1), while ISS estimate (18) for model (D) involves a norm of the

@ Springer



Mathematics of Control, Signals, and Systems

space H2(0, 1) x co ([0, 17) x L2(0, 1) where the norm of the state component u; €

CY ([0, 17) is not the standard sup-norm but the norm ||u,|| = (||u,||% + |u,(1)|2)1/2.

(iii) Each of the above theorems (Theorem 1, Theorem 2 and Theorem 3) assumes
different regularity properties for the solution (going from less regular solutions to
more regular solutions). This is expected, since the models (model (B), model (C)
and model (D); recall Table 1) are quite different models involving very different
differential operators. A detailed well-posedness analysis for all studied models is
provided in the Appendix. However, it should be noted that the linearity of all studied
models and the provided ISS estimates, guarantee uniqueness of solutions for the
corresponding initial-boundary value problems. In other words, ISS estimates also
guarantee uniqueness of solutions for a linear model.

(iv) Each of the above theorems (Theorem 1, Theorem 2 and Theorem 3) provide
qualitative results for the solutions of the corresponding closed-loop systems. In other
words, the above theorems do not provide formulae that show how large are the
constants that are involved in the corresponding ISS estimates. However, it should be
noticed that the proofs of the above theorems are constructive and provide estimates
for the constants.

(v) The proofs of the above theorems follow a similar methodology: the construction
of an ISS Lyapunov functional. However, for each of the closed-loop systems (model
(B), model (C) and model (D); recall Table 1) the ISS Lyapunov functionals are
different.

(vii) As pointed out above, when a = ¢~ ! the feedback law (4) guarantees finite-
time stabilization of the string model (1), (2), (3) (see [2]). However, this is not the
case when the closed-loop system is described by one of the more complicated models
(model (B), model (C) and model (D); recall Table 1): finite-time stability is a feature
that is not preserved under perturbations of the original string model.

(viii) It should be noted that the ISS property for model (C) and model (D) has
not been studied in the literature and the obtained results (Theorem 2 and Theorem 3)
for model (C) and model (D) are completely novel. On the other hand, as mentioned
above, the ISS property for model (B) can be studied using the general results in
[18, 20] after transforming model (B) to a system of first-order hyperbolic PDEs.
The results in [20] will provide sufficient conditions for the ISS property in the norm
llets [t 1]l oo + llx[#]]loo> While the results in [18] will provide matrix inequalities that

. . 1/2
guarantee ISS estimates in the norm (||ut [7] ||% + |Jux[2] II%) / . However, we were not
able to find a similar result to Theorem 1 in the literature.

4 Proofs of main results

The proofs of the main results use a similar notation (for example, there is a constant
M > 0, there are functionals E, V, etc.). However, the reader should not be tempted,
by an overlapping notation for different quantities, to compare the different quantities
in the proofs of Theorem 1, Theorem 2 and Theorem 3. To understand this, we point
out that while the functional E in the proof of Theorem 1 is the mechanical energy of
the string, the functionals E in the proof of Theorem 2 and Theorem 3 below are not
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the mechanical energy of the string and are not functionals that may be considered as
some kind of energy of the string (e.g., the sum of mechanical energy and the thermal
energy of the string).

We start by providing the proof of Theorem 1.

Proof of Theorem 1 Consider an arbitrary solution u € C' (Ry; H'(0, 1)) N CO(R4;
H?(0, 1)) of (2), (5), (6) corresponding to (arbitrary) inputs f € C° (Ry; L*(0, 1)),
d € CORy) with u, € C' (Ry; L2(0, 1)) N CO(Ry; H'(0, 1)) and u,(£,0) = 0
forallz > 0. Let r > 0 be a constant and define the functionals E, ® : H! 0, 1) x
L%(0,1) — R, by means of the following formulae:

1 1 02 1
E(u,w) = —/ w2(x)dx + —/ u?c(x)dx,
2 Jo 2 Jo
forallu e H'(0,1), w € L?(0, 1) (19)

1
D(u, w) ;= % /0 exp(rx) (w(x) + cuy (x))2 dx

1
+% / exp(—rx) (w(x) — cuy (x))? dx,
0

forallu e H'(0,1), w e L*(0, 1) (20)

It should be noticed at this point that E(u[¢], u,[t]) is the mechanical energy of the
string at time ¢ > 0, while ® (u[t], u;[¢]) is the value of a Lyapunov functional for
the simple model (A). When disturbances are absent and when & = 0 (no viscous
damping), the function ® (u[¢], u;[¢]) can be used for the derivation of an exponential
stability estimate for the string.

Since r > 0, the functional @ : HI(O, 1) x L2(O, 1) — Ry satisfies the following
estimate:

exp(=) (¢l + ) = DG, w) < exp(r) (e uxl3 + wl3)
forallu e H'(0,1), w € L*(0, 1) 1)

Since u € C' (Ry; H'(0, 1)), u; € C' (Ry; L*(0, 1)), we get from definitions (19),
(20) forall + > O:

1 1
iE(u[t], us[t]) = / us(t, x)ugp(t, x)dx +c2/ Uy (t, Xy (t, x)dx (22)
0 0

dt
d 1
ECD(M[I], ut]) = /0 exp(rx) (u; (¢, x) + cux(t, x)) (U (1, X) + cux (1, x)) dx
1
+./ exp(_rx) (Ml(t9-x) _Cux(t9-x)) (utl(tv-x) _Cuxt(tsx)) dx (23)
0
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Integrating by parts the integral fol Uy (t, X)uy: (¢, x)dx and using (22), (5), (6), (2)
and the fact that u, (¢, 0) = 0 for all t > 0, we obtain for ¢ > 0:

1
diE(u[r], ult)) = —p f up(t, x)dx
t 0

1
+/ w,(t, x) f (¢, X)dx — ac’u>(t, 1) + 2du,(t,1) (24)
0

Using (23) and (5) we get for t > O:

1
id>(u[t],ur[t]) = C/ exp(rx) (l (uz(t,X)Jrcux(t,x))z) dx
dt 0 2 X

1 1
—c/ exp(—rx) <§ (ug(t, x) — cux(t,x))z) dx
0

1
+/ exp(rx) (us(t, x) + cuy(t, x)) f(t,x)dx
v (25)
—{-/ exp(—rx) (u;(t, x) — cux(t, x)) f(t, x)dx
0
1
—p,/ exp(rx) (u:(t, x) + cux(t, x)) us (t, x)dx
0

1
—u/ exp(—rx) (u:s(t, x) — cux(t, x)) us (¢, x)dx
0

Using the inequalities d (¢)u; (¢, 1) < %u%(r, 1)+ﬁ Id(z‘)l2 (which holds since a > 0),

(i (1, x) % cuy(t, x)) £(2, %) < ﬁ(w(r x) £ cug(t, 0P + 0P
(e (2, x) £ cuy(t, x)) u (¢, x) > m(w(r x) & cuy(t, x))> — 1+ru ,z(t x)

and the fact that p > 0, we obtain from (24), (25) for r > 0:
d 1 5
—Elt], u;t]) < —p | uy(t,x)dx
dt 0

1 a02 ) 6‘2 )
+f ur(t, x) f(t, x)dx — —u;(t,1) + — |d(1)] (26)
0 2 2a
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1
i<1>(u[t], ut]) < C/ exp(rx) <l (s (2, x) +cux(t,X))2> dx
dt 0 2 X

1
—c/ exp(—rx) <% (us(t, x) — cu(t, x))2> dx
0 X
cr (! 2
+Z/ exp(rx) (us(t, x) + cuy(t, x))“dx
0
Ccr 1 2
—l—Z/ exp(—rx) (u;(t, x) — cux(t,x))"dx
0

2u (1 ! 2d 1
G+ +M)/ cosh(rx)u,z(t,x)dx—kﬂf cosh(rx) | f(z, x)|> dx
cr 0 cr 0
(27)
Integrating by parts the integrals fol exp(rx) (% (ue (1, x) + cuyx(t, x))2)x dx, fol exp

(—rx) (% (ue(t, x) — cuy(t, x))z)x dx and using (27), (6), (2) and the fact that
u;(t,0) = 0 forall t > 0, we obtain for r > 0:

d O]
Gl wlr)

