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PI controllers for the general Saint-Venant equations

Amaury Hayat"
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des Ponts ParisTech, 6 - 8, Avenue Blaise Pascal, Cité Descartes—Champs sur Marne,

77455 Marne la Vallée, France. E-mail: amaury.hayat@enpc.fr.

Abstract

We study the exponential stability in the H? norm of the nonlinear Saint-
Venant (or shallow water) equations with arbitrary friction and slope using a
single Proportional-Integral (PI) control at one end of the channel. Using a good
but simple Lyapunov function we find a simple and explicit condition on the gain
of the PI control to ensure the exponential stability of any steady-states. This
condition is independent of the slope, the friction coefficient, the length of the
river, the inflow disturbance and, more surprisingly, can be made independent
of the steady-state considered. When the inflow disturbance is time-dependent
and no steady-state exist, we still have the Input-to-State Stability (ISS) of the
system, and we show that changing slightly the PI control enables to recover
the exponential stability of slowly varying trajectories.
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Introduction

Deduced in 1871, the Saint-Venant equations [3] (or 1-D shallow water equations)
are among the most famous equations in fluid dynamics and have been investigated
in hundreds of studies. Although being quite simple, their richness has made them
become a major tool in practice for many industrial goals, the most famous being
probably the regulation of navigable rivers. They are the ground model for such pur-
pose in France and Belgium. Regulation of rivers is a major issue, for navigation,
freight transport, renewable energy production, but also for safety reasons, especially
as several nuclear plants all around the world are implanted close to rivers. For these
reasons, the stability of the steady-states of the Saint-Venant equations has been, and
is still, a major issue.

Many results were obtained in the last decades. In 1999, the robust stability
of the homogeneous linearized Saint-Venant equations was shown using a Lyapunov
approach and proportional feedback controllers [12]. Later, the stability of the ho-
mogeneous nonlinear Saint-Venant equations was achieved, still using proportional
feedback controllers. In 2008, through a semi-group approach [18], the stability of
the inhomogeneous nonlinear Saint-Venant equation was shown for sufficiently small
friction and slope (or equivalently sufficiently small canal), and these results were suc-
cessfully applied to real data sets from the Sambre river in Belgium. More recently, in
[7] the authors have given sufficient conditions to stabilize the nonlinear Saint-Venant
equations with arbitrary friction for the H? norm but no slope using again propor-
tional feedback controllers, and in [22] with both arbitrary friction and slope. This
last result is proved by exhibiting a Lyapunov function that has a simple form close
to a local entropy for the nonlinear inhomogeneous Saint-Venant equations.

It is worth mentioning that other stability results have also been obtained in
less classical cases or with less classical feedbacks. For instance, in [9] was shown
the rapid stabilization of the homogeneous nonlinear Saint-Venant equations when a
shock (e.g. a hydraulic jump) occurs in the target steady-state. Such a shock induces
new difficulties and the presence of shocks can limit in general the controllability and
the stability in weaker norms of hyperbolic systems with boundary controls [1, 11].
Also, several results (e.g. [16]) were obtained using a backstepping approach, a very
powerful method based on a Volterra transformation, developed mainly for PDE in
[25], and generalized recently with a Fredholm transformation for hyperbolic systems
[14, 35, 36]. One may look at [22] for a more detailed survey about this method and
its use for the Saint-Venant equations. However, backstepping gives rise to non-local
and non-static feedback laws that are likely to be harder to implement, and, to our
knowledge, have not been implemented yet.

Most of the previous results were performed with static proportional feedback
controllers. When it comes to industrial applications, however, the proportional in-
tegral (PI) control is by far the most popular regulator. It is used for instance for
the regulation of the Sambre and Meuse river in Belgium [6, Chapter 8]. The reason
behind such preference is the robustness of the PI control with off-set errors [2, Chap.
11.3]. An example can be found in [17] where the authors show the interest of adding
an integral term to a proportional control on a linear and homogeneous system, and
exhibit coherent experimental result.

