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Abstract. This paper studies the linearization of the viscous tank-liquid system. The lineariza-
tion of the tank-liquid system gives a high-order partial differential equation, which is a combination
of a wave equation with Kelvin—Voigt damping and a Euler—Bernoulli beam equation. The single
input appears in two of the boundary conditions (boundary input). The paper provides results both
for the open-loop system (existence/uniqueness of solutions and stability properties of the open-loop
system) as well as results for the construction of feedback stabilizers. More specifically, the feed-
back design methodology is based on control Lyapunov functionals (CLFs). The proposed CLFs are
modifications and augmentations of the total energy functionals for the tank—liquid system so that
the dissipative effects of viscosity, friction, and surface tension are captured. By focusing on the
linearized water—tank system, we are able to provide results that are not provided in the nonlinear
case: (1) existence and uniqueness of solutions, (2) simultaneous presence of friction and surface
tension, and (3) stabilization in a stronger norm, using a different CLF.
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1. Introduction. In this paper, we consider the system described by the follow-
ing partial differential equation (PDE) for ¢ >0, x € (0, L),

(11) [ 025%9; - Uh*<p$zxw + HPtre — R‘Pt?

the following ordinary differential equations (ODEs) for ¢ > 0,

(1.2) E=w, w=—f;

and the following additional (boundary and nonlocal) conditions for ¢ > 0:
(1.3) P (t,0) = pa(t, L) =0,

(1.4) Paaw(t,0) = Guoa(t, L) = = f(1),

(1.5) /OLgo(t,x)dx:/OL oi(t,x)dx =0,

where ¢,0,h*, u, L >0, & > 0 are constants and f(¢) € R is an external (control) input.
Model (1.1), (1.2), (1.3), (1.4), and (1.5) represents the linearization of the classical
Saint-Venant model of liquid—tank motion in which the liquid is viscous with viscosity
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1, has surface tension o, and exhibits friction & with the tank walls. This particular
linearized PDE-ODE model is reminiscent of both wave and Euler-Bernoulli (EB)
beam equations, with Kelvin—Voigt damping and ordinary damping added.

Since such a wave-beam PDE combination has, to our knowledge, not been a
subject of study as either an abstract system or as a liquid—tank model, it is impor-
tant to develop results for it on well-posedness and stabilization, in particular norms.
However, it is equally important to understand the model’s linkage with various re-
lated PDE systems, of which some are simpler—the wave and EB PDEs—and some
are related but more complex (linearized models of aeroelasticity/flutter). We discuss
that next.

On the one hand, for o = 0, one notes that (1.1) is a wave equation, with wave
speed ¢ = \/gh*, where h* > 0 is the liquid height at equilibrium while g is the
acceleration of gravity. Such a wave PDE governs the wave dynamics of a liquid
that has no surface tension. On the other extreme, for ¢ = 0 (namely, for g = 0),
one recognizes that (1.1) is the EB beam equation, governing the dynamics of the
surface of a thin layer/film of liquid with nonnegligible surface tension. The wave
and beam effects appear combined in this model because of the interaction between
surface tension (a beamlike effect) and the liquid motion (a wavelike effect).

The classical interaction between elastic structures and fluids appears in aeroelas-
ticity [1, 48], also known under the alternative (but not precisely synonymous) names
of flutter, flow-induced vibration, and fluid—structure interaction. Flutter arises in
many systems, of which aircraft wings and gas turbine compressor blades are the
most well-known examples. Flutter models in general are far more complex, even
when linearized, than the wave-beam equation (1.1). The complexity of flutter mod-
els is due to the fact that, while in the liquid—tank system, there is no net equilibrium
motion of the liquid in the tank relative to the fluid’s surface, in the wing flutter, there
is a considerable velocity differential between the wing/beam and the air flowing over
the wing. In the extreme case of high Mach number flight, the elastic effect of the
wing is entirely dominated by the fluid motion, and the flow-induced vibrations are
approximated by a wave equation [48], with elasticity absent but antidamping present
due to the instability induced by the flow.

Hence, the work we undertake here on (1.1), (1.2), (1.3), (1.4), and (1.5) should
be seen in the broader context of control of fluid—structure interaction. Furthermore,
it should be observed that the liquid—tank system with surface tension is a fluid—
structure system of a very particular (limited) kind. In a tank, the dynamics of the
water, constrained from the sides and bottom by the rigid tank and from above by
the skinlike elastic effect of surface tension, have a “waterbed”-like quality. This is
the quality of conservation of the mean height and velocity of the water (recall (1.5)),
along with smoothing of the water surface by the surface tension.

Since (1.1), (1.2), (1.3), (1.4), and (1.5) is evidently a system of a very particular
kind, with little history of prior study of the system, it is appropriate, and even
helpful, to terminologically differentiate this system from its wave, beam, and other
PDE “cousins.” A name like, for instance, “waterbed PDE,” seems appropriate and
physically descriptive of this mathematical system. We shall occasionally refer to
(1.1) as the (linear) “waterbed PDE.”

Liquid—tank system: Application, modeling, and control. The liquid—tank system
has an intensely practical motivation. For instance, in [49, 50], the challenges that
arise in spacecraft operation because of the liquid fuel sloshing during spacecraft
transfer and maneuvering, due to the dynamic interaction between the liquid and the
rigid body, are described. One way of mitigating this interaction is through a design
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of devices that can achieve sloshing suppression (see, for instance, Chapter 3 in [29]).
However, suppression of the unsteady motion of the liquid by active control is superior
in achieving suppression because it requires no additional devices. The actuators
that perform the transfer, and thus induce the fluid-body unsteady interaction, are
available also for suppressing this interaction.

From a mathematical point of view, the description of sloshing is a highly non-
trivial modeling problem. Two main approaches have been used for the modeling of
free surface flows of incompressible liquids in the literature: (i) the use of the fluid
momentum equations under the assumption of the irrotational flow of the liquid (see,
for instance, [29, 30, 39]) and (ii) the use of the fluid momentum equations for the
derivation of Saint-Venant models (see [3], the first paper by Adhémar Jean Claude
Barré de Saint-Venant in 1871) by neglecting the fluid motion in the direction of the
liquid height. The Saint-Venant model or shallow water model is a well-known math-
ematical model that has been used extensively, and many modifications of this model
take into account various types of forces such as gravity, viscous stresses, surface ten-
sion, and friction forces (see [7, 8, 9, 12, 23, 37, 38, 39, 41, 42, 52]). In this review, we
focus on sloshing induced by the movement of the container and on 1-D Saint-Venant
models for the description of the liquid motion.

Control studies of the Saint-Venant model have focused on the inviscid Saint-
Venant model (i.e., the model that ignores viscous stresses and surface tension) and its
linearization around an equilibrium point (see [4, 5, 6, 13, 14, 15, 16, 18, 19, 20, 21, 22,
26, 27, 40, 44, 45]). The feedback design has been performed by employing either the
backstepping methodology or the control Lyapunov functional (CLF) methodology.
Although there is no inviscid liquid, the use of the inviscid Saint-Venant model is
justified when studying the flow in rivers: In this case, the inertial, gravity, and
friction forces are orders of magnitude larger than the viscous stresses, and the effect
of viscosity is negligible.

However, when one studies the flow in a tank, there is no guarantee that the effect
of viscosity is negligible because the velocity of the fluid is (expected to be) relatively
small. To this purpose, viscous Saint-Venant models have been proposed and studied
in [7, 8, 23, 32, 33, 34, 35, 37, 42, 52]. From a mathematical point of view, the effect
of the viscosity is huge: In the case where surface tension is absent, the system is
described by two ODEs, one first-order hyperbolic PDE, and one parabolic PDE,
whereas in the inviscid case, we have two ODEs and two first-order hyperbolic PDEs.

From the point of view of applications, when one studies the flow in a tank, the
avoidance of the phenomenon of liquid spilling out of the tank becomes as important
as the sloshing problem. Thus, the solution of the spill-free and slosh-free movement
problem by means of a robust feedback law becomes a significant mathematical prob-
lem with possibly important applications. The recent works [32, 33, 34, 35] study this
particular feedback stabilization problem for the viscous Saint-Venant model without
linearization around an equilibrium point. More specifically, in [32, 33], a feedback
control law is constructed by employing the CLF methodology for the viscous Saint-
Venant model without wall friction and surface tension (state feedback in [32] and
output feedback in [33]). In [34, 35], it is shown that the same feedback control law
proposed in [32] works even if friction forces or surface tension are present. It should
be noticed that [32, 33, 34, 35] are the only works that guarantee a spill-free movement
of the fluid.

Linearized viscous liquid—tank system (waterbed PDE). In the present work, we
study the linearized version of the viscous liquid—tank system. The linearization gives
the high-order PDE (1.1), which is a combination of a wave equation with Kelvin—
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Voigt damping and an EB beam equation. The single input appears in two of the
boundary conditions (boundary input). This particular ODE-PDE system has not
been studied before in the literature and can also describe a waterbed—tank system,
with the tank being actuated. Our work provides results both for the open-loop system
(see Theorem 1 for existence/uniqueness of solutions and Theorem 2 for the stability
properties of the open-loop system), as well as results for the construction of feedback
stabilizers (see Theorem 4 below). There are important additional results that can
be provided for the linearization compared to the nonlinear liquid-tank system:

(1) In the linearized case, we provide existence/uniqueness results for the closed-
loop system. In the nonlinear case, we do not provide existence/uniqueness
results for the corresponding closed-loop system.