= 5 (exp() (1 = a0y (1, 1)+ cd (1)) = exp(=r) (1 + a0y (1, 1) = cd 1))?)
cr 1 2
_Z/o exp(rx) (u;(t, x) + cuy(t, x))" dx
cr 1 2
_Z/ exp(—rx) (us(t,x) — cuy(t,x)) " dx
0
I 1
+M/ cosh(rx)u?(t, x)dx + 2d+w f cosh(rx) | f(r, x)|?dx  (28)
cr 0 cr 0
The fact that 2u, (¢, x) = (u: (¢, x) + cux (¢, x)) + (us (¢, x) — cu, (¢, x)) implies that
Qa6 x) = (14 ©) e (0,2) + cag 0,00 + (146 71) e, ) = e (r,0)2,
for all ¢ > 0. Setting ¢ = exp(2rx) we get

2ut2(t, X)

< cosh(rx) (exp(rx) (us(t, x) + cuy(t, x))2 + exp(—rx) (us(t, x) — cuy(t, x))z)

Consequently, we get:

1 2 cosh(r) [! 5
/ up; (t, x)dx < Tf exp(rx) (u;(t, x) + cuy (¢, x))~ dx
0 0

1
+&121(r) / exp(—rx) (u;(t, x) — cuy(t, x))% dx 29)
0
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Define

M := max (2 (1; » cosh(r), % (exp(r)(1 — ac)* — exp(—r)(1 + ac)z)) 30)

Using the inequality u, (¢, x) f (¢, x) < u(t, x) + MCOSh(” |f(t, x)|> and

4Mcosh(r)
(26), (29) we obtain for r > 0:

d 1

EE(u[t], ut]) < 7/1,/ u; (t x)dx + — exp(rx) (ug (2, x) + cuy(t, x))2 dx
1
+871:1 exp(—rx) (us(t, x) — cuy(t, )c))2 dx
2 osh
— Sk D+ 5 |d(t)|2 AL ppani3 (31)

Define the functional V : H'(0, 1) x L*(0, 1) — R, by means of the formula
Vu,w) =&, w)+ ME(u,w), (32)

with M given in (30). Using (19), (20), (21), (28), (31) and definition (32) we conclude
that the functional V : H'(0, 1) x L?(0, 1) — R, satisfies the following estimates:

(5 +ewtn) (sl + o) < Ve

M
< (7 + exp(r)) (a3 + 1wii3)

forallu e H'(0,1), w e L?(0, 1) (33)
%V(u[r], wlt]) < —% (acM +exp(—r)(1 +ac)® — exp(r)(1 — ac)2> W2, 1)
+2¢? (cosh(r) — acsinh(r)) us (7, 1)d (?)

+c? (ﬂ + sinh(r)c) @)1 — (], u )
2a 4

1 h
—i (M — w cosh(r)) /0 u,z(t,x)dx + (2 a4+pn)+ Mz) cos (r) IIfL ]||2

forallt >0 (34)

Using the facts that u > 0, M > Z(H’“) cosh(r), M > a—(exp(r)(l —ac)z—exp( —r)
(14 ac)?) (recall (4.12)) and the 1nequa11ty

(cosh(r) — ac sinh(r)) u, (¢, 1)d(t)
2 (cosh(r) — ac sinh(r))?

2
M ld(1)]

aM
< ?u?(r, 1)+
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we conclude from (34) that the following estimate holds for all > 0:

d cr 5 cosh(r)
V@l gl = =@ @lrl gl + (20 + )+ M7) =2 £10013
t 4
_ ; 2
L2 ( M 4(cosh(r) — acsinh()* csinh(r)) do? 35)
2a aM
Definitions (19), (32) and estimate (33) imply that
-, w)=—-Vu,w)+ ME(u, w)
< —V( ).,.LV( )__MV( )
= T o S exp—r) Y T T 2exp(—ry Y

for all u € H'(0,1), w € L?0, 1). The above inequality implies the following
differential inequality for all r > O:

Ayl ugl) < ——FPED i, )
dr I = T G S exp(—ryy | R
h
+(20+mw +M2) e (” I£Le3
B 2
e <£+4(cosh(r) acsmh(r)) +csinh(r)> dof
2a aM
(36)
cr exp(—r)

Multiplying both sides of (36) by exp (2wt) where
t>0:

w = m, we get for all

% (exp Qot) V(ulr], u [1]) < 20K exp Qo) || 1115 + 20Kz exp Qo) |d (1)
(37

N P 2
where K| = (2(1+ ) + M?) —C(Z’ZE‘C(:) and Ky := %(% + 4(00511(””;,;““11(”)

+c sinh(r)). Differential inequality (37) directly implies the following estimate for
allr > 0:

V(ult], ut]) < exp (=2w1) V(u[0], u,[0])

t '
+2wK | / exp (—2w(t — s)) ||f[s]||% ds + 2a)K2/ exp (—2w(t —s)) |d(s)|2 ds
0 0

which gives
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Vulrl, wlr]) < exp (=200 V ([0}, u;10])
+K1 sup (I£1113) + K2 sup (1d()P) (38)

0<s<t 0<s<t
Exploiting estimates (38) and (33) we get for all # > 0:

M + 2 exp(r)

2 2 2
c Nuxt1l5 + llus 21115 < exp (—2wt) Mt 2exp(—r)

(e 10113 + 1, 0113)

2K,

- - 2 L 2
+M + 2exp(—r) 022, (”f[s]”2) + Sup (Id(s)| ) (39

M +2exp(—r) o<s<:

- - [ M+2exp(r)  [max(l.c?) — 2K,
Estimate (16) with G := Mr2exp(-ny| min(1.c?) V1 = \/(M+Zexp(7r))min(1,c2)

and y» := y1,/ % is a direct consequence of estimate (39). The proof is complete. O

We next continue with the proof of Theorem 2.

Proof of Theorem 2 Consider an arbitrary solution u € C'(Ry; H'(0,1)) n C°
(Ry; H*(0,1)), 6 € C'(Ry; L2(0, 1)) N C°(Ry; H*(0, 1)) of (2), (6), (7). (8),
(9) corresponding to (arbitrary) inputs f € C° (R+; L%(0, 1)), d € C°(Ry) with
up € CH(Ry; L2(0, D)NCY (Ry; H'(0, 1)) and u (7, 0) = Oforall# > 0.Letr > 0
be a constant and define the functionals E : H'(0, 1) x L%(0, 1) x L%(0, 1) — Ry,
®:H'0,1) x L20, 1) — R4 by means of the formulae (20) and

E( 9)-—1f1 2(1)d +62/1 2(>d+b/192<>d
u, w, .—2wax20uxxx2)\0 x)dx,

forallu e H(0,1), w,6 € L*(0, 1) (40)

where c, A, b > 0 are the constants appearing in (7) and (8). It should be noticed at
this point that E (u[t], us[t], 6[¢]) is an appropriate linear combination at time ¢ > 0
of the mechanical energy (% fol u(t, x)dx + % fol u>(t, x)dx) of the string and the
squared L2 norm of the deviation of temperature from its reference value (the term
fol 6%(t, x)dx is not the thermal energy of the string but is the value of a Lyapunov
functional used frequently for the heat equation).