For these reasons, the PI controller has fed a wide literature, at least when used
on finite dimensional systems. However, despite their indisputable practical interest,



PI controllers for nonlinear infinite dimensional systems have shown hard to han-
dle mathematically and even studying simple systems give sometimes rise to lengthy
proofs with relatively sophisticated tools [13]. While the behaviour and the stabil-
ity of linearized equations with PI controller has been well understood in the past,
partly thanks to spectral tools like the spectral mapping theorem (e.g. [27, 26] for
hyperbolic systems), no such tool exists for nonlinear systems, and the stability of the
nonlinear Saint-Venant equations has remained a challenge until today. Among the
existing linear result using a spectral approach, one can refer to [33, 34] where the au-
thors find a sufficient condition for the stabilization of the linearized inhomogeneous
Saint-Venant equations. Necessary and sufficient conditions for the linearized homo-
geneous Saint-Venant equations are given in [6, Section 2.2.4.1, 3.4.4]. In [15] the
authors find a necessary and sufficient condition for a linear scalar equation and show
the difficulty of finding good conditions for the nonlinear equation, while in [10] the
authors deal with 2 x 2 systems. Among the existing nonlinear results one can refer
to [30] in the case where the operator without PI control generates an exponentially
stable semi-group, [31] where the authors find a sufficient condition for the nonlinear
homogeneous Saint-Venant equations, [6, 2.2.4.2] where the authors find a necessary
and sufficient condition also for the nonlinear homogeneous Saint-Venant equations,
while [6, Section 5.4.4,5.5] and [5] give a sufficient condition for the inhomogeneous
Saint-Venant equations for a single channel or a network, but in the particular case
of constant steady-states only, which simplifies their analysis [20]. Strictly speaking,
this last result was derived for the linearized system but with a Lyapunov approach,
which can easily be generalized to the nonlinear system. More recently, and this is
the most advanced result yet, [8] gave a sufficient condition of stability for the in-
homogeneous Saint-Venant equations with an arbitrary friction and river length but
only in the absence of slope, using a Lyapunov approach.

In this paper, we consider the stabilization of the general nonlinear Saint-Venant
equations with a single boundary PI control. We give a simple and explicit condition
on the parameters of the PI controller such that any steady-state is exponentially
stable for the H? norm. While stability results in inhomogeneous and nonlinear
systems often imply a limit length for the domain, depending on the source term,
above with we are unable to guarantee any stability ([20, 21, 4, 18] or [6, Chap. 6]), this
result holds whatever the friction, the slope, and the length of the channel. Besides,
our condition is independent of the slope, the friction coefficient, the river length, and,
more surprisingly, can be made independent of the steady-state considered. Finally,
when there is no slope this condition is less restrictive that the condition obtained in
[8] and when there is no friction or slope this condition coincides with the necessary
and sufficient spectral condition of stability for the linearized system given in [10] and
[6, Theorem 2.7].

The case where the inflow disturbances are time dependent and no steady-states
exists was seldom considered in the literature. However, it is in fact unlikely that the
industrial target state is a real steady-state as the inflow disturbance often depends on
time in practice, even though only slowly. Therefore, in the more general framework
of slowly time-varying target states, we show the Input-to-State Stability (ISS) of
the system with respect to the variation of the inflow disturbance. Finally, we show
that if we allow the controller to depend on the target state, by changing slightly
the PI controller, we can ensure the exponential stability of slowly-varying target
trajectories. These trajectories are the natural targets to consider when there is no



steady-state of the system.

This paper is organized as follows: in Section 1 we give a description of the
nonlinear Saint-Venant equations, we introduce the time-varying target trajectories
together with some definitions and existence results, then we state our main results.
In Section 2 we prove our main result, Theorem 1.3, that deals with the exponential
stability of time-varying state. In the Appendix, we show that Corollary 1 dealing
with the exponential stability of steady-states, and Theorem 1.4 showing the ISS of
the system with respect to the variation of the inflow disturbance, are both deduced
from the proof of Theorem 1.3.

1 Model description

We consider the following nonlinear Saint-Venant equations for a rectangular channel
with arbitrary slope and friction.