(2) In the linearized case, we can study the situation where both friction and sur-
face tension are present. In the nonlinear case, we cannot study the situation
where both friction and surface tension are present.

(3) The state norm for which stabilization is achieved in the linearized case is
stronger than the state norm for which stabilization is achieved in the non-
linear case. This difference is explained by the difference of the CLFs in the
nonlinear and the linearized case. The Lyapunov functional in the linearized
case is a linear combination of four functionals: (i) the Lyapunov function for
the tank, (ii) the mechanical energy of the liquid, (iii) the modified mechani-
cal energy of the liquid, and (iv) the energy of the liquid that is obtained if
one considers the liquid as a beam. The first three functionals correspond to
functionals that are also used for the construction of a Lyapunov functional
in the nonlinear case in [32, 34, 35]. However, the last functional—the beam
energy—has no nonlinear counterpart. The constructed CLF is a weighted
H?-quadratic functional with weights depending on the controller gains.

The paper is structured as follows. In section 2, we describe the mathematical

ODE-PDE model of the liquid—tank system and its linearization. In section 3, we
provide the main results of the paper and a detailed comparison with the results for
the nonlinear case. Section 4 is devoted to the proofs of all results in the paper.
Finally, in section 5, we give the concluding remarks of the present work as well as
some problems that remain open and can be topics for future research.

Notation. Throughout the article, we adopt the following notation.

* Ry =[0,+00) denotes the set of nonnegative real numbers.

x Let S CR"™ be an open set, and let A C R" be a set that satisfies S C A C
cl(S). By C°(A; Q), we denote the class of continuous functions on A that
take values in Q CR™. By C*(A; Q), where k > 1 is an integer, we denote the
class of functions on A C R™ that take values in Q2 C R”" and have continuous
derivatives of order k. In other words, the functions of class C*(4;Q) are the
functions that have continuous derivatives of order k in S =int(A) that can
be continued continuously to points in S N A. When =R, then we write
CO(A) or C*(A).

* Let I CR be an interval, and let Y be a normed linear space. By C°(I; Y),
we denote the class of continuous functions on I that take values in Y. By
CY(I; Y), we denote the class of continuously differentiable functions on I
that take values in Y.

* Let I C R be an interval, let a < b be given constants, and let u : I X
[a,b] = R be a given function. We use the notation u[t] to denote the profile
at certain ¢ € I; i.e., (uft])(z) = u(t,z) for all x € [a,b]. When u(t,x) is
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(twice) differentiable with respect to = € [a,b], we use the notation u,(t,z)
(tugs(t,x)) for the (second) derivative of u with respect to = € [a,b]. When
u(t,x) is differentiable with respect to ¢, we use the notation wu;(t,x) for the
derivative of u with respect to ¢; i.e., w(t,z) = at L(t,z). When uft] € X
for all t € I, where X is a normed linear space with norm ||| x and the
mapping I >t — uft] € X is Cl—i.e., there exists a continuous mapping
vl — X with limp_o(|[h=(ult + k] — ult]) — v[t]||x) = 0 for all t € [—we
use the notation u; for v. Furthermore, when u € C'(I; X) and the mapping
I5t— wlt] € X is C'—i.e., there exists a continuous mapping w : [ — X
with limp, o ([|R = (u[t + h] — w[t]) — wit]||x) = 0 for all t € [—we use the
notation wuy for w. Mixed derivatives are to be understood in this way. For
example, when u, € C1(I;X) (i.e., when there exists a continuous mapping
o T — X with limp,_o(||h™ (ug[t + h] — u[t]) — p[t][|x) =0 for all t € I), we
use the notation wu,; for ¢.

x Given a set U C R", xyy denotes the characteristic function of U, i.e., the
function defined by xy(x):=1for all x € U and xy(z):=0 for all z ¢ U.

* Let a < b be given constants. For p € [1,+00), L?(a,b) is the set of equiv-
alence classes of Lebesgue measurable functions w : (a,b) — R with |ul], :=
f |u |pd33 e < +oo The scalar product in L?(a,b) is denoted by (e, e);
ie., f f(z)g(z)dz for all f,g € L*(a,b). L°(a,b) is the set of
equlvalence classes of Lebesgue measurable functions w : (a,b) — R with
[t]loo := €s88Up ¢ (q,p) (|u(z)|) < +00. For an integer k > 1, H*(a,b) denotes
the Sobolev space of functions in L?(a,b) with all its weak derivatives up to

order k> 1 in L%(a,b).

2. The mathematical model. We consider a 1-D model for the motion of a
tank. The tank contains a viscous, Newtonian, incompressible liquid. The tank is
subject to a force that can be manipulated. We assume that the liquid pressure is
hydrostatic, and consequently, the liquid is modeled by the 1-D viscous Saint-Venant
equations, whereas the tank obeys Newton’s second law, and consequently, we consider
the tank acceleration to be the control input.

2.1. The general 1-D model. We next give a general 1-D model for the liquid—
tank system that takes into account all possible forces exerted on the fluid: gravity,
viscous stresses, surface tension, and friction. Let the position of the left side of the
tank at time ¢ >0 be a(t), and let the length of the tank be L >0 (a constant). The
equations describing the motion of the liquid within the tank are

(2.1) Hy+ (Hv),=0, for t >0, z € [a(t),a(t) + L],

7 02 Lo —0 _ He
e (574 o) H<<1+H3>3/2>z
=p(Hv.), — r(H(t,2),0(t,2) — a(t)) (0(t, 2) — a(t))
for t >0, z € (a(t),a(t)+ L),

(2.2)

where H(t,z) >0, 9(t, z) € R are the liquid level and the liquid velocity, respectively,
at time ¢ > 0 and position z € [a(t),a(t) + L], & € C°((0,+0) x R; R, ) is the friction
coefficient that depends on the liquid level and the relative velocity of the fluid with
respect to the tank, while g, > 0, ¢ > 0 (constants) are the acceleration of gravity,
the kinematic viscosity of the liquid, and the ratio of the surface tension and liquid
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density, respectively. In certain works, the term ( . is replaced by H.. (see

)
[7, 8, 9, 41]), but here, we use a more accurate description of the surface tension.
Equations (2.1) and (2.2) can be derived by performing mass and momentum bal-
ances (from first principles, assuming that the liquid pressure is the combination of
hydrostatic pressure and capillary pressure given by the Young-Laplace equation; see
[17]). Various empirical relations have been used for the friction coefficient in the
literature; see [6, 8, 21, 23, 26].

The liquid velocities at the walls of the tank must coincide with the tank velocity;
i.e., we have

(2.3) o(t,a(t)) =0(t,a(t) + L) =w(t) for t >0,

where w(t) = a(t) is the velocity of the tank at time ¢ > 0. Moreover, since the tank
acceleration is the control input, we get

(2.4) i(t) = — f(t) for t >0,

where — f(t), the control input to the problem, is equal to the force exerted on the tank
at time ¢ > 0 divided by the total mass of the tank. Using (2. 1) and (2.3), it becomes
clear that every classical solution of (2.1) and (2.3) satisfies (f (L by H(t,z)dz)=0
for all t > 0. Therefore, the total mass of the liquid is constant T us without loss of
generality, we assume that the following equation holds:

(t)+L
(2.5) / H(t,z)dz=m,
a(t)

where m > 0 is the total mass of the liquid divided by the product of liquid density
times the width of the tank. It should be emphasized that, for obvious physical
reasons, the liquid level H (¢, z) must be positive for all times; i.e., we must have
(2.6) min (H(t,a(t) +x)) >0 for ¢t > 0.

z€[0,L]

For a complete mathematical model of the system in the case 0 > 0 (the case
where surface tension is present), we need two additional boundary conditions that
describe the interaction between the liquid and the solid walls of the tank. There are
many ways to describe the evolution of the angle of contact of a liquid with a solid
boundary (see the detailed presentation in [36]). In [46, 47], the use of a constant con-
tact angle was suggested based on energy arguments and the fact that there may be
a discrepancy between the actual microscopic and the apparent macroscopic contact
angle. Moreover, the assumption of a constant contact angle allows the well-posedness
of the overall problem (at least for small data; see [46, 47, 54]). The constant con-
tact angle approach has been used extensively in the literature (see, for instance,
[28, 54, 55]). In this work, we adopt the constant contact angle approach by imposing
a contact angle equal to m/2. Therefore, the model is accompanied by the following
boundary conditions (written in a way that holds even in the case o = 0, i.e., the
case where surface tension is absent and the additional boundary conditions are not
needed):

(2.7) oH,(t,a(t)) =cH,(t,a(t) + L) =0 for t > 0.
Applying the transformation

olt,x) = ot
(2.8) ( ) H(t,a(t) :17)
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where a* € R is the specified position (a constant) to which we want to bring (and
maintain) the left side of the tank, we obtain the following model:

(2.9) E=w, w=—ffort>0,
(2.10) hi + (hv), =0 for t >0, 2 €10, L],
(2.11) (hv); + <hv2 - 1gh2> —oh <h“’>
2" /. (1+h2)*? )
= p(hvz), — K(h,v)v + hf
for t >0, z€(0,L),

(2.12) v(t,0)=v(t,L)=0 for t >0,
L
(2.13) / h(t,x)dx =m for t >0,
0

(2.14) ohy(t,0) =ch,(t,L)=0 for t >0,
(2.15) min _(h(t,z)) >0 for £ > 0.

z€[0,L]
The open-loop system (2.9), (2.10), (2.11), (2.12), (2.13), (2.14), and (2.15)—i.e.,
system (2.9), (2.10), (2.11), (2.12), (2.13), (2.14) and (2.15) with f(¢t) = 0—allows a

continuum of equilibria, namely, the points

(2.16) h(z)=h*, v(z)=0 for €0, L],

(2.17) EER,w=0,

where h* = m/L. The existence of a continuum family of equilibrium points for the
open-loop system given by (2.16) and (2.17), with the family parameterized by an
arbitrary position of the tank while the liquid is at a unique and spatially constant
height, implies that the desired equilibrium point—i.e., the equilibrium point with
& = 0—is not asymptotically stable for the open-loop system.