Since r > 0, the functional ® : H!(0,1) x L%(0,1) — R, satisfies esti-
mate (21). Moreover, since u € c! (R+; Hl(O, 1)), u, € C! (R+; LZ(O, 1)),
6 € C'(Ry; L2(0,1)) we get from definitions (20), (40) for all + > 0 formula
(23) as well as the following formula:
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d 1
d—E(u[t],uz[t],é’[t]) =/ u (t, X)ug (¢, x)dx
t 0

1 b 1
—i—czf ux(t,x)uxl(t,x)dx—i—X/ 0(t, x)0,(t, x)dx
0 0
41)

Integrating by parts the integral fol uy(t, x)uy (¢, x)dx and using (41), (6), (7), (8),
(2) and the fact that u,; (¢, 0) = 0 for all + > 0, we obtain for r > 0:

1
diE(u[r], i) = —p / W (1, X)dx
t 0

1
+/ w,(t, x) f (¢, X)dx — ac’u>(t, 1) + d@)u,(t,1) (42)
0

Using the inequality d(t)u,(t, 1) < %utz(z‘, 1)+ % |d(t)|2 (which holds since a > 0),

(9) and integrating by parts the integral fol 6(t, x)0yx(t, x)dx, we obtain from (42) for
t>0:

1 1
%E(u[r],ut[t],e[r])s—u/ u?(t,x)dx+/ uy(t, x) f(t, x)dx
0 0

2 2 1
ac c kb
—7:43(:, D+ > ld(t)> — 7/0 02(t, x)dx (43)

Using (23) and (7) we get for t > 0:
d ! (1 5
— D (ult], us[t]) = C/ exp(rx) | 5 (us(t, x) + cux(z, x)) ) dx
dt 0 2 ¥

1
—c/ exp(—rx) (% (us (2, x) —Cux(t,X))z) dx
0

1
+f exp(rx) (u(t, x) + cux(t, x)) (f(t, x) — b0y (t, x) — pu,(t, x)) dx
0
1
+/ exp(—rx) (u;(t, x) — cuy(t,x)) (f(t,x) — bO,(t, x) — pu,(t, x)) dx
0

(44)

Integrating by parts the integrals fol exp(rx) (% (ur (1, x) + cux(t, x))z)x dx, fol exp
(=rx) (% (ue(t, x) — cuy(t, x))z)x dx and using (44), (6), (2) and the fact that
u;(t,0) = 0 for all t > 0, we obtain for r > 0:
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d cr (! 5
— @ ult], u,t]) = ——/ exp(rx) (u;(t, x) + cuy(t, x))" dx
dt 2 Jo
Ccr 1 2
_?fo exp(—rx) (u;(t, x) — cux(t,x))" dx
+§ (exp(r) (1 = acyuy (1, 1) + ed(1))? — exp(—r) (1 + ac)u, (¢, 1) — cd(t))2>
1
+/ exp(rx) (u; (¢, x) + cux(t, x)) (f(t,x) — b0y (t, x) — pu,(t, x)) dx
0
1
+/ exp(—rx) (u;(t, x) — cuy(t,x)) (f(t, x) — bOx (¢, x) — pu,(t, x))dx (45)
0
Using the inequalities

(s (t, x) £ cuy(t,x)) f(t,x)

cr 2 1+b+pn
< T01btm (s (2, x) £ cux(t, x))” + —If(t 0
(e (2, x) £ cux(t, x)) u(t, x)
cr 2 +b+/ub 2
Z—m(ut(hx)icux(hx)) —u; (t, x)
(e (1, x) £ cuy(t, x)) O (2, x)
e 2 _L4btu,
Z i tb 0 (e (2, x) £ cux(t, x)) - 0 (t, x)

and the facts that © > 0, b > 0, we obtain from (45) the following estimate for ¢ > 0:

d cr 1 2
— D ult], u,t]) < —*/ exp(rx) (u; (1, x) + cuy(t, x))" dx
dt 4 Jo

cr (! 2
—?/0 exp(—rx) (us(t,x) — cuy(t,x)) " dx

_% (exp(—r)(1 + ac)? — exp(r)(1 — ac)?) u?(z, 1)

+sinh(r)e? [d () > + 2¢? (cosh(r) — ac sinh(r)) u, (¢, 1)d(?)
+2(1+b+u)/1 2b(1 + b+ )
r

1
cosh(rx) | f(t, x)|> dx + =————"= [ cosh(rx)62(r, x)dx
0 cr 0

1

+M cosh(rx)u,z(t, x)dx (46)
Ccr 0

Define

M := max (max (1 ?) M osh(r), ag (exp(r)(l — ac)2 —exp(—r)(1 + ac)2)>
c

Ccr
47
Vi, w,0) = dwu,w)+ME@u,w,0), forallue H'(0,1), w,0 e L*0,1) (48)
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Using (43), (46) and definition (48), we get for r > 0:

1
%V(u[r],ut[t],e[t]) < —%/ exp(rx) (u (1, x) + cux (1, x))? dx
0

1
5 [ exper @ - o+ 2T comr 1013
0

—% (acM +exp(—r)(1 + ac)? — exp(r)(1 — ac)z) W2, 1)
+c? (c sinh(r) + g) |d()|> + 2¢? (cosh(r) — acsinh(r)) u (¢, 1)d(z)
a

1 1
- (M _ M cosh(r)) / utz(t, x)dx + M/ us(t, x) f(t, x)dx
Ccr 0 0

1
b <kM 2(1+—b-|-/,b) COSh(V)) / 9)?([, x)dx (49)
A cr 0

Using the inequality fol u(t, x) f(t, x)dx < mfo u>(t, x)dx + M

I F12113, inequality (29), the fact that M > 21H2H cogh(r) (recall (4.29)), the fact

that I‘Z—AA’I > W cosh(r) (recall (4.29)) and the facts that © > 0, b > 0, we
conclude from (49) the following estimate for ¢ > 0:

d cr [} 2

Ev(u[t], u 1], 0[t]) < —gfo exp(rx) (u;(t, x) + cux(t, x))“ dx
Ccr 1 2

_g.[) exp(—rx) (us (¢, x) — cuy(t, x))"dx

—% (acM + exp(—r)(1 + ac)2 —exp(r)(1 — ac)2) u,2(t, 1)

+c? <c sinh(r) + %) |d(1)|? + 2¢? (cosh(r) — ac sinh(r)) u,(t, 1)d(z)

cos ( ) bkM
I £1e103 — =T

+ (2(1 Y b4+ MZ) 92<r, xydx  (50)
0

Wirtinger’s inequality and (9) imply that fol 02(t, x)dx > m? /01 02(t, x)dx. The
previous inequality and the inequality

(cosh(r) — ac sinh(r)) u, (¢, )d(t)

_ ; 2
—Mulz(t, 4 2 (cosh(r) a};c sinh(r)) |d(t)|2

in conjunction with (50) give the following estimate for ¢ > 0:
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d
EV(u[t],u,[t],Q[l‘])
cr (! 2
< _gf exp(rx) (u; (¢, x) + cuy(t,x))" dx
0

Ccr 1 2
Y fo exp(—rx) (us(t, x) —cuy(t,x))"dx

acM 2 AN
—3 > +exp(—r)(1 +ac)” —exp(r)(1 —ac)” Ju;(z, 1)

_ 2
4o <c sinh(r) + 4 (cosh(r) — ac sinh(r)) ) |d(t)|2

aM

osh bkM 1
+<2(1+b+u)+M2) (r) £ = =5 7r2/0 0%, x)dx  (51)

The fact that 4G + exp(—r)(1 + ac)? — exp(r)(1 — ac)? > 0 (recall (4.29)) and
definition (20) comblned with estimate (51) give us the following estimate for r > 0:

d bkM
EV(M[I], u[t], 0[r]) < ——CD(u[t] wlt]) — ——m> ||l

7 1115
_ 2
2 (c inh() 4 4 (cosh(r) — ac sinh(r)) ) do
aM 2
h
+ (204 b 40+ 02) SO i (52)

Definition (48), definition (40) and estimate (21) imply the following inequality:
M bM
V(ulr], u 2], 001D < {1 + Texp(r) D (ult], urlr]) + - ||9[t]||2 (53)
Combining (52) and (53), we obtain for ¢t > 0

d
EV(u[t], ult], 0[t]) = =20 V(ulr], u,[t], 0[t])

e 2
2 (C inh() + zﬂ 4 (cosh(r) — acsinh(r)) ) do
a

aM

+ (2040404 m7) 2 iy (54

where w = %min (

ST P A;’exp(r)) , kn2>. Multiplying both sides of (54) by exp (2wt)
we obtain for ¢t > O:
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d
17 (expQut)V (ulr], u;[1], 01t]) < 20K expQet) || fI1115 + 20K, expQat) |d (1)
(55)

2

: 2
where K1 := (2(1 + b+ p) + M?) SO and K = & <% + Heoshr)—ac sinh(r)®

c sinh(r)). Differential inequality (55) directly implies the following estimate for all
t>0:

V(ult], u (1], 0[t]) < exp(=2w0)V (u[0], u,[0], O[0])
1

t
+2wK / exp(—2w(t —s)) ||f[s]||§ds + 2a)K2/ exp(—2w(t —s)) |d(s)|2ds
0 0
which gives

V (@lrl, wgl1], 611) < exp (~201) V @l0], u;[01, 610])
+K1 sup (If1s11B) + K2 sup (1d)P)  (56)

0<s<t 0<s<t

Definition (40), definition (48) and estimate (21) in conjunction with (56) allow us to
conclude that the following estimate holds for all # > 0:

M bM
min (min (1.¢%) (7 + exp(—r)) , 5) (e 103 -+ Do Le113 + 61713 )

N (M bM
< exp (—2wt) max | max (1, c ) 5 +exp(r) ), TR
(s L0113 + aex [O113 + No10113)

+K1 sup (I£1s113) + K2 sup (1d)P) (57)

0<s<t 0<s<t

Estimate (17) with appropriate constants G, y1, y» > 0, is a direct consequence of
estimate (57). The proof is complete. <

We end this section with the proof of Theorem 3.