OH + 0,(HV) =0,

2 1.1
OV + VO,V + go. H + (’ﬁff - C(m)) = 0. (L)

Here, k is an arbitrary nonnegative friction coefficient and C' denotes the slope, which
is assumed to be a C? function, with C(z) := —gdB/dz where B is the bathymetry
and g the acceleration of gravity. We are interested in systems where the water flow
uphill is a given function, unknown and imposed by external conditions, for instance a
flow coming from another country, while the water flow downhill is controlled through
a hydraulic installation. Therefore, we have the following boundary conditions,

H(t,L)V(t, L) = U(t), '
where U (t) is a control feedback and Qo () is the incoming flow, which is a given (and
unknown) function. Here L denotes the length of the water channel. In practical
situations, the formal control U(t) can be expressed by a simple linear model [8]

U(t) = ve(H(t, L) - Ui (1)), (13)

where Uy (t) is the elevation of the gate of the dam, which is the real control input
that can be chosen, while vg is a constant depending on the parameters of the gate
(potentially unknown as well).

1.1 Control goal and target trajectory

Usually, the industrial goal of such system is to stabilize the level of the water at the
end point H (¢, L), called control point, to a target value H. > 0. On the other hand,
the usual mathematical goal in such a problem is to stabilize a target steady-state
(H*, V™), potentially nonuniform [6][Preface]. However, in the present problem (1.1)—
(1.2), it is clear that, when Q) is not constant, it is impossible to aim at stabilizing any
steady-state and one needs to aim at stabilizing other target trajectories. Therefore,
we define the following target trajectory (Hj, Vi) that we aim to stabilize as the



solution of
O:Hy + 0,(H,1 V1) =0,

oVi + V10, Vi + g0 Hy + (]3{‘/;12 — C(ac)) =0, (1.4)
Hy(t,0)Vi(t,0) = Qo(?),
Hy(t,L) = He,
with the initial condition
Hy(0,) = H*(-) and V1(0,-) = V*(+), (1.5)

where (H*,V*) is the (unique) steady-state solution of the system when Qg is con-
stant, equal to Qg (0). Namely, (H*,V*) is the solution of

0.(HV) =0,
kV?
VO,V + g0, H + H C(z) | =0, (1.6)

H(L) = Hca

with condition at x = 0
H*(0)V*(0) = Qo(0). (1.7)

We are now going to show that the trajectory (Hy, V1) exists for any time and satisfies
some bounds.

Existence and bounds of the target trajectory (H;,V;) Instead of studying
directly our target trajectory (Hi, Vi) we first construct an intermediary family of
functions (Hy, Vp) where at each time ¢, (Ho(t,-), Vo(t,-)) is defined as the space de-
pendent steady-state that would be associated with the constant flow Qq(¢). This is
detailed in the following paragraph.

We defined previously (H*, V*) as the steady-state associated to a constant flux
Qo = Qo(0), that is (H*, V™) is the solution of the ODE problem (1.6) with initial
condition H*(0)V*(0) = Qo(0). But in fact at each time t* € R’ , we can also define
a steady-state (H}., V%) associated to a constant flux Qo = Qo(t*). In other words
(H;.,V;%) is the solution of the ODE problem (1.6) with initial condition satisfying

H (0)V2(0) = Qo(t7). (1.8)

Although the system (1.6), (1.8) could seem peculiar as it has boundary conditions
imposed both in 0 and in L, we know looking at the first equation of (1.6) that
this system (1.6), (1.8) is in fact equivalent to a single ODE on Hj. with boundary
condition H}.(L) = H, and the function V;i defined by Vit = Qo(t*)/H;.. Indeed
the first equation of (1.6) is equivalent to saying that H;. V% is a constant function,
equal to Qo(t*) thanks to (1.8). In other words (1.6), (1.8) is equivalent to

Vi () = f[j(éx)) Vel L,
(o ()
H(L) = H,.



Thus for each t* € [0, +00) such function exists on [0, L], is unique and C® provided

that the state stays in the fluvial regime (or subcritical regime), i.e. gH;. > V%2 on
[0,L]. This, for a given H., is equivalent to a bound on Q(t*) (see [22] for more
details). As we are interested in stabilizing physical trajectories in the fluvial regime,
we assume that this assumption is satisfied in the following and that there exist o > 0
and Hpyax > 0 independent of t* € [0, 00) such that

1
H}. < §Hmax on [0, L],

gH;. — Vi > 2a on [0, L].