2.2. The linearization of the liquid—tank system. Linearizing model (2.9),
(2.10), (2.11), (2.12), (2.13), and (2.14) with ¢ > 0 around the equilibrium point
h(z) = h* = m/L, v(x) = 0 and setting ¢ = h — h*X[p,z], we obtain the linear
PDE-ODE model (1.1), (1.2), (1.3), (1.4), and (1.5), where ¢ = /gh* and & > 0 are
constants. The control system (1.1), (1.2), (1.3), (1.4), and (1.5) is a system that has
not been studied so far in the literature. The control input appears in the ODEs (1.2)
and in the boundary condition (1.4) (boundary control). It should be noticed that
the control input is a boundary input for the linearized model (1.1), (1.2), (1.3), (1.4),
and (1.5), while it is not a boundary input for the nonlinear system. This is not a
result of the linearization but a result of the conversion of the linearized model to a
single second-order in time PDE.

The distributed subsystem (1.1), (1.3), and (1.4) is a combination of an EB beam
equation (with a Young modulus ch*) and a wave equation (with a wave speed ¢ =
V/gh*) with additional internal Kelvin—Voigt damping and possible friction. Equation
(1.1) appears in the study of incompressible fluids flowing underground in a fractured
or fissured medium, where ¢ is the pressure of the fluid in the porous part of the
medium; see [24, pp. 217-218]. If (1.1) is to be interpreted as a beam equation, then
the boundary conditions (1.3) and (1.4) mean that the beam ends are subject to “a
paired force actuation” and sliding orthogonally to the beam (see also [51]). Condition
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(1.5) comes from the fact that the “mean displacement” and mean velocity in a vessel
like a tank can neither be lost nor added. Therefore, in this setting, (1.1) and (1.5)
model neither a fluid alone nor a beam but a fluid—beam system akin to a “waterbed,”
in which the fabric that constrains the motion of the water underneath it is analogous
to the surface tension, as captured by the term —oh*p,.., in (1.1). Consequently,
the overall system (1.1), (1.2), (1.3), (1.4), and (1.5) can be interpreted as a water—
tank system where the water surface is effectively covered with a skin/fabric, whose
dynamics are beamlike in interaction with the water. So, (1.1), (1.2), (1.3), (1.4), and
(1.5) is a linearized waterbed-tank system, with the tank being actuated.

The open-loop eigenvalues of the distributed subsystem (1.1), (1.3), (1.4), and
(1.5) are the roots of the equation

22 22 2.2
(2.18) 52+(,unL72T +/?;)5+an <02+0h*nL72r >0 forn=1,2,....

We next provide the eigenvalues in the case & =0. If u? < 4ch*, then all eigenvalues
are complex and are given by the following formula for n=1,2,...:

doh* — 2
(2.19) S = —Q%n%? + z”% UTz“n%ﬂ +e2.

2 * 3 > 2cL 3
If u* > 4oh*, then the eigenvalues are real for n > o don and are given by the

i = .. Wi > 2L .
following formula for all n=1,2,... with n > 1o

n?m?  nmw [p? —4oh*
(220) Sp=—H 2L2 T T?’l2ﬂ'2 — C2.
In every case (u? >4oh* or p? < 4oh*), we have lim,,_, ; o (Re(sy,)) = —oo, indicating

the strong (internal) damping that is caused by the viscosity of the fluid.

When & > 0, then, in general, the eigenvalues are moved to the left in the complex
plane due to the additional damping caused by the friction term —&y; in the left-hand
side of (1.1).

3. Main results. This section provides the main results of the paper.

3.1. Results for the open-loop system. Define
(3.1) S={peH*(0,L): ' (0)=¢'(L)=0}.

For the distributed subsystem (1.1), (1.3), (1.4), and (1.5), we are in a position to
show the following results, which guarantee well-posedness and exponential stability.

THEOREM 1 (existence/uniqueness of solutions for the open-loop system). For
cvery go € S0HA0, L), po € 5, and f € C3(R,) with ¢! (0) = /(L) = —o~1 £(0),
there exists a unique function p € CO(Ry; SNH*(0,L))NCY(R4;S)NC%(Ry; L0, L))
with ¢[0] = @0, ¢+[0] = po that satisfies (1.1), (1.3), and (1.4) for all t > 0. Moreover,
if [ o(z)dz= [, po(z)dx =0, then (1.5) holds.

THEOREM 2 (stability properties of the open-loop system). There exist constants
M, \,T >0 such that, for every f € C°(Ry) and for every function ¢ € CO(R,;S N
H*(0,L)) N C*Ry;S8)NC?*R,y; L3(0, L)) that satisfies (1.1), (1.3), (1.4), and (1.5)
for allt >0, the following estimate holds:

(3.2) P(t) < Mexp (—At) P(0) + Forggict (exp (=A(t—39))|f(s)]) fort>0,
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where

33 P(t):= (Il + o3 + lasltll + hetll2)  for ¢ =0,

Remarks. (a) Theorem 1 shows that condition (1.5) defines a positively invariant
subspace of the state space (SN H*(0,L)) x S. When the initial condition satisfies
(1.5), then the solution satisfies (1.5) for all £ > 0. (b) Estimate (3.2) shows that the
distributed subsystem (1.1), (1.3), (1.4), and (1.5) satisfies the input-to-state stability
property (see [31]) with respect to the boundary input f in the H2(0,L) x L?(0,L)
norm of the state (¢, ¢z).

3.2. Feedback stabilization. Theorem 2 shows that the linearized model (1.1),
(1.2), (1.3), (1.4), and (1.5) is the interconnection of a double integrator ODE sub-
system (recall (1.2)) with the exponentially stable distributed subsystem (1.1), (1.3),
(1.4), and (1.5). The only connection of the ODE subsystem with the PDE subsystem
is the control input that appears in both subsystems (otherwise, the subsystems are
completely independent). This structural feature allows us to consider two different
ways of stabilizing the equilibrium point (£,w) =0 € R?, (¢, ;) =0€ S x L?(0, L) of
system (1.1), (1.2), (1.3), (1.4), and (1.5).

First way of stabilization. We can stabilize exponentially the equilibrium point
(€, w)=0€R?, (p,01)=0€ S x L?(0, L) of system (1.1), (1.2), (1.3), (1.4), and (1.5)
by completely ignoring the liquid dynamics and using the feedback law

(34) f() = ka&(t) + kaw(t),

where ki,ke > 0 are constants. Then, using Theorem 1 and Theorem 2, we con-
clude that, for every (&,wo) € R?, ¢y € SN H*0,L), po € S with fo wo(z)dr =
fo po(z)dx = 0 and ¢’ (0) = gog’(L) = —0 1 (k1& + kawp), there exist unique func-
tions ¢ € CO(Ry; SN H*(0,L)) N Cl(RJr,S_’) NC2(Ry; L%(0,L)), (&,w) € C°(R;R?)
with (£(0),w(0)) = (§0,w0), ¥[0] = o, ¥:[0] = po that satisfy (1.1), (1.2), (1.3), (1.4),
and (1.5) and (3.4) for all ¢ > 0. Moreover, there exist constants M, A > 0 such that
the following estimate holds for > 0:

VE(t) +w?(t) + P2(t)

3:9) gMexp( )\t) VE2(0) + w2(0) + P2(0),

where P(t) is defined by (3.3).

However, there is a problem for the feedback law (3.4). Since we have ignored
completely the liquid dynamics, it is possible that the overshoot for the state com-
ponent ¢ (i.e., the deviation of the liquid level from the equilibrium level) is large
even if the liquid starts from an almost slosh-free initial condition. In other words,
it is possible that the feedback law (3.4) agitates strongly the liquid causing sloshing
during a transient period.

Second way of stabilization. The following result plays a fundamental role in what
follows.

THEOREM 3 (well-posedness of the closed-loop system under an arbitrary feed-
back law). Let B,C € R be constants, and let #,p € C°([0,L]) be given functions.
Suppose that
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- 12L4\/>Z¢n,

(3 6) n odd
7.5 12L4 /2 Z\ n,p
nodd
where ¢ (z) = \/%cos(mr%) form=1,2,... and
L
(3.7) g(x) =3 — 37.’[: +— for z €10, L].