Proof of Theorem 3 Consider an arbitrary solution u € C 1 (]R+; LZ(O, 1)) nco (R+;
H*(0,1)),0 € C' (Ry; L0, D) NCY (Ry; H2(0, 1)) of (2), (8), (9), (10), (11) cor-
responding to (arbitrary) input f € C° (Ry; L?(0, 1)) withu, € C' (Ry; L?(0, D) N
CO(Ry; H*(0, 1)), uxx € C' (R L2(0, D)), u, (-, 1) € C' (Ry) and u, (¢, 0) = 0,
uyt(t, 1) = —af—t (us (¢, 1)) for all t > 0. By virtue of (11) and the facts that uy, €
C' (R L0, D), ur(+, 1) € C'(Ry) and uy(t,x) = uy(t, 1) — fx‘ Uuss (t, 8)ds
for all x € [0, 1], we conclude that u, € C! (R+; L2(0, 1)). Let r > 0 be a con-
stant and define the functionals £ : H'(0,1) x C°([0,1]) x L?(0,1) — R,

@ Springer



Mathematics of Control, Signals, and Systems

®: H'0,1) x c°([0,1)) — Ry, W : H*(0,1) x L?(0,1) — R, by means
of the formulae

E o= 2 [ w2max+ S [ 2odx+ 2 [ e2wdx + vl
(u,w,)._E/Ow(x)x+?/0 ux(x)x+ﬁ/0 (x)x+7w(),
forallu e H*(0,1), w e C°([0,1]), 6 € L*(0, 1) (58)
1
W(u, w) := %/ (w(x) — oy (x))*dx,
0
forallu e H*0,1), w e C° (0, 1)) (59)

1
D (u, w) := % /0 exp(rx) (w(x) + cux(x))2 dx

1! 2 B,
+—= / exp(—rx) (w(x) — cuy(x))"dx + —w=(1)
2 Jo 2

forall u € H*(0,1), w € €° ([0, 1]) (60)

where B := ao (exp(r) (1 —ac) +exp(—r) (1 +ac)) and ¢, A, b,a, o > 0 are the
constants appearing in (8), (10) and (11). It should be noticed at this point that
E (u[f], us[1], 0[t]) is an appropriate linear combination at time ¢ > 0 of the potential

energy of the string (the term % fol u% (t, x)dx), a measure of the kinetic energy of
the string (the term %fol u,z(t, x)dx + %utz(t, 1)) and the squared L? norm of the

deviation of temperature from its reference value (the term fol 62(¢, x)dx is not the
thermal energy of the string but is the value of a Lyapunov functional used frequently
for the heat equation). The functional W (i, w) is a functional that allows the deriva-
tion of bounds for the L? norm of the second spatial derivative of u, i.e., ||u,.|l,.The
functional W (u, w) was not used in the proofs of Theorem 1 and Theorem 2 because
the ISS estimates (16), (17) do not provide bounds for the L? norm of the second
spatial derivative of u. Finally, the functional ® (u, w) is not the same functional used
in the proofs of Theorem 1 and Theorem 2 (due to the additional term Bw?(1)/2) but
when o — 07 it becomes equal to the Lyapunov functional for the simple model (A)
that was employed in the proofs of Theorem 1 and Theorem 2.

Since u € C' (R4; L2(0, 1)), 0 € C' (Ry; L0, 1)), u, € C!(Ry; L2(0, 1)),
uy € CH(Ry; L0, D), uyx € C'(Ry; L2(0, D), us (-, 1) € C' (Ry), we get from
definitions (58), (59), (60) for all ¢+ > 0 the following formulae:

1

1
%E(u[t],ut[t],é‘[t])=/ Mt(t»x)utt(tax)dx+C2/ Uy (8, Xt (7, x)dx
0 0

1
+é/ O(t, x)0:(t, x)dx + aou,(t, 1)i (us(t, 1)) (61)
A Jo dt

d 1
EW(u[t],ut[t])=/0 (ur(t,x) —ouxy(t, x)) (U (t,x) — ottyy (t, x))dx (62)
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1
%dﬂu[t], u[t]) =/ exp(rx) (u; (¢, x) + cuy(t, x)) (U (t, x) + cuy (¢, x)) dx
0

1
+/ exp(—rx) (u;(t, x) — cuy(t, x)) (uy (t, X) — cuy (t, x)) dx
0

d
+Bu,(t, I)E (us (1, 1)) (63)

Integrating by parts the integral fol uy(t, x)uy (¢, x)dx and using (61), (8), (10), (11),
(2) and the fact that u, (¢, 0) = O for all + > 0, we obtain for t > 0O:

1 1
iE(M[t],ur[t],@[t]) = —Mf M,z(t,x)dx+/ u(t, x) f(t, x)dx
dt 0 0

1
+0/ ur(t, Xy (£, x)dx
0
1
—aczutz(t, 1) — b/ (us (t, x)0(t, x)) dx
0
1
—l—@/ O(t, x)0x(t, x)dx + aou,(t, 1)i (u (2, 1)) (64)
A Jo dt

Integrating by parts the integrals fol w; (t, X tyrs (£, X)dx, fol O(t, x)0xx (¢, x)dx and
using (64), (9), (2) and the facts that u;(z,0) = 0, u,;(z, 1) = —a% (uys (2, 1)) for all
t > 0, we obtain for r > 0:

1 1
%E(u[t],u,[t],@[t]) = —u/ uf(z,x)dx+/ u(t, x) f(t, x)dx
0 0

1 kb 1
—a[ uit(t,x)dx —aczutz(t, 1) — —/ Gf(t,x)dx
0 A Jo
(65)

Using (63) and (10) we get for ¢ > 0:

1
i<1>(u[t], ut]) = c/ exp(rx) (1 (us(t, x) 4+ cuy(t, x))2> dx
dt 0 2 X

1
—c/ exp(—rx) <l (us(t, x) — cuy(t, x))2> dx + Bu,(t, 1)i (uqs(t, 1))
0 2 X dt
1
+/ exp(rx) (ug(t, x) + cux(t, x)) (f (1, x) +ouxx (£, x)) dx
0
1
— / exp(rx) (u:(t, x) + cuy (t, x)) (b0 (t, x) + pus(t, x)) dx
0
1
+/ exp(—rx) (u(t, x) — cuy(t, x)) (f(t, x) + oy (t, x)) dx
0

1
— / exp(—rx) (us(t, x) — cuy(t,x)) (bOy(t, x) + pu;(t, x)) dx (66)
0

@ Springer



Mathematics of Control, Signals, and Systems

Integrating by parts the integrals fol exp(rx) (% (s (2, X) + cu(t, x))z)x dx, fol exp
(—rx) (% (ue(t, x) — cux(t,x))?), dx and using (66), (11), (2) and the fact that
u;(t,0) = 0 forall r > 0, we obtain for r > 0:

d cr /1 5
— O (ult], ust])) = —— exp(rx) (us(t, x) + cuy(t, x))" dx
dt 2 0
Ccr 1 2
—?/ exp(—rx) (us(t, x) — cuy(t,x))"dx
0
+< (ex (1 = ac)® — exp(—r)(1 +ac)2> D)+ B D)L 1)
2 P P e B g
1
+/ exp(rx) (uy(t, x) + cux(t, x)) (f(t, x) + ouyy (t, x)) dx
0
1
— / exp(rx) (u:(t, x) + cuy(t, x)) (b0 (t, x) + pu(t, x)) dx
0
1
+/ exp(—rx) (us(t, x) — cux(t,x)) (f(t, x) + ouxy (¢, X)) dx
0