(1.10)

For a given H., this is again equivalent to imposing a bound Qs on ||Qo|| .o (0,00), from
(1.6) and (1.8), (which is more logical from an applicative point of view). However,
for convenience, we will still use Hy,x and « in the following. This assumption is
quite physical: in practical situation the river is in fluvial regime and Qg () is often
periodic or quasi-periodic. This gives a family of one-variable functions indexed by a
parameter t*, which can also be seen as the two-variable functions

(Ho, Vo) : (t,2) — (Hy (2), V[ (2)). (1.11)

Besides, from (1.7), as (H;, V") is the solution of a system of ODE with a parameter
t, the two variable functions (Hp, V) therefore belongs to C3([0, +00) x (0, L)) (see
[19][Chap. 5, Cor. 4.1]). From its definition, one can note that (Hy(0,-), V5(0,-)) =
(H*,V*).

For clarity, we summarize here the different families of functions we introduced.

e (H*,V*), a function of z, the steady-state of the system when Qo = const.

e (Hy,V1), a function of ¢ and x, the target trajectory to reach when @ is not
a constant. This trajectory is compatible with the objective H(t, L) = H., for
any t € [0,7).

e (H}., VL), a function of x, the steady-state of the system when @ is a constant
equal to Qo(t*) (t* is fixed).

o (Hy, Vp), a function of ¢ and z, the family such that (Ho,Vp) : (t,z) —
(Hf (), Vi (z))

Now that we have introduced this intermediary family of functions, we can show
the existence of the target trajectory (Hj, V1) and we have the following Input-to-State
Stability (ISS) result (see [29] for a definition of ISS for finite dimensional systems,
[24, Chap. 1, Chap. 3] for a generalization to first-order hyperbolic PDE and [28] for
the use of Lyapunov function to achieve ISS on time-varying hyperbolic systems),

Proposition 1.1. Assume that 8;Qo € C?([0,00)). There exist positive constants
c1, ¢2, o> 0, v > 0 and § > 0 such that if [|0;Qollc2(j0,400)) < 9, then for any
(H?,VP) € H?((0,L),R?) such that

IHY — H* | g2(0,) + IV = V¥ 520,y < v,



the system (1.4) with initial condition (HY, V) has a unique solution (Hy,Vy) €
CY([0, +00), H*(0, L)) which satisfies the following ISS inequality

HHl(t; ) - Ho(t, )HH2(0,L)+H‘/1(t, ) _ V()(t, ')||H2(07L)
<crllHD ~ H Loy + V0 = V0. )e™

+ e (/0 (10:Qo(s)| + [02Qo(s)] + |05, Qo(s)]) e‘?ds) .
(1.12)

This result is shown in Appendix B, and a definition of the C2? norm is recalled
in Remark 1.1. Note that Qg is supposed to be bounded, which is quite physical,
but there is no additional requirement on this bound besides the physical assumption
given by Qo of remaining in the fluvial regime. This is important as in practical
situations the value of the incoming flow can change a lot, even though slowly.

Here, we choose to stabilize the trajectory (Hy,V;) associated to HY = H* and
HY = V*. As we will see, this target trajectory can be seen as the natural trajectory
to stabilize as it satisfies the industrial goal H(¢, L) = H. and it coincides with the
steady-state solution when (g is a constant. In this last case Qo and H. are imposed
and H* and V* = Qq/H* are thus fully determined using (1.6). But one can note
from (1.12) that, in fact, the behavior of (Hy, V1) at large time does not depend on the
initial condition (H?, V) in (1.5), provided that it is close in H? norm to (H*,V*).

Remark 1.1. The same ISS result can be shown replacing the H? norm in Proposition
1.1 by the HP norm where p € N*\ {1}, with the condition ||0;Qo|lcr([0,4+00)) < O
instead of [|0;Qollc2(j0,400)) < 0. This is shown in Appendiz B. We define here the
CP norm for a function U € CP(I), where I is an interval, as

HU||CP(1)1= max (||3§U||Loo(1)) (1.13)
1€[0,p]

Thus, from Proposition 1.1 and (1.10), there exists a constant § > 0 such that, if
Hathncz([O,Oo)) < (S, then (Hl,Vl) (S CO([O, +OO)7H2(0,L)) and

Hy(t,z) < Hmax, ¥V (t,2) € [0,400) x [0, L], (1.14)
GH (1) — VE(t,) > o, ¥ (1) € [0, +00) x [0, I]. (1.15)
Besides, when (g is a constant, it is easy to check that (Ho, Vo) = (H*,V*)

is also solution of (1.4)—(1.5). Thus, from the uniqueness of the solution of (1.4)—
(1.5), (Hy,V4) = (H*,V*) and, therefore, we recover a steady-state. This illustrates
that (Hp, Vi) can be seen as the natural target state when Qo is not a constant
anymore. Moreover, from (1.4), stabilizing (Hy, V;) also satisfies the industrial goal
by stabilizing H (¢, L) on the value H..