Then, for every (£o,wo) € R?, oo € ,S_'ﬂH4(O,L), uo € S with fo wo(z)dx = fo uo(z)dz

=0, 9y (0) =y (L) = =0~ (B&+Cwo+(ug, 7)+{¢}, D)), there emst unique functzons
p € CO(R; SN H0,L)) NCY(R;8) NC*R; L0, L)), (£,w) € CY(Ry;R?) with
(E0).w(0)) = (E0.1w0). 210] = go. @l0] = uo that satisfy, for all t > 0, (11), (L2)
(1.3), (1.4), and (1.5) under the control law
(

3.8) f(t) = BE(t) + Cw(t) + (pu[t], 7) + (@ [t], D) -

Remark. Theorem 3 states that the closed-loop system (1.1), (1.2), (1.3), (1.4),
and (1.5) under a feedback law of the form (3.8) is well-posed when inequalities (3.6)
are valid.

We next consider the family of feedback laws given by the following formula:

f(t) =K (K3w(t) + ks&(t))

L
(3.9) - K <h*(k3 +ky) /0 2y (t, x)dw — ksph” (p(t, L) — w(t,O))> )

where K, k3, ky, ks >0 are the control parameters with

, 2 pi? (m2 12K (h*)? L3k4> K
(3.10) ks ® <min 5 3 ,—
Akap ()’ L 8K (h*) L6(ky+ ks)2 4

Notice that the family of feedback laws (3.9) corresponds to the linearization of the
nonlinear feedback laws that were used for the nonlinear system (2.9), (2.10), (2.11),
(2.12), (2.13), and (2.14) in [32, 34, 35]. It should be noticed that the family of
feedback laws (3.9) and (3.10) is independent of the surface tension coefficient o > 0
and the friction coefficient & > 0. Moreover, contrary to (3.4), the feedback law (3.9)
is strongly affected by the liquid momentum and the liquid level. Consequently, it is
expected that the feedback law (3.9) does not cause agitation of the liquid and tries
to compensate between the two control objectives of bringing the tank to a specified
position and having the liquid at rest. For the family of feedback laws (3.9) and
(3.10), we are in a position to prove the following result.

THEOREM 4 (exponential stabilization by means of liquid-dependent feedback).
Let K, ks, kg, ks > 0 be given constants for which (3.10) holds. Then, for every
(€0, wo) €R?, wo e SNHA(0,L), ug € S with fOL wo(z)dx = fo ug(z)dr =0 and

oy (0) =opq (L)

L
=-K (kgwo + ks&o — b (ks + k4)/0 zug(z)dz — kzph™ (po(L) — LPo(O))> :
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there exist unique functions p € C°(Ry; SNH*(0,L))NCY(Ry;S)NC?*(R,; L2(0, L)),
(6,w) € C'(R4:B2) with (£(0),w(0)) = (o,w0), 9l0] = w0, @1[0] = o that satisfy
(1.1), (1.2), (1.3), (1.4), and (1.5) and (3.9) for all t > 0. Moreover, there exist
constants M, >0 such that the following estimate holds for t > 0:

(3.11) VE(t) + w2(t +P2()<Mexp( /\t> VE2(0) +w2(0) + P2(0),

where P(t) is defined by (3.3).

The proof of Theorem 4 is based on the following Lyapunov functional:

2
W (&, w,,p1) = 152 + ki (w+ k5 '€)”

1 9o ., oh* o
e (ymm+2nm2+2|wm

(3.12)
O’h* 2
+@<wu wﬁ+wm>
c? —&—/m

+@<W/wh |wb+|wm)
where
(3.13) 0(x) :/ wi(s)ds for x €10, L].

0

More specifically, we show that there exists a constant w > 0 such that the solutions
of the closed-loop system (1.1), (1.2), (1.3), (1.4), and (1.5) and (3.9) satisfy the
differential inequality < (W (¢(2), w(t), olt], ¢lt])) < —2w W(E(H), w(t), o], wlt]) for
all t > 0.

There are major differences between the results for the linearized system and the
results for the nonlinear system in [32, 34, 35].

(1) In the linearized case, we provide existence/uniqueness results for the closed-
loop system. In the nonlinear case, existence/uniqueness results for the cor-
responding closed-loop system are not provided in [32, 34, 35].

(2) In the linearized case, we can study the situation where both friction and
surface tension are present. In the nonlinear case, the situation where both
friction and surface tension are present is not studied in [32, 34, 35].

(3) There is a big difference in the state norm for which we achieve stabilization.
In the nonlinear case, stabilization is achieved in the state norm

2 2 * 2 2 2\ /2
Pr= (€ +w? + = x5 + 1l + (o1

On the other hand, in the linearized case, we achieve stabilization in the state
norm

1/2
2 2 2 2
Po= (€8 + 1613 + I0ally + loasll} + 12l

In order to compare the two norms, we notice that the linearization of (2.9),
(2.9), (2.10), (2.11), (2.12), (2.13), and (2.14) gives » = h — h*x[o,r) as well
as the equation ¢ + h*v, = 0. Consequently, the state norm P» corresponds
to the norm

* 2 2 2 2 1/2
Py= (& 2 + = B xpo ol + a3+ a2 + e )
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Therefore, the state norm for which stabilization is achieved in the linearized
case is stronger than the state norm for which stabilization is achieved in the
nonlinear case.

(4) The Lyapunov functional used for the linearized case does not correspond
exactly to the functionals used for the nonlinear case in [32, 34, 35]. The
Lyapunov functional in the linearized case is a linear combination of four func-
tionals: (i) the function 162+ 71z (w+a&)?, which ;g the Lyapunov function for

the tank; (i) the functional 3|6/|3 + %H@H% + 20~ |l¢23, which corresponds

to the mechanical energy of the liquid; (iii) the functional (|6 — .3 +

Cﬂ% llell3+ Ug “|l¢x|13, which corresponds to the modified mechanical energy
of the liquid; and (iv) the functional 1(/¢¢||3 + %”C,OmH% + B ||y ||3, Which
is the energy of the liquid if one considers the liquid as a beam described by
the beamlike equation (1.1). The first three functionals correspond to func-
tionals that are also used for the construction of a Lyapunov functional in the
nonlinear case in [32, 34, 35]. However, the last functional, the beam energy
sl + §||<,0:,3||§ + "'2’* l¢zz|13, has no nonlinear counterpart. This also
explains the difference in the state norm for which stabilization is achieved.

4. Proofs. This section provides the proofs of all main results.

Proof of Theorem 1. Let arbitrary po € S N H*(0,L), pp € S, and f € C3(Ry)

11 /11

with pf’(0) =y’ (L) = —o 1 f(0) be given. We perform the following transformation:
(4.1) o(t,z) =u(t,x) +7(x) f(t) for t >0, x €[0,L],
where 7: [0, L] — R is a smooth function that satisfies
L
(4.2) #(0) = 7 (L) = / F(z)dz =0 and #(0)=7"(L) = -0,
0

Then, using (4.1) and (4.2) and (1.1), (1.3), and (1.4), we get the problem

(4.3) Upt = gy — OR Ungpe + fllige — Ry + G for t >0, z € (0,L),
(4.4) Uz (t,0) = Uz (t, L) = Uggq (t,0) = Ugqe (t,L) =0 for ¢t >0,
where

(45)  glt.) = (7(x) — oh*F (@) F(0) + (" () — () (1) — () ().

Defining

(4.6) p:uhU:<z>,F:(g>,

we get from (4.3) and (4.4) the initial-value problem

(4.7) U+AU=F
with
@) Ul=ti=( ). we) = pola) = @) 10) for 2 € 0.1,
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where A: D(A) — X; is the linear unbounded operator

0 -1
4.9 A= 4 42 2
(4.9) oh* —d - — d

dz? dx? _uﬁ+ﬁ

with X; being the real Hilbert space X; = S x L2(0, L) with scalar product defined
for all U= (%) € X;,0 = (%) € X;

(4.10) (U, U) = (u, @) + 2 (W, @) + oh* (W, a") + (p,p)

and D(A) C X; being the linear space
(4.11) D(A):{U:(?)eé%u”eé}.

Notice that definitions (4.8) and (4.11); the fact that ¢ € SN H*(0,L), po € S, and
00’ (0) = (L) =—0"1f(0); and properties (4.2) guarantee that Uy € D(A).

We next show that there exists § > 0 such that the operator A + qI, where [ is
the identity operator, is a maximal monotone operator. Using (4.9) and (4.10), we
get, for all U = () € D(A) and ¢ >0,

(4.12)

(A+gDUU) = — (u,p) — (', p') — oh* (W, p") + oh* (p,u®) — ¢ (p,u")

— e (p,p") + (@+E) (p,p) + G (u,u) + gc* (', ) + Goh* (u”,u").

Since U = () € D(A), it follows from (3.1) and (4.11) that u/(0) = /(L) =
p'(0) = p/(L) = v"'(0) = «’(L) = 0. Consequently, integration by parts implies
that —(p,u”) = W/, p"y, —(p,p") = (P, ), and (p, u(4)> = (u”,p"), and therefore, we
get from (4.12) for all U = (3 ) € D(A) and ¢ > 0 that
(4.13)

(A+aDUU) == (u,p)+pullplls + @+ R IplI3 + T lull3 +ac? [o']l5 + qoh* u"3.