1
—/ exp(—rx) (u; (¢, x) — cux(t, x)) b0y (t, x) 4+ pu, (¢, x)) dx (67)
0

Integrating by parts the integrals fol exp(£rx) (us(t, x) £ cuy (t, x)) uyy (¢, x)dx and
using (67), (11), (2) and the facts that u,(¢,0) = 0, u,, (¢, 1) = —a% (us(t, 1)) for
allt >0, B =ao (exp(r) (1 —ac) + exp(—r) (1 + ac)), we obtain for t > 0:

d cr 1 2
— O (ult], ut]) = ——f exp(rx) (u;(t, x) + cuy(t, x))"dx
dt 2 0

—% /01 exp(—rx) (s (1, x) — cuy(t, x))? dx

‘% (exp(—r)(l +ac)? —exp(r)(1 — ac)z) W21, 1)

20 /0 1 cosh(rx)u?, (¢, x)dx — 2co /O S (e (1, X)ttar (1, )
+/01 exp(rx) (u;(t, x) + cuy (t,x)) (f(t,x) —oruy(t,x))dx

- /01 exp(rx) (u;(t, x) + cuy(t, x)) (b0, (t, x) + pu(t, x)) dx

+ /01 exp(—rx) (uy (1, x) — ctix (1, ) (f (1, %) + oritz (¢, X)) dx

1
—/ exp(—rx) (us(t, x) — cuy(t,x)) (b0 (t, x) + pu,(t, x))dx (68)
0
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Using the following inequalities

(ue(t, x) £ cuy(t, x)) f(t,x)
< Ccr

T 40+ u+b+or)
(ur (2, x) £ cuy(t, x)) Ox(t, x)
. Ccr

414+ pu+b+or)
(e (2, x) £ cux(t, x)) u (2, x)

(ue(t, x) £ cuy(t, x))* + Lf(t, )1

1+u+b+or
cr

1 b
(uy(t, x) £ cuy (t, x))? — I+pn+btor
cr

02(t, x)

- cr
T 40 +u+b+or)
lug (2, x) £ cuy (t, x)| |uy (2, x)|
Ccr

<
414+ pn+b+or)

(ur (1, x) £ cuy(t, x))* —

l+pu+b+or
'u—u?(t,x)
-

l+pu+b+or
(u (1, %) £ cux(t, x))* + Tui,(u x)

we obtain from (68) the following estimate for r > 0:

d cr ! 2
L ul), ur)) <~ f exp(r) (s (1, x) + cuy (1, x))° dx
dt 4 Jo

cr (! 5
—Z/O exp(—rx) (us(t,x) — cuy(t,x))"dx
—% (exp(—r)(l + ac)2 —exp(r)(1 — ac)z) utz(t, 1)

1
—2co / sinh(rx)uyy (t, X)uy (t, x)dx
0

204+ pn+b+
L2 Aptbton

1
/ cosh(rx) (If(t, 0>+ b@f(z, x) + /m,z(t, x) + oru%l(t, x)) dx
cr 0

(69)

Equation (62) in conjunction with (10) implies for all # > 0:

d w
WG], )

1
=(/‘(u,U,x)——auxxa,x))ﬁguxxa,x)——uu,@,x)——b@xa,x)+-f0,x))dx
0
1
= —ac2/ ul (t, x)dx + (3 + ;w)/
0 0

1

1
—b/ u,(t,x)éx(t,x)dx—{—/ us(t, x) f(t, x)dx
0 0

1 1
s (t, X))y (t, x)dx — ,u,/ u,z(z,x)dx
0

1 1
+ab/ Uy (t, x)0, (¢, x)dx —0/ Uxy(t, x) f(t, x)dx (70)
0 0
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Using the inequalities

e St (11) < 775 +(164C—2;L+b) s 260 + Ww?(m
e (1, )8 (1,3) < 5 E (ffu — W2t x) + Csz(lzjyf—c/vz‘JFb)"ef(z, x)
u”apnfmx>2—2@¢+(ffu+bm)ﬁxmx> CRUTREDT |
08 0) 2 5 (ffu +b)a)"’2(t’x) - CQJF(';:—C’;H’)“@?(L)C)
Ui (1,0 f(1.%) < 2(C2+(l"i+b)o)u%(r,x)+”“;c’”b)" £ P

we obtain from (70) the following estimate for ¢ > 0:
d oc? [! ,
EW(u[t],u,[t]) =5 ; uy, (t, x)dx

1 1 b 1
+Q[ utz(t,x)dx + w[ utz(t,x)dx
0 0

2¢2

e+ )b/, ry
. (c + (4 +b)a) AR
o+1 5
+2 (c+a+u+mG el (71)
202
o AH(4b) 2(14b) .
where Q := © 20 =+ 2(c2(r(1+u+b)a). Define:
cr
=— (72)
8Q cosh(r)
Viu,w,0) :=dwu,w)+RWw,w)+ M E(u,w,0),
Fforallu e H*(0,1), w e C°([0,1]), 6 € L*(0, 1) (73)

where M > 0 is a sufficiently large constant that satisfies

2(1 b 4 sinh?
M> A+ p+ +or)cosh(r)+%(r)
C
1 byoR 2(1 b
(I +pn+b)o n (I+npn+ +ar)cosh(r)
2¢2 cr

MEZ_)L 2(1+;L+b+ar)c (c+1)
k 20c?

M >

osh(r) +

<02+(1 —i—u—i—b)o) R)

cr

M > i (exp(r)(l — ac)2 —exp(—r)(1 + ac)2>
ac

M > R —2exp(—r)
—B
M > — (74)
ao
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Definitions (58), (59), (60) and (73) guarantee that the following inequalities hold for
allu € H%(0,1), w € €% ([0, 11), 6 € L%(0, 1):

Vi, w,0) < Co (Ilwl + 3 + 1013 + w2 () + lunc13)

Vi, w,0) 2 O (Il + lual3 + 1613+ w? (D + luwl3)  75)

where
c min M_R—i—e (—r). 2 M+e (=) bM aocM + B Ro*
‘= mi xp(—r), ¢ xp(—r ,—, ——
1 P 2 TP T 4
M (M bM acM + B )
C := max -+ exp(r) + R, ¢ 5+ exp(r) TR Ro” ) (76)

Notice that due to (74), the constants C, C» defined by (76) are positive, i.e., 0 <
C| < (.
Using (65), (69), (71) and definition (73), we get for ¢ > 0:

d cr (! 2
——V(ult], u[r], 0[r]) < —*/‘ exp(rx) (u(t, x) + cux(t, x))” dx
dt 4 Jo

cr 1 5
_Z./o exp(—rx) (us(t,x) — cuy(t,x))"dx

—% (2acM +exp(—r)(1 + ac)2 —exp(r)(1 — ac)z) utz(t, 1)

20 (1 b ! 2R !
_ (O‘M — ol tptbtor cosh(r)) / uit(t, x)dx — GCZ / u)zcx(t, x)dx
0 0

C

1 1
+M | u(t,x)f(t, x)dx + QR/ u? (t, x)dx
0 0

1
—2co / sinh(rx)u .y (£, X)uy (t, x)dx
0

(5

20+ p+b+
(c +(1+/L+b)0)R+¥

cosh(r)) Il 11113

20
1
( (I+u+boR 20+ u+b+or) Osh(r))/ 20 00
0

2c2 cr

cosh(r) —

1
20 +p+btor) (‘;: D (¢ + 1+ p+b)o) R)/ 0% (t, x)dx
0

(77)

cr

Using inequalities (74) and the inequalities

2

Mu,(t, %) £, x) < QRuZ(t, x) + fé—R £t 0P
cR 5 2sinh(r) ,
Uyx (, XUy (F, x) > _W“xx(t’x) R uy, (t, x)
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we obtain from (77) for all t > 0:

d cr ! 2
—V(ult], u, 1], 01t]) < —— | exp(rx) (u,(t, x) + cuy(t, x))" dx
dt 4 0

cr ! 2 ac*M 2
- exp(—rx) (us(t, x) — cux(t,x)) " dx — ——u;(t,1)

4 Jo 2

2(1 b 4 sinh? 1
—c <M— ( +M+ +0r) Cosh(r)_%(r))\/. uﬁt([’x)dx
c 0

oc*R
4

bkM

2%

1 1
/ u)zcx(t,x)dx+2QR/ uf(l,x)dx
0 0

1
02(t, x)dx + K || f11113 (78)
0

where K := % (P+A+pn+bo)R+ W cosh(r) + “’g—ZR. Combining
(29) with (78) and using definition (72) and inequalities (74), we obtain the following
estimate for r > 0:

—V(u[z] u.lt], 0[t]) < ——/ exp(rx) (u;(t, x) + cuy(t, x)) dx

2
—§/ exp(—rx) (s (1, x) — cun(t, )2 dx — 2020, 1)
0
2R bkM
— T a1 = 25— 16,013 + K IL£1113 (79)

Wirtinger’s inequality and (9) imply that fol 02(t, x)dx > m? fol 02(¢, x)dx. The
previous inequality and estimate (79) give the following estimate for r > 0:

d cr ) Ar 2
=V ult). 111, 011)) = = exp(—r) g (1113 = 5= exp(=r) s 1113
M 2R M
M 1y TR i = 2 ez + k12 80)

2

Consequently, we obtain from (80) for ¢ > 0:
LV trt. e 6101
—V(ult], u s
dt '
= = (Nl 13+ Naea L3 + w2 1) + N l113 + 101113) + K 110013
(81)

where ¢ = min( exp(—r), 5 exp( r), %« M, "C:R, blz‘){w 2) Using (75) and
(81) we get for r > 0:

d
EV(M[I], wi[t], 0[t]) < =20 V (ult], u (1], 01t]) + K || f[£113 (82)
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where w := %. Multiplying both sides of (82) by exp (2wt) we get for t > 0:

d
—- @DV @lr], uil1], 01i1) < K expot) || fI11113 (83)

Differential inequality (83) directly implies the following estimate for all # > 0:

V(ult], us[t], 0[t]) < exp(=2w1)V (u[0], u;[0], 6{0])

t
+Kﬁemhhm—ﬂWﬂﬂﬁw
which gives

K
V(ulr], u[t], 0[t]) < exp (=2wt) V (u[0], u;[0], O[0]) + — sup (IIf[S]II%)

20 g<g<i

(84)

Estimate (18) with appropriate constants G, y > 0, is a direct consequence of estimate
(84) and inequalities (75). The proof is complete. <

Remark 1t should be noticed that when o — 07, the constants K := % (c2 +(14+u
+ b)a)R + W cosh(r) + %, w = % and C; defined by (76) satisfy
C; — 07, K — 400 and @ — 0. Therefore, it becomes clear from (84) and (75)
that the gain y in the ISS estimate (18) of the distributed disturbance input f becomes
unbounded as ¢ — 0. This is expected because when o — 07, model (D) “tends” to
model (C) for which the ISS estimate (17) does not allow the derivation of bounds for
lluxx[t1ll, and |us(z, 1)]. On the other hand, the asymptotic analysis when o — 400
of the gain y in the ISS estimate (18) of the input f is not easy and is a topic for future
research.

5 Concluding remarks

The study of the robustness properties of the 1-D wave equation for an elastic vibrat-
ing string was performed under four different damping mechanisms that are usually
neglected in the study of the wave equation: (i) friction with the surrounding medium
of the string (or viscous damping), (ii) thermoelastic phenomena (or thermal damp-
ing), (iii) internal friction of the string (or Kelvin-Voigt damping), and (iv) friction at
the free end of the string (the so-called passive damper).

The study is by no means complete. Future work may consider different boundary
conditions for the temperature at the ends of the string or may also consider the heat
exchange between the body of the string and the surrounding fluid. Moreover, from a
control perspective, the “ultimate goal” would be to use the ISS analysis for the design
of robust stabilizers (robust even in the presence of small input delays). We cannot be
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sure that such a goal is feasible (although some stabilization results are given in [28])
but it is certainly a topic that must be studied in the future.
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Appendix A Well-posedness of 1-D wave models

We next present the well-posedness analysis for all studied models. However, it should
be noted that such an analysis provides sufficient and not necessary conditions for
the existence/uniqueness of a solution with specific regularity properties. On the
other hand, Theorem 1, Theorem 2 and Theorem 3 assume less regularity proper-
ties for the external inputs. For example, the well-posedness analysis given below
for Model (D) requires that f € C! (]R+; L?(0, 1)) is a sufficient condition for the
existence/uniqueness of a solution for Model (D), while Theorem 3 simply requires
that f € C° (R+; L?(0, 1)). This is important because one cannot exclude the possi-
bility that a solution for Model (D) with the regularity properties that are specified in
Theorem 3 exists for less regular inputs (see the discussion on pages 105-110 in [31]).

The results that follow use a similar notation (for example, the state is U, the state
space is X, the linear unbounded operator is A, etc.). However, the reader should not be
tempted, by an overlapping notation for different quantities, to compare the different
quantities in the analysis of each one of the models.

(1) Well-posedness analysis of Model (B).

Model (B) consists of equations (2), (5), (6). Applying the transformation
w(t,x) =u(t,x) vt,x)=u,x)—d@)x, fort >0,x €[0,1] (Al)

and assuming that d € C! (R,.), we obtain the following first-order in time model

U +AU=F (A2)
where
U=, w) (A3)
F(t,x) = (—=d()x, f(t,x)), fort>0,x €[0,1] (A4)

and A : D(A) — X is the linear unbounded operator defined by
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AU = (—w, N+ Mw)  for U = (v, w) € D(A) (A5)
with X being the Hilbert space
x={ueH1(0, 1) v(0)=0] % L0, 1) (A6)

with scalar product

1

1 1
(U.U) = C2/ U/(x)z'/(x)dx+/ v(x)ﬁ(x)dx+/ w(x)w(x)dx,
0 0 0
forU=@w,w)eX, U=, w)eX (A7)
and D(A) C X being the following linear subspace of X
D(A) = { (v, w) € H2(0,1) x H'(0,1) : v(0) = w(0) = v/(1) + aw(l) = 0}
(A8)
Let I : X — X be the identity operator. We next show that A 4+ I is a maximal
monotone operator (see [5]). Indeed, we have for all U = (v, w) € D(A)
1 1 1
(A+DHU,U) = —62/ w' (x)v' (x)dx —/ wx)v(x)dx — c2/ v () w(x)dx
0 0 0
F(+ D w3+ |5+ i3
1
= —cCw('(1) —/0 w(()dx + (+ 1) [wld + ¢ | o']5 + vi3
> actw? (1) = [wlly vl + (e + D w3 + ¢ [']5 + Ivli3
1 1
> ac*w*(1) + (u + 5) w3 + ¢ |o'|5 + 5 Iv[3 =0

In the above we have used (AS), (A7), (A8), integration by parts, the Cauchy-Schwarz
inequality and the fact that [|w]|, [|[v], < % ||w||% + % ||U||%. Moreover, for every

F = (Fl, Fg) € X the equation (A + 21)U = F € X has a unique solution
U = (v, w) € D(A). Indeed, the equation (A 4+ 21)U = F € X gives w = 2v — F|
and v(x) = v(x) + “zilfl)x for x € [0, 1], where o € H?(0, 1) is the unique solution

of the boundary value problem

=70 (x) + 2 + D) = (1 + 2 Fi(x) + Fa(x) — 2(1 + 2) aszl)

for x € (0, 1) a.e., with v(0) =0 and ?'(1) = —2av(1) (A9)

X,

The fact that the boundary-value problem (A9) has a unique solution follows from
the methodology described on pages 221-229 in [5] and the Lax-Milgram Theorem
(Corollary 5.8 on page 140 in [5]).
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Thus A + [ is a maximal monotone operator and consequently (using the Hille-
Yosida Theorem) A is the generator of a continuous semigroup of contractions
S) : X — X. It follows from Theorem 7.10 on page 198 in [5] that for
every FF € C ! (R4; X) and for every Uy € D(A) there exists a unique solution
UeC'Ri; X)ynC B (R4; D(A)) of the initial-value problem (A.2) with initial
condition U (0) = Uj.

Going back to the original state variables (and using (A1)), we conclude that for
every d € C>(Ry), f € C'(R4; L*(0, 1)) and for every ug € H?(0,1), wo €
H'(0, 1) with u(0) = wy(0) = 0, u6(1) = —awp(l) + d(0) there exists a unique
solutionu € C' (Ry; H'(0, 1)) NC? (Ry; H*(0, 1)) withu, € C' (Ry; L2(0, D)) N
C% (R4; H'(0, 1)) of the initial-boundary value problem (2), (5), (6) with u[0] = uo,
u:[0] = wo that additionally satisfies u;(¢, 0) = 0 for all # > 0.