1.2 Control design and main result

As mentioned in the introduction, a usual type of controller used in pratice to reach
this aim is the proportional-integral (PI) controller. It has the advantage of eliminat-
ing the offset coming from constant load disturbances, which can usually appear in

vt

2 .



these systems as the command on the gate’s level are only known up to some constant
incertainties. A generic PI controller is given by

UL () = k(e — H(t, L)) + k1 2, (1.16)

where £, and kr are coefficients that can be designed and Z accounts for the integral
term, i.e. )

Z =H.—H(t,L). (1.17)
With such controller, and using (1.3), the boundary conditions (1.2) become (1.17)
and

H(t,0)V(¢,0) = Qo(t),

1.18
H(t,L)V(t,L) =vg(l + ky)H(t,L) — vgk,H, — vaki Z, ( )

In Corollary 1 we show that this boundary control can be used to stabilize expo-
nentially a steady-state when Qg is a constant. In Theorem 1.4 we show that this
control can also provide an Input-to-State Stability property with respect to 9;Qg.
However, this control (1.16) cannot be used to stabilize a dynamic target trajectory
(Hy, V1), whatever the coefficients, as there is no function Z; € C([0, +00)) such that
(Hq1,V1,Zy) is a solution of (1.1), (1.17), (1.18) while (H;,V7) is a solution of (1.4).
Therefore, when stabilizing a dynamic target trajectory, one has to add an additional
term and use

where f(t) := Hy(t,L)V1(t,L)/ve. The boundary conditions (1.2) become then

H(t,0)V(¢,0) = Qo(t),

H(t, L)V(t, L) = H1V1(t7L) + 'UG(I + k’p)(H(t, L) _ Hc) —vekiZ, (1.20)

where we have actually changed Z and re-define Z := Z — k, /k;, which still satisfies
the equation (1.17). This can be seen as a feedforward control.

This new control (1.19) assumes that V;(¢, L) is known at least up to a constant,
as Hi(t,L) = H, and additional constants can be incorporated into Z. When no
knowledge on the target state is available besides H,, it is impossible to stabilize ex-
ponentially the system, and the best one can get is the Input-to-State Stability which
is given by Theorem 1.4. However, in the following we will keep working with (1.19)
and (1.20) to show Theorem 1.3 and the exponential stability of the system, as the
proof of Theorem 1.4 and Corollary 1 which uses only the control (1.16) and (1.18)
are easily deduced from the proof of Theorem 1.3.

We introduce the first-order compatibility conditions associated to the boundary
conditions (1.20) for an initial condition (H®, V°, Z°).
H(0)V°(0) = Qo(0),
HY(L)V(L) = HiV1(0,L) + vg(1 + kp)(H(L) — H.) — k1 Z°,

0/0)2
w) — (k(V92(0) — CH®(0)) = Q5(0), (1.21)

—o,(HLVO(L) + gD (k(v0)2(L) - CHO(L) = B (HV) (0. 1)
6L+ k)0 (HO(D)VO(L) + ks (HO(L) — Ho).

With such compatibility conditions the system (1.1), (1.17), (1.20) is well-posed and
we have the following theorem due to Wang [32][Theorem 2.1]:

— 0:(H°(0)V*(0) +g



Theorem 1.2 (Well-posedness). Let T > 0, and assume that
(H1,V1) is well-defined and belongs to C°([0,T], H*>(0,L)). There exists v(T) > 0
such that for any (H°,V°,Z%) € (H?((0,L))))? x R satisfying

IH®(-) = H1(0, )l tr2c0,) + IV () = VA(0, )l 20,1y + 12°] < v(T), (1.22)

and satisfying the compatibility conditions (1.21), the system (1.1), (1.17), (1.20) has
a unique