The Cauchy-Schwarz inequality implies that —(u,p) > —||ull2|lpll2 > — 3 Ip/I3 — 3 [|u[l3.
Consequently, we get from (4.13) for all U = () € D(A) and g > 1/2 that

(4.14) ((A+gIU,U) > 0.
Let arbitrary (g) € X1 be given. By virtue of (4.9), the equation (A+ (g+ 1)U =
(g) gives
q+ 1)u—p= fi,
(4.15) (@+Nu—p=/i

oh*u™ — v — " + (G+ 1+ R)p=fo.
The system (4.15) gives the equation
(4.16) oh*ul — (2 + (g + 1)) u” + (G + 1) (7 + 1+ R)u = fs,

where f3 = fo+ (¢+ 1+ &)f1 — pfi. Using Fourier series, we find that, for every
f3 € L?(0,L) and every g >0, (4.16) has a solution u € S with u” € S, which is given
by the following equation for x € [0, L]:
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1 L
R oy T o K)L/O fo(2)dz

2L3 cos (nm4) fOL f3(2) cos (nm£) dz

(4.17) "
! nz::l oh*nirt 4 L2 (2 + p(g+ 1)) 22 + LA g+ 1) (g + 1 + &)

Using (4.15) and (4.16), we conclude that, for every (g) € X; and every g > 0, there

exists U = () € D(A) such that (A + (g + 1)U = (}c; ). Therefore, using (4.14),

we conclude that the operator A 4 ¢I is a maximal monotone operator for g > 1/2.
The proof is finished by applying Theorem 7.10 on p. 198 in [10]. The proof is
complete. O

Proof of Theorem 2. Let f € C°(R,) and an arbitrary function
eeC’ (R SNHY0,L)) NC (Ry;S) NC? (Ry; L2(0, L))
that satisfies (1.1), (1.3), (1.4), and (1.5) for all ¢ >0 be given. Define
(4.18) 0(t, ) :/ ot(t,s)ds for t >0, x €10,L].
0

Using (1.1), (1.3), (1.4), and (1.5) and definition (4.18), we conclude that the following
equations hold:

(4.19) 0; = 2y — Oh* Pupgw — W' f + p1pre — RO for t >0,
(4.20) 6(t,0)=6(t,L) =0 for t > 0.

Using (1.1), (1.3), (1.4), (4.19), (4.20), and integration by parts, we conclude that the
following equations hold for ¢ > 0:

d (1 2 h*
e 2 (St + S Nenltl + 2 sl
= —ullpua A1 = & a3 + 1 Coualtl o) £C0)
d (1 2 B
122 2 (310000 + 5 Dot + %3 eulel?

=—&|0]ll5 — pllee 1l — ™ (O], xpo,1) F(2),

d P+ R h*

: (; 1616 - ppaltl3 + 2L ol + T ||<Pw[ﬂ|3)

= —uc? ||g0z[t]||§ — poh* H‘Prm[ﬂ”i — K ||9[t]||§
—h* (0[] — ppalt], xqo,1) £ (1)

Define the mapping

(4.23)

1 c? +20h* oh* 1
Vi(t) = 5 lleeltlll; + ——5— llpaltllls + = llaaltlll; + 5 161115
¢’ + Ry 2
+ S Nl + 5 0] — ma -
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We notice that V7 (t), as defined by (4.24), is nothing else but the sum of the quantities
whose time derivatives appear in the left-hand sides of (4.21), (4.22), and (4.23).
Therefore, we get from (4.21), (4.22), (4.23), and (4.24) for all ¢ >0 that

(4.25)
Vi(t) = —plpraltllls = (1 + R) lleele]115 — 27 1012)]15
— 1 | @a[tllls — poh” lloaalt]ll; — h* (20[t] — pealt] — ralt) xp0,07) £ (D)-

Using Wirtinger’s inequality, (1.3) and (1.5) and (4.18) and (4.20), we get, for all
t>0,

s L? 2
(4.26) lealtlllz < —5 llpzaltlllz,
o L2 2
(4.27) 10115 < o) e[l 5
P 2
(4.28) lelt]]l; < = e[t
o L2 2
(4.29) lpeltlllz < —5 llpealtlll -

Using definitions (3.3), (4.24), (4.18), and (4.27), we conclude that there exist con-
stants Ko > K7 >0 (independent of ¢ > 0 and the solution ¢) such that the following
inequalities hold for all ¢ > 0:

(4.30) K1 P?(t) < Vi(t) < K2 P2(t).

The Cauchy-Schwarz inequality and (4.27) give the inequalities [(pr.[t], X(0,2))] <

VIl @raltlas eslth x| < VEl@altllla, and O[], x0.0)| < ZLE @il for all
t > 0. Consequently, using the previous inequalities and the elementary inequalities

inwt[]ng\f@)w“*“nsotuni (’Z*))f<>|

¢ 2 *)? 2
W I lgaldl 110 < 2 a2+ PTEE gy,
WV leuldla 701 < 4 Lol + S E 1507,

we obtain from (4.25) for all ¢ > 0 that

Vi(t) < —pllewlt]ls — (u+ &) leelt]l3 — 27161813

LVL

— e lpaltlll3 — poh llpwslt]ll5 + 2l —— [leltlll; £ (2)]

+ 1 VL e [t]lly |f ()] + VI e [t | £(2)]
u+n

(4.31)

2
M 2 2 HC 2
< =5 lewltlls = lee[tllls = =~ llealt]ll2

W)L [ ApL? I 2
— uoh* || owt]|I? ( =41 .
uoh* [lpzat]llz + 2 (WQ(HH,U) + 7 1))
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Using (4.28), (4.29), and (4.31), we get for all ¢ >0 that

2 = 2 2 2
: pr + (p+R)L 2 e 2 e 2
V() < AT UL b 12— a1 — 2 a2
. (W)L ( 4ul? i
7/“7}7' ||(P”£z[t]||§+ 2,U, ﬂQ(M+R)+§+1 |f(t)|2
(4'32) /J7T2 =+ (M+ R)LQ 5 /1,027T2 9 /1402 9
S—TH%MHQ_ e ||S0[t]||2_7||90x[t]||2
*)2 2 2
. o (P)"L [ ApL 7 2
ot ol + UEE (s + 1) 0P

Definition (3.3) and (4.32) imply that there exists a constant K3 >0 (independent of
t >0 and the solution ¢) such that the following inequality holds for all ¢ > 0:

am) o <-kro T (G ) o

Using (4.30) and (4.33), we conclude that there exists a constant K, > 0 (independent
of t > 0 and the solution ¢) such that the following inequality holds for all ¢ > 0:

sy <Ko+ U (S ) .

Estimate (3.2) for appropriate constants M, \,T' > 0 is a direct consequence of differ-
ential inequality (4.34) and inequalities (4.30). The proof is complete. d

Proof of Theorem 3. The proof follows a similar notation with the proof of The-
orem 1 (for example, we have states u,U, scalar product (e, e), identity operator
I, etc.). However, the reader should not be tempted by an overlapping notation for
different quantities to compare the different quantities in the proofs. The proofs of
Theorem 1 and Theorem 3 are completely independent. Define the real Hilbert space

(4.35)
L L
ng{(f,w,cp,u) : (f,w)GRQ,goég,ueL?(O,L),/o go(x)dx:/o u(x)dm:()}

with scalar product defined for all U = (&, w, p,u) € Xo, U = (£,0, ¢, 1) € Xo
(4.36) (UU) =€+ ww+ (0, @) + 2 (¢, @) + oh* (9", @") + (u,u).

Define the linear unbounded operator A : D(A) — X for all U = (&, w, ¢, u) € D(A)
by means of the following equation:

(4.37)
AU = (—w, Bé+Cw+ (u,7)+ (¢, p), —u, —c*" +oh*e® — " +Fu),

where D(A) C X» is the linear subspace

(4.38)
s _ e H*0,L),ues,
D(A) - {(57“59@“) €Xo: O'(,OW(O) :USOI//(L) =_—Bt{—Cw-— <u77:> _ <(Pl,ﬁ> }
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It is clear from definitions (4.37) and (4.38) that we are seeking for a solution of the
initial-value problem

(4.39) U+ AU =0
with
(440) U[O] = (fO,UJO,QDO,UQ) .

Notice that definitions (4.35), (4.38), and (4.40) and the fact that (&,wo) € R?
0o € SN H*Y0,L), up € S with fOLgoo Ydz = fo up(z)dz = 0, ¢ (0) = ¢’ (L) =
—o0~ 1 (B& + Cwo + (uo,7) + (¢, P)) imply that U[0] = (fo,wo,%,uo) € D(A). The
theorem is proved by applying the Hille-Yosida theorem (Theorem 7.4 on p. 185 in
[10] and Remark 6 on p. 190 in [10]) to the initial-value problems (4.39) and (4.40).
To this purpose, it suffices to show that the linear unbounded operator A+ g1, where
A : D(A) - X, is defined by (4.37) and (4.38), is a maximal monotone operator
for some g > 0. Indeed, by virtue of (3.1), (4.35), (4.36), (4.37), and (4.38) and by
using integration by parts, the Cauchy—Schwarz inequality and the fact that |u(L) —
u(0)] < VL|j+/||2 (a consequence of the Cauchy-Schwarz inequality and the fact that

uw(L) —u(0) = fOL ' (x)dx), we have, for all U = (£, w, p,u) € D(A),

(4.41)

(AU.U) = 6w + Bew+ Cw? +w (u,7) +w (', )
—{pyu) =2y, U> oh* (" u") = (u, ")
+ah*< D)~ )+l