(2) Well-posedness analysis of Model (C).

Model (C) consists of equations (2), (6), (7), (8), (9). Applying the transformation
(A1) and assuming that d € C' (R.), we obtain the first-order in time model (A2),
where

U= (,w,0) (A10)
F(t,x)= (—d(t)x, f(,x), O), fort>0,x €0, 1] (A11)

and A : D(A) — X is the linear unbounded operator defined by

AU = (—w, — 2"+ pw + bo’, —ko" +Aw’) . forU= (v, w,0) € D(A)
(A12)

with X being the Hilbert space
X = [v e H'(0,1) : v(0) = o} x L*(0,1) x L*(0, 1) (A13)

with scalar product

1 1

v’(x)ﬁ’(x)dx—i—/ v(x)v(x)dx
0

(U,0)=c2/

0
1 1

+/ w(x)zl)(x)dx—i—é/ 0(x)0(x)dx,
0 A Jo

forU=@w,w,0)eX, U=, w,0) ecX (Al14)
and D(A) C X being the following linear subspace of X

v(0) =w(0) =60(0)=0
V(1) +aw(l) =6(1) =0
(A15)

D(A) = { (v, w,0) € H*(0,1) x H'(0, 1) x H>(0, 1) :
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Let I : X — X be the identity operator. We next show that A 4 [ is a maximal
monotone operator (see [5]). Indeed, we have for all U = (v, w, 0) € D(A)

1 1 1
(A+DHU,U) = —02/ w' (x)v' (x)dx —/ wx)v(x)dx — c2/ v (x)w(x)dx
0 0 0
1 bk 1
+p+1) ||wH% +b/ 0 (x)w(x)dx — 7/ 0(x)0” (x)dx
0 0
1 b
+b/0 oW (dx + ¢ |3+ IIvl + E

1
= ~Cur') - [ weoutds + g+ 1wl
0
bk b
+ 19l + ¢ 15 + ol + - 1613
) bk, 2 b
= ac?w’ (1) = wlly Wil + G+ 1) Tl + ¢ o 5+ 1l + 5 0']; + - 1613

1 1 bk b
= actw?(1) + (u + 5) w3+ o3+ 5 i3 + 5= 0[5 + 7 1613 = 0

In the above we have used (A12), (A14), (A15), three integrations by parts, the Cauchy-
Schwarz inequality and the fact that [wll; lvll, < 1 [wl3 + 1 [[v]3. Moreover, for
every F = (Fy, F», F3) € X the equation (A +21)U = F € X has a unique solution
U= (v,w,0) € D(A).Indeed, the equation (A+21)U = F € X givesw = 2v—F}
and v(x) = 9(x) + 4 x for x € [0, 1], where (7, ) € H?(0, 1) x H*(0, 1) is the

2a+1
unique solution of the boundary-value problem

—20"(x) 4+ 2(1 4+ 2)3(x) + b0’ (x) = ¢1(x)
—k0" (x) + 200" (x) +20(x) = @2(x)
for x € (0,1) a.e. with §(0) = 6(0) = 0
and V' (1) +2av(1) =0(1) =0 (A16)

with @1 (x) = F(0) + (1 +2) Fi (1) —2(+2) S0 v and g (x) = F3 () +2.F () -

240D Tet ¥ be the Hilbert space

Y = { (@,0) € H'(0, 1) x H'(0,1) : 5(0) =0(0) =6(1) = O} (A7)

with the usual scalar product

1 1
((0,0), (r, p) = / v ()’ (x)dx +/ D(x)r(x)dx
0 0

1

1
+/ 9/(x)p’(X)dx+/ 6(x)p(x)dx,

0 0

for (v,0)€Y, (r,p)eyY (A18)
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The fact that the boundary-value problem (A16) has a unique solution (v,6) €
H?%(0, 1) x H*(0, 1) for every (¢1, ¢2) € L?(0, 1) x L?(0, 1) is a direct consequence
of the methodology described on pages 221-229 in [5] and the Lax-Milgram Theorem
(Corollary 5.8 on page 140 in [5]) applied to the continuous, coercive, bilinear form
a on Y defined by the formula

1
a ((3,0), (r, p) = 2ac25(1)r(1)+c2/ ¥ (0)r (x)dx
0
1 1
+2(M+2)/ ﬁ(x)r(x)dx—i—b/ 0’ (x)r(x)dx
0 0

1 1 1
—1—% 9/(x)p’(x)dx+b/ v (x)p(x)dx + éf O(x)p(x)dx
2% Jo 0 X Jo

forall (v,0) €Y, (r,p)eY

Thus A + I is a maximal monotone operator and consequently (using the Hille-Yosida
Theorem) A is the generator of a continuous semigroup of contractions S(¢) : X — X.
It follows from Theorem 7.10 on page 198 in [5] that for every F € C! (R ; X) and
forevery Uy € D(A) there exists a unique solution U € C! (R ; x)nc® R4; D(A))
of the initial-value problem (A2) with initial condition U (0) = Uy.

Going back to the original state variables (and using (Al)), we conclude
that for every d € C?*(Ry), f € C'(Ry;L%(0,1)) and for every ug €
H?0,1), wo € HY0,1), 9 € HZ%0,1) with ug(0) = wo(0) = 6(0) =
0(1) = 0, ug(1) = —awo(l) + d(0) there exists a unique solution u €
C!' (Ry; H'(0, D)NCY (Ry; H2(0,1)),60 € C' (Ry; L2(0, 1)NCO (Ry; H2(0, 1)
withu, € C' (Ry; L?(0, D) NCO (Ry; H'(0, 1)) of the initial-boundary value prob-
lem (2), (6), (7), (8), (9) with u[0] = ug, u;[0] = wo, 6[0] = 6y that additionally
satisfies u; (¢, 0) = 0 for all r > 0.

(3) Well-posedness analysis of Model (D).

Model (C) consists of equations (2), (8), (9), (10), (11). Applying the transformation

w(t,x) = u(t,x) — ouxy(t, x) + gu(t, x)
v(t, x) = us(t, x)

y(@) = u (1, 1)
fort >0, x €[0,1] (A19)

where

gi=u— o % k=012 (A20)
we obtain the first-order in time model (A2), where

U= u,v,0,w,y) (A21)
F(t,x) = (0, f(t,x),0, f(t,x),0), fort>0, x € [0, 1] (A22)

and A : D(A) — X is the linear unbounded operator defined by
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AU = (—ou” —h,—ov +gv+kh+b0', k6" + 1, kh + b6, a_lv’(1)>
forU = (u,v,0,w,y) € D(A), whereh =w — gu (A23)

with X being the Hilbert space
5 4
X = (L (o, 1)) x R (A24)

with scalar product

1

1
(U.U)= / u(x)ii (x)dx +/ v(x)D(x)dx
0 0
b 1 _ 1
+X/ 0(x)0(x)dx +/ wx)w(x)dx + aoyy,

0 0

forU=u,v,0,w,y)eX, U= (u,0,0,w,7) € X (A25)
and D(A) C X being the following linear subspace of X

u()=60)=v0)=0
DA ={ wv,0,w,y)ezZ: vi)—y=u)+ay=6(1)=0
where Z = (HQ(O, 1))3 x L2(0,1) x R
(A26)

Let I : X — X be the identity operator. We next show that A 4+ 17 is a maximal
monotone operator (see [5]) for a sufficiently large constant 8 > 0. Indeed, we have
forall U = (u,v,0,w,y) € D(A):

1
(A+pDHU,U) = / u(x) (—ou”(x) + gu(x) — w(x)) dx
0
1
~|—/ v(x) (—ov”(x) + gu(x) + Kk (w(x) — gu(x)) + b’ (x)) dx
0
b 1
+X/0 0(x) (—k0" (x) + 2/ (x)) dx + B llull3 + B [vII3
b
+B5 1013 + B lwl3 + acBy?
1
—i—/ w(x) (k(w(x) — gu(x)) + b0’ (x)) dx + o yv'(1)
0
1 1
=aoyu(l)+o Hu’”i - +/cg)/ u(x)w(x)dx —i—b/ w(x)0' (x)dx
0 0
2. 1o ! : bk 12
4o “v ||2 40 ¢ / v(x)w(x)dx —Kg/ v()u(x)dx + - ||9 ||2
0 0

b
+(B+9) Il + B+ ) 1013+ B 1613+ (B+07"?) [wl3 +aopy’
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In the above we have used (A23) (A25), (A26) and integration by parts. Using the
fact that yu(1) > —gy*> — “ 531) and the Cauchy-Schwarz inequality we obtain:

(A+BDU.U) > —%uz(l) +o '3 =11+ kgl llully lwlly — b w6’

bk
+o |[V]5 =k lvlly lwlly =« Igl el vl + = ||9/||§

+(B+2) lul3+ B+ lIvl5 + — /3 1615 + (B + ) lwli3

Since u € H*(0, 1) with u(0) = 0 we get u*(1) = 2]01 u()u' (x)dx < 2|ully |u'],.
Using this inequality and the inequalities |u||, [|[w(, < ||u||% + ||w||%, lvll2 lw]l, <

2,2
013+ w3, Nulls vl < llul3 + llvli3, | + 7¢ w3, we get:

(A+BDU,U) = —% lully ' |, + o '] + 0 |V']3

+(B—lgl—1—2c gl llull3 + (B — gl —k —ilgl) IvlI3
bA
(ﬁ il il |g|> lwll3

Finally, using the 1nequa11ty e ||u ||2 <o ||u H2 |u||2 we get:

16/32 |

2
(A+BDU.U) = (ﬂ gl —1—2« gl - 16ﬁ2) luell3

b
+(B—lgl—x—rklghllvl3 + (/3 K |g|) w3

The above inequality shows that for 8 > 1 +« 4+ (2« +
(A+BHU,U) >0forallU = (u, v,0, w, y) € D(A).

We next show that for sufficiently large B > 0, the range of the linear operator
(A+ (B+ D) is X. We show that for every F = (Fl, F>, F3, Fy, Fs) € X the
equation (A+(B+1)1)U = F € X hasaunique solutionU = (u, v, 0, w, y) € D(A)

provided that 8 > Ois sufficiently large. The equation (A+(B+1) U = F € X gives
_ F: (1) Fa(x)—b8' (x)

Y = TRaGpEn ~atpn 1) = d(0)—a (“(1) + 1+a(ﬂ+l))x w) = e+

ﬂffgﬂ (ﬁ(x) —a (5(1) + 1+;(73+1)) ) and v(x) = v(x) + 1+?1(/§)-CH) forx € [0, 11,

where (i, v, 0) € (H 2(0, 1))3 is a solution of the boundary-value problem

16/32 + b 4k we have
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~// 8 ~
—ou (x) +(B+1) (1 + m) u(x)

8

—a(B+1) <1+m

) b
>v(1>x+—ﬁ+1+xe @) = ¢1(x)

b(B+«)
B+1+4+«k
kg (B+K) - akg (B+Kk) .
I R ET e
—k0" (x) + 20" (x) + (B + DO(x) = ¢3(x)
forx € (0,1)a.e. withu(0) =v(0) =6(0) =0

and W'(1) =0 (1) +a(B+Do(1) =6(1) =0 (A27)

0" (x) + (B + 1+ )0(x) + 0'(x)

. — F — — 2 2
with @3(x) = F3(0) — gatiy, o1(0) = () + grgefatn) + $EE0E

g T 1 I ak g(B+k) F:
(1 + m)xandwz(x) - Fz(x)—mm(x)—(ﬁ +14 g + el ) -
Let Y be the Hilbert space

Y = { (u,v,0) € (HI(O, 1))3 :u(0) =v(0) =6(0)=0(1) = 0} (A28)

with the usual scalar product

1 1
(@, 5.6). (q.r. p)) = /0 7 (g (x)dx + /0 7 (0g (r)dx

1 1 1 1
—i—/ f/(x)r’(x)dx—i—/ ﬁ(x)r(x)dx—l—/ 9’(x)p’(x)dx+/ 0(x)p(x)dx
0 0 0 0
for (u,v,0) €Y, (q,r,p) €Y (A29)

We show that the boundary-value problem (A27) has a unique solution (i, v, ) €

(HZ(O, 1))3 for every (¢1, 92, 93) € (L2(O, 1))3 provided that 8 > 0 is sufficiently
large. Let R > 0 be an arbitrary constant and consider the continuous, bilinear form
a on Y defined by the formula
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. o150 1~, ,
a (i, 0,6),(q,r, p) = 2T ), i’ (x)q (x)dx
50 B+ 1) g L
YR (1+/§+1+K)f i(0)q (r)dx
V56 B+ 1) g N !
— <1+,3+1+K)”(1)/0 xq(x)dx
b/150

1
o' d
W RSN (g

1
toa(g+ D) +o / 5 () () dx
0

+B+1+2) /0 Seords + ;’(f%f) o

_% Olﬁ(x)r(x)dx—{— %Yl)/ xr(x)dx
% 019’(x)p/(x)dx+ (ﬁf% 01 V() p(x)dx
% 01 6(x)p(x)dx

forall (i,5,0) € Y, (q.r,p) €Y (A30)

We notice that continuity of the bilinear form « on Y defined by (A30) is established
by means of the inequality |[v(1)| < /2 |[v]l2 V|l < V], + || Which holds
since ¥ € HL(0, 1) with 3(0) = 0 (recall (A28)). Completing the squares and using
the Cauchy-Schwarz inequality and the fact that [v(1)| < /2 |||, ||V’]|,, we are in a
position to establish the following inequality for all (&, v,0) € Y:

. o o150 | _, aa(,B—l— ). 12
@ ((@,5,0), @ 9.0) > 5= Ja]);+ 22y + 2 5 1713
lli |3 )
+72a4km(ﬂ+ Da’k+/150

il 5o+ a2?) s 2
ek FET (2150 +a*?) a*k Ig| + ka® || VB + 1 + 1503 + 10ak g

1 3
+e (0 (B+1)— (60 + 30k +ax?|g|) |gl) 1513

bk (B +x) He,Hz b(B+1)(B+k)
2

0T 013 A31
208+ 14«) AB+1+k) 19112 (A3D)

It follows from (A31) that the bilinear form « on Y defined by (A30) is coercive when

(2«/150 T a2/<2> a2k |g| + 150bA + 10ak |g|?
a’k/150

pa1 -8l ps
o >
150
B+1> (6+3/c+0_1al<2 |g|> lgl
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The above inequalities are satisfied when 8 > 0 is sufficiently large (notice that
left hand sides of the above inequalities tend to +00 as 8 — +00). Following the
methodology described on pages 221-229 in [5] and using the Lax-Milgram Theorem
(Corollary 5.8 on page 140 in [5]) applied to the continuous, coercive, bilinear form
a on Y defined by (A30) we conclude that the boundary-value problem (A27) has a
unique solution (i, 7, 0) € (H>(0, 1))’ forevery (g1, g2, ¢3) € (L2(0, 1))’ provided
that 8 > 0 is sufficiently large.

Thus A + BI is a maximal monotone operator when 8 > 0 is sufficiently large
and consequently (using the Hille-Yosida Theorem) A is the generator of a continuous
semigroup of contractions S(¢) : X — X. It follows from Theorem 7.10 on page 198
in [5] that for every F € C '(R,; X) and for every Uy € D(A) there exists a unique
solution U € C! (Ry; X) N CY (Ry; D(A)) of the initial-value problem (A2) with
initial condition U (0) = Uj.

Going back to the original state variables (and using (A19)), we conclude
that for every f € c! (R+; L?(0, 1)) and for every up € H?(0,1), vg €
H%*(0,1), 6o € H*0, 1) with ug(0) = vp(0) = 6(0) = 0(1) = 0, uy(l) =
—avy(1) there exists a unique solution u € C' (Ry; L*(0, 1)) N C° (R4; H*(0, 1)),
0 € C'(Ry; L0, 1) N CO(Ry; H?(0, 1) with u, € C'(Ry; L0, 1) N
CO(Ry; H*(0, 1), uyy € C'(Ry; L0, 1), us (-, 1) € C'(Ry) of the initial-
boundary value problem (2), (8), (9), (10), (11) with u[0] = u¢, u;[0] = vo, 8[0] = 69
that additionally satisfies u;(¢,0) = 0, u,/(¢, 1) = —a% (us(t, 1)) forall t > 0.
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