(8- O +w<u 7y +wlel )+ g |12+ 2
— (p,u) —h" (u(L) - ())(B€+Cw+<u 7) + (¢, )
2 2
> —|B = 1][¢] |w| = |C|w? — ||y [w] ully = 1Blly [w] €[l + 1w |5 + & |ull;
—[lelly llully — 1Bl R* VI |||, €]
—h* [CIVI [ ||y [w| = R*VI |y 171y ully = R*VI |5 115l 1121l -
Using the inequalities
. 1% 2 1 .
IBIR*VL /||, €] < 1 ||U'||2+;B2 (h*)? L2,
1
WICIVE !l o] < '3 + .0 (0°)° Lu?
. . I 2 1 a2y 2
WVL | 17y [full, < 1 ||u'||2+;(h )" L7l [ullz

. _ I 2 1 02 2
WLy 1B 1]l < 1 [Ju'll5 + M (R*)" Ll 111135

B - B-1
Bl < P e Bt
~ Il o I
170 by < 1702 g2 4 1722
i Il
b 1 2 11 L

Il el < 3 a3+ 3 ol
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we get from (4.36) and (4.41) that

(1.49)
A+ UU)
L
( B2 (h*)2> €2+ qoh* ||¢"|I5
) B—l + Plly + |1 Lo
(g B W ey Ega o)+ (5 1) 1o

plly L 252 o (oMl +1 Lo 2
< 2—;(h) 18115 ) 1l ll; + q—#—;(h) 17113 ) flell -

Tt follows from (4.42) that, for g > 0 sufficiently large, it holds that
(4.43) (A+anuv,v) =0,

Let arbltrary f1i,f2 € R, f3 € H?(0,L),fy € L*(0,L) with f5(0) = f{(L) = 0
and fo f3(z)dz = fo fa(x)dz = 0 be given. We investigate the existence of U =
(&, w,p,u) € D(A) with AU+ (g+ VU = (f1, f2, f3, f4). Using (4.37), we get the
equations

(@+1)E—w=fi,

(4.44) (@+ Dw+ BE+ Cw + (u, 7) + (¢, p) = fa,
(@+1)p—u=fs,
(G4 Du— 2" + oh* o™ — " + Ru= f4.

For g > 0 sufficiently large (so that (+ 1+ C)(7+ 1)+ B > 0), we get from (4.44)
that

Cgt1+C, 1 BTl L
(4.45) _ q+1 A _ (G+1)? . q+ ,
- <>fl+ St S e = e = L),

u=(q+1)p— fs,

where 5(7)=(q+1+C)(g+ 1)+ B and ¢ € H*(0, L) is a function that satisfies

(4.46) oh* oW — (P +u(@+1)¢" +(@+1)(@+1+R)p=fs,
©'(0)=¢'(L)=0,
= 3 —~ 2
=== e -

with Z = — e gy C@HDEB 5, o @D (5 7 and fs = fo— pff + @+ 1+ R) fs.
Notice that, by virtue of (4 46) and (4. 47) and the fact that f{(0) = f4(L) = 0 and
fo f3(z)dz = fo fa(z)dz = 0, it follows that fo ¢(z)dxr = 0. Therefore, a solution of
the boundary value problem (4.46) and (4.47) gives (by means of (4.45)) a solution
U= (&,w,p,u) € D(A) of the equation AU + (7 + 1)U = (f1, fa, f3, f1). Therefore,
we next finish the proof by showing that, for sufficiently large g > 0 (so that s(g) =
(G+14C)(@+ 1)+ B > 0), the boundary-value problem (4.46) and (4.47) has a

solution ¢ € H*(0, L) for every Z € R and every f5 € L?(0,L) with fo f5(x)dx = 0.
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We look for a solution of the form ¢(z) = ag(x® — 3£ a2 + L= °y >0 L andn(x), where

an € R for n=1,2,... and ¢, (z) = \/Zcos(mrL) for n =1,2,.... Substituting this
expression in (4.46) and (4.47) and recalling (3.7), we obtain the following:

(4.48) anzw—i—fiao\/zlﬁ((jl)n_l)b(n,q) forn=1,2,...,

0(n.q) 0(n,q)
(@+1)°~  (@+1)* 5
(4.49) (6+ PRI A) o
@D (fbn) R
R Zl 0(n, ) ((@+1) (¢, 7) + (61,.5))
where
(450)  O(n,q)=ohn'nt + L* (¢ + u(@+ 1) n®n® + (@ + 1)(g+ 1+ )L,
(4.51) b(n,q) = (€ +u@+1) n2wi:;r4L2(Q+ Dg+1 +r~@)7
- 2 = LO((-1)"—1) N
r>+6\/;nzlwb(n,q) (b, 7)
(4.52)

~/ ~ 2 - L6 ((_1)n_1) _ /o
p)+ 6\/27; WN“»Q) (G, D) -

Notice that (4.48), (4. 50) and (4.51) and the fact that f5 € L%(0,L) guarantee that
o(z) = ag(x® — 3La? + £ ) + >0 andy(z) is indeed a function of class H*(0,L).
Therefore, the solvablhty of the b0~undary—value problem (4.46) and (4.47) depends
on the solvability of (4.49). Since 0(n,q) = n*n*(ch* + L?*b(n,q)) (a consequence of
(4.50) and (4.51)) and since b(n,q) > 0, we get from (4.52) that

f\ ~ ~ 12L4\/72 | ¢n7 7

n odd

A> / ~ 12L4\/72 | n,p

n odd

(4.53)

Inequalities (3.6) and (4.53) guarantee that T' > 0 and A > 0. Consequently, (4.49)
is solvable. Thus, we conclude that, for sufficiently large ¢ > 0 (so that s(q) =
(G+14+C)(@+1)+ B>0) and for every fi,f2€R, f3€ H*(0,L), fs € L*(0, L) with
f3(0) = f5(L) = 0 and fOL fa(x)dx = fo fa(x)dz = 0, there exists U = (§,w,p,u) €
D(A) with AU + (¢+1)U = (fl,f27f37f4)

The proof is complete. ]

Proof of Theorem 4. Let (&y,wo) € R? 00 € SNHA(0,L), ug € S with fo wo(x)dx =
fOL o(z)dx =0, and

oy (0) =o' (L)

L
=—K (k‘gwo + k‘5§0 — h*(k‘g + k4)/0 JJUQ(JU)d.Z‘ — kguh* (@O(L) — @0(0)))
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be given. We notice that the feedback law (3.9) takes the form (3.8) with
B=Kks, C=KEk2,
(4.54) F(x) = —Kh* (ks + k),
p(x) = —Kksph™.
For ¢, (z) = \/gcos(mr%), n=1,2,..., we get from (4.54) for n=1,2,... that
() ==Kk (y + k) 0 2

T2

Using (3.7), (4.54), and (4.55), we get

(4.55)

L5
(9,7) = Kh™ (ks + ka) -~ 20
12L4 [2 <« I qﬁn, 48L5 . 1
Z Kh (k3+k4)ZE’
(456) nodd n odd
(7 B) = Khsuh™ 2
12L4 | - p 48L . 1
J2 Z — Khsph* > -
n odd n odd
Since Y, pua 75 = % and >, .o - = - it follows from (4.56) that inequalities (3.6)

hold. Therefore, Theorem 3 implies that there exist unique functions ¢ € CO(R, ;SN
H4(0,1)) N C(R 5 §) N C2(R3 L2(0, 1)), (€,w) € CH(R1:R?) with (£(0),w(0)) —
(&0, w0), ©[0] = @0, ©+[0] = up that satisfy (1.1), (1.2), (1.3), (1.4), (1.5), and (3.9) for
all t > 0. The rest of the proof exploits the Lyapunov functional

W)= 2620+ 2 (w(t) + K ¢(0)’

2 02 2 oh* 2
ey (3 Il + 5 el + T3 el
ks (; 43+ S et + 3 leuldl

5 161 — o 113 + +W<PH|2+II%HI|§),

where 6 is defined by (4.18). Using (4.21), (4.22), and (4.23) and definition (4.57), we
get for all ¢t > 0 that

(4.57)

+ k3

% (W (1)) = " €(0) + s (w(t) + k" €(1))” - (:i) o2
Kl L L
_ <_K'(h*)2L + 4#) ||90t[ ]Hg + mf(t)/o @ta;(t,w)dl'
(4.58) — i (ks + k) 0121113 — Kspc® lex []]15 — kspoh® | @aat]]3

- <k§w(t) + ks&(t) + h* (ks + ka) /L 0(t,z)dx
0

—kg,uh*/o <pz(t7x)dx> f(t).
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Using integration by parts and (4.18) and (4.20), we get from (3.9) for all ¢ >0 that

(4.59)

L L
f) =K (kgw(t) + ks&(t) + h* (ks + k4)/0 O(t,x)dx — kzuh* /0 goz(t,x)d:v> )

Combining (4.58) and (4.59) and using the fact that |fOL Oie(t, )dz| < VI @ie[t]]]2,
we get for all t >0 and 4 > 0 that

2 (W) <k 10 — 7 (wl) + k5 €0) - K120
Y -1 2 '“72 2
(460 + ks ) (w(t) + 5 60)° = 2o Il
KL 9 M
_ (K’(fL)ZL + k4u> leeldlly + 2 = 1F O ees Al

— & (ks + ka) 1018]115 — ksnc® lpalt)ll5 — kspoh™ lpus )15 -

Combining (4.59) and (4.60) and using the fact that

12

H N 2 L 2
w7 Oty < St ol + 70

we get for all t >0 and 4 > 0 that

(4.61)

LW (1) < k€0 7 (wit) + k5 "€)’

L
+hs® (1+k5'9) (K‘lf(t) — h* (ks +k4)/ o(t, z)dx
0

. 2
—|—/<;3,uh*/ P (t,x)dm)
0

12

2 R 2 1 2
- W e [E]]5 — (K(h*)QL + k4u> et — ﬁf (t)

— i (ks + ka) |0[8)]13 — kapec? (| 0ut]]|3 — kapoh* || @aalt]]l3 -

Using the fact that

X L L 2
K- —h*(ks +k 0(t,x)dx + k3ph* «(t, x)dx
( 70~ (a4 ) [ 00t +3u/0s0(t)>
2

L 2 L
<2K 2 f2(t) 4 4k2p? (h*)? (/0 %(t,x)dm> +4(h*)? (k3 + ka)? (/O 9(t,a:)dx> ,
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we obtain from (4.61) for all t >0 and % > 0 that

LW (1) <k €(0) 7 (wlr) + k3 *€(0)’
2

L
—|—4k5_3 (1 + kglf’y) k;g,uQ(h*)2 (/ cpx(t,x)dx>
0

L 2
(4.62) +4k5 (14 k5 7) () (ks + ka)® (/O a(t, x)dg;>

s 2 2
7 [ta[t]ll2 — Farelloe[t]]]5

2K (h)?
—2K? (K — k3 (14 k_l‘)> £
4 5 5 Y
— & (ks + a) 101113 — kane® loalt)ll5 — Rapoh™ lpus )15 -
Using the fact that (fOL 0z (t,x)dz)? < L|jp.[t]]|3 and (fOLH(t,x)dm)2 < L||0[t]||3, we
obtain from (4.62) for all ¢ >0 and 4 > 0 that

LW 1) < ks e(0) 7 (wit) + k5 "e)’
+ 4k (14 k5 17) ()2 (ks + ko) LG5 — kaoh [ pas £)3
(.63) ~ o el — kel
— 2K <f —ks? (1 +k5‘1ﬁ)) £ ()

c2

— k3 A (WL (s — ks P (L+k5') ) lea[tll5-
0P ( gtioag — b (1 1519) ) el
Using (4.27) and (4.29), we obtain from (4.63) for all ¢ >0 and 4 > 0 that

% (W @) < —k51€(t) =7 (w(t) + k5 '¢(1)”
koot o l13 — 25 (5 = 15 (14519) ) P20

3 2 (2Kkq(h*)?L3 + pn?)
(4.64) CAh2 o L [ pm? (2K kg
A (ks + ko)™ 25 \ SR () (kg o)L

2

—k53 (1+k519)) et
2

A2 (W)L [ k(1 4+ k) ) (et
3u-(h") Thap(h )L 5 (L4+k5'9) ) llealtlll5
Inequality (3.10) implies that there exists 4 > 0 sufficiently small such that
K >4k3% (1+k3'9),

pm? (2K kg (R*)2L3 + p?)
8K(h*)4(k‘3 + k4)2L6

> kP (1+k5'9),

and

C2

— >k (14+ k1),
4/€3,u(h*)2L>k5 ( +k5 7)
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Consequently, there exists a constant ¢; > 0 (independent of the solution and inde-
pendent of ¢ > 0) such that the following inequality holds for all ¢ > 0:

(4.65)
d (= _ 2 2 2 2
= (W(®) <=1 (€20 + (w®) + k5 €0)” + lultl 3 + llpas b3 + lorftl]3)
Using definition (4.57) and inequalities (4.27) and (4.28), we conclude that there exists
a constant ¢2 > 0 (independent of ¢ > 0 and the solution) such that the following
inequality holds for all ¢t > 0:

_ 2
(4.66) W) <z (62(0) + (wt) + k5 €(0)” + Ipaltll} + lpwa A1 + e ]]3) -
Combining (4.65) and (4.66), we obtain the differential inequality

d

yr (W (t)) < —c; e W(t)

for all ¢ > 0, which directly gives the following estimate for all ¢ > 0:
(4.67) W(t) <exp (—cy'ert) W(0).

The rest of the proof follows from estimate (4.67) and the fact that there exist con-
stants ¢4 > ¢3 > 0 (independent of ¢ > 0 and the solution ¢,& w) such that the
following inequalities hold for all ¢ > 0:

(4.68) c3 (P2(t) + E2(t) + w?(t)) S W(t) < ca (P2(t) + EX(t) + w?(1)) .

The proof is complete. ]

5. Conclusions. The present paper provided novel results for the linearization
of the liquid—tank system, and we have shown that the same family of feedback laws
that works for the nonlinear case can also achieve exponential stabilization for the
linearization of the liquid—tank system, no matter what the value of the surface tension
coefficient is. However, many new results are still needed for a complete study of the
spill-free, slosh-free problem of liquid—tank transfer. We next present four problems
that remain unresolved in the linearized case.

(1) Extension to two dimensions. Real tanks are not 1-D; the actual equations
for the study of a real liquid—tank system involve an additional spatial dimension.
The extension of the theoretical results to two spatial dimensions poses new chal-
lenges that will demand different approaches that have no analogues in the 1-D case
(e.g., the appearance of vorticity). The extension may also involve different boundary
conditions when surface tension is present (see [36, 43]).

(2) Rapid stabilization. It would be interesting to construct feedback laws that
can achieve rapid stabilization of the linearized liquid—tank system, i.e., stabiliza-
tion with an (arbitrarily) assignable, exponential convergence rate (see [11, 51] for
the rapid stabilization of beam equations and see [53] for stabilization of linearized
viscous flows). Notice that Theorem 4 does not guarantee an (arbitrarily) assigna-
ble, exponential convergence rate. If the rapid stabilization problem is not solvable, it
would also be interesting to have a counterexample that shows that rapid stabilization
is not possible.
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(3) Optimal control. Tt would also be of interest to study optimal control problems
that can be posed for the linearized liquid—tank system. The cost function may contain
terms that penalize the control action (e.g., terms of the form fOT |f(8)) dt) as well

as terms that penalize sloshing (e.g., terms of the form fOT ||<p[t]||§dt) The solution
of optimal control problems can allow the computation of the optimal feedback gains
for a given initial state.

(4) Control Lyapunov functionals. The feedback design for the linearized liquid—
tank system is based on appropriate CLFs whose construction is based on energy
arguments. It is possible that this methodology can be applied to similar PDE systems
and that some general principles for the construction of CLFs can be stated.

REFERENCES

[1] A. V. BALAKRISHNAN, Aeroelasticity: The Continuum Theory, Springer, New York, 2012.

[2] V. BARBU, Stabilization of Navier—Stokes Flows, Comm. Control Engrg. Ser., Springer, Cham,
2010.

[3] A. J. C. BARRE DE SAINT-VENANT, Theorie du Mouvement non Permanent des Fauz, avec
Application auz Crues des Rivieres et a 'Introduction de Marees dans Leurs Lits, C. R.
Math. Acad. Sci., 73 (1871), pp. 147-154 and pp. 237-240.

[4] G. BAsTIN, J.-M. CORON, AND B. D’ANDREA NOVEL, On Lyapunov stability of linearised Saint-
Venant equations for a sloping channel, Netw. Heterog. Media, 4 (2009), pp. 177-187.

[5] G. BASTIN AND J.-M. CORON, Stability and Boundary Stabilization of 1-D Hyperbolic Systems,
Birkh&user/Springer, Cham, 2016.

[6] G. BASTIN, J.-M. CORON, AND A. HAYAT, Feedforward boundary control of 2 x 2 nonlinear
hyperbolic systems with application to Saint-Venant equations, Eur. J. Control, 57 (2021),
pp. 41-53.

[7] D. BRESCH AND B. DESJARDINS, FEzistence of global weak solutions for 2D wviscous shallow
water equations and convergence to the quasi-geostrophic model, Comm. Math. Phys., 238
(2003), pp. 211-223.

[8] D. BRESCH AND B. DESJARDINS, On the construction of approzimate solutions for the 2D
viscous shallow water model and for compressible Navier—Stokes models, J. Math. Pures
Appl., 86 (2006), pp. 362-368.

[9] D. BRESCH AND P. NOBLE, Mathematical justification of a shallow water model, Methods Appl.
Anal., 14 (2007), pp. 87-118.

[10] H. BrEzIS, Functional Analysis, Sobolev Spaces and Partial Differential Equations, Springer,
New York, 2011.

[11] G. CHEN, R. VAZQUEZ, AND M. KRSTIC, Rapid stabilization of Timoshenko beam by PDE
backstepping, IEEE Trans. Automat. Control, 69 (2024), pp. 1141-1148, https://doi.org/
10.1109/TAC.2023.3276748.

[12] S. A. CHIN-BING, P. M. JORDAN, AND A. WARN-VARNAS, A note on the viscous, 1D shal-
low water equations: Traveling wave phenomena, Mech. Res. Commun., 38 (2011),
pp- 382-387.

[13] J. M. CORON, Local controllability of a 1-D tank containing a fluid modeled by the shallow
water equations, ESAIM Control Optim. Calc. Var., 8 (2002), pp. 513-554.

[14] J.-M. CoroN, Control and Nonlinearity, Math. Surveys Monogr. 136, American Mathematical
Society, Providence, RI, 2007.

[15] J. M. CoroN, B. D’ANDREA NOVEL, AND G. BASTIN, A strict Lyapunov function for boundary
control of hyperbolic systems of conservation laws, IEEE Trans. Automat. Control, 52
(2007), pp. 2-11.

[16] J. M. CorON, A. HAYAT, S. X1ANG, AND C. ZHANG, Stabilization of the linearized water tank
system, Arch. Ration. Mech. Anal., 244 (2022), pp. 1019-1097.

[17] R. DEFAY, I. PRIGOGINE, AND A. BELLEMANS, Surface Tension and Adsorption, Longmans,
London, 1966.

[18] J. pE HALLEUX AND G. BASTIN, Stabilization of Saint-Venant equations using Riemann in-
variants: Application to waterways with mobile spillways, IFAC Proceedings, 35 (2002),
pp. 131-136.

Copyright (C) by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1109/TAC.2023.3276748
https://doi.org/10.1109/TAC.2023.3276748

Downloaded 03/21/24 to 137.110.33.32 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

1058 IASSON KARAFYLLIS AND MIROSLAV KRSTIC

[19] A. DIAGNE, M. DIAGNE, S. TANG, AND M. KRSTIC, Backstepping stabilization of the linearized
Saint- Venant—Ezner model, Automatica, 76 (2017), pp. 345-354.

[20] M. DIAGNE, S.-X. TANG, A. DIAGNE, AND M. KRsTIC, Control of shallow waves of two unmized
fluids by backstepping, Annu. Rev. Control, 44 (2017), pp. 211-225.

[21] V. Dos SANTOS, G. BASTIN, J.-M. CORON, AND B. D’ANDREA-NOVEL, Boundary control with
integral action for hyperbolic systems of comservation laws: Stability and experiments,
Automatica, 44 (2008), pp. 1310-1318.

[22] F. DuBols, N. PETIT, AND P. ROUCHON, Motion planning and nonlinear simulations for a tank
containing a fluid, in Proceedings of the 1999 European Control Conference (ECC), 1999,
pp. 3232-3237.

[23] J.-F. GERBEAU AND B. PERTHAME, Deriwation of viscous Saint-Venant system for lami-
nar shallow-water: Numerical validation, Discrete Contin. Dyn. Syst. Ser. B, 1 (2001),
pp. 89-102.

[24] R. B. GUENTHER AND J. W. LEE, Partial Differential Equations of Mathematical Physics and
Integral Equations, Dover, Mineola, NY, 1996.

[25] M. D. GUNZBURGER, ED., Flow Control, IMA Vol. Math. Appl. 68, Springer, Cham, 1995.

[26] A. HAYAT AND P. SHANG, A quadratic Lyapunov function for Saint-Venant equations with
arbitrary friction and space-varying slope, Automatica, 100 (2019), pp. 2-60.

[27] A. HAYAT AND P. SHANG, Ezponential stability of density-velocity systems with boundary con-
ditions and source term for the H? norm, J. Math. Pures Appl., 153 (2021), pp. 187-212.

[28] S. HENSEL AND A. MARVEGGIO, Weak-strong uniqueness for the Navier—Stokes equation for
two fluids with ninety degree contact angle and same viscosities, J. Math. Fluid Mech., 24
(2022), 93.

[29] R. A. IBRAHIM, Liquid Sloshing Dynamics, Theory and Applications, Cambridge University
Press, Cambridge, UK, 2005.

[30] A.D. IoNEScU AND F. PUSATERI, Global Regularity for 2D Water Waves with Surface Tension,
Mem. Amer. Math. Soc. 256, American Mathematical Society, Providence, RI, 2018.

[31] I. KARAFYLLIS AND M. KRSTIC, Input-to-State Stability for PDEs, Comm. Control Engrg. Ser.,
Springer, Cham, 2019.

[32] 1. KARAFYLLIS AND M. KRsTIC, Spill-free transfer and stabilization of viscous liquid, IEEE
Trans. Automat. Control, 67 (2022), pp. 4585-4597.

[33] I. KARAFYLLIS, F. VOKOS, AND M. KRSTIC, Output-feedback control of viscous liquid-tank sys-
tem and its numerical approzimation, Automatica, 149 (2023), 110827.

[34] 1. KARAFYLLIS, F. VOkos, AND M. KRsTIC, Feedback stabilization of tank-liquid system with
robustness to wall friction, ESAIM Control Optim. Calc. Var., 28 (2022), 81.

[35] 1. KARAFYLLIS, F. Vokos, AND M. KRSTIC, Feedback Stabilization of Tank-Liquid System with
Robustness to Surface Tension, preprint, arXiv:2301.01688[math.OC], 2023.

[36] M. KLiTz, Numerical Simulation of Droplets with Dynamic Contact Angles, Ph.D. thesis,
Universitat Bonn, Bonn, 2014.

[37] P. E. KLOEDEN, Global existence of classical solutions in the dissipative shallow water equa-
tions, STAM J. Math. Anal., 16 (1985), pp. 301-315.

[38] J. LALLEMENT, P. VILLEDIEU, P. TRONTIN, AND C. LAURENT, A shallow water type model to
describe the dynamic of thin partially wetting films, in Proceedings of the CFM 2017-23eme
Congres Frangais de Mecanique, Lille, France, 2017, hal-03465787.

[39] D. LANNES, The Water Waves Problem: Mathematical Analysis and Asymptotics, American
Mathematical Society, Providence, RI, 2013.

[40] X. L1TRICO AND V. FROMION, Boundary control of linearized Saint- Venant equations oscillating
modes, Automatica, 42 (2006), pp. 967-972.

[41] F. MARCHE, Derivation of a new two-dimensional viscous shallow water model with vary-
ing topography, bottom friction and capillary effects, Eur. J. Mech. B Fluids, 26 (2007),
pp. 49-63.

[42] C. Mascia AND F. ROUSSET, Asymptotic stability of steady-states for Saint-Venant equations
with real viscosity, in Analysis and Simulation of Fluid Dynamics, Adv. Math. Fluid Mech.,
C. Calgaro, J.-F. Coulombel, and T. Goudon, eds., Birkhauser/Springer, Cham 2006,
pp. 155-162.

[43] G. J. MERCHANT AND J. B. KELLER, Contact angles, Phys. Fluids A: Fluid Dyn., 4 (1992),
pp. 477-485.

[44] N. PETIT AND P. ROUCHON, Dynamics and solutions to some control problems for water-tank
systems, IEEE Trans. Automat. Control, 47 (2002), pp. 594-609.

[45] C. PRIEUR AND J. DE HALLEUX, Stabilization of a 1-D tank containing a fluid modeled by the
shallow water equations, Systems Control Lett., 52 (2004), pp. 167-178.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.


https://arxiv.org/abs/2301.01688

Downloaded 03/21/24 to 137.110.33.32 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

CONTROL OF A VISCOUS LIQUID-TANK SYSTEM 1059

[46] B. SCHWEIZER, A well-posed model for dynamic contact angles, Nonlinear Anal., 43 (2001),
pp. 109-125.

[47] B. SCHWEIZER, Modeling the dynamic contact angle, in Partial Differential Equations: Theory
and Numerical Solution, W. Jager, J. Necas, O. John, K. Najzar, and J. Stara, eds., CRC
Press, Boca Raton, FL, 2000, pp. 309-311.

[48] A. SEzGIN AND M. KRSTIC, Boundary backstepping control of flow-induced vibrations of a
membrane at high Mach numbers, J. Dyn. Syst. Meas. Control, 137 (2015), 081003.

[49] Slosh Ezperiment Designed to Improve Rocket Safety, Efficiency, 2023, https://www.nasa.
gov /content /slosh-experiment-designed-to-improve-rocket-safety-efficiency (2023).

[50] Slosh Dynamics, https://en.wikipedia.org/wiki/Slosh_dynamics (2023).

[51] A. SMYSHLYAEV, B.-Z. Guo, AND M. KRSTIC, Arbitrary decay rate for Euler—Bernoulli beam by
backstepping boundary feedback, IEEE Trans. Automat. Control, 54 (2009), pp. 1134-1140.

[62] L. SUNDBYE, Global existence for the Dirichlet problem for the viscous shallow water equations,
J. Math. Anal. Appl., 202 (1996), pp. 236-258.

[63] R. VAazQUEz AND M. KRsTIcC, Control of Turbulent and Magnetohydrodynamic Channel Flows,
Birkhauser/Springer, Cham, 2007.

[564] K. WATANABE, Local well-posedness of incompressible viscous fluids in bounded cylinders with
90°-contact angle, Nonlinear Anal. Real World Appl., 65 (2022), 103489.

[55] J. YANG AND F. STERN, A sharp interface method for two-phase flows interacting with mov-
ing bodies, in Proceedings of the 18th ATAA Computational Fluid Dynamics Conference,
Miami, FL, 2007.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.


https://www.nasa.gov/content/slosh-experiment-designed-to-improve-rocket-safety-efficiency
https://www.nasa.gov/content/slosh-experiment-designed-to-improve-rocket-safety-efficiency
https://en.wikipedia.org/wiki/Slosh_dynamics

	Introduction
	Notation
	The mathematical model
	The <0:bold >g</0:bold>eneral 1-D model
	The linearization of the liquid&#x2013;tank system

	Main results
	Results for the open-loop system
	Feedback stabilization

	Proofs
	Conclusions
	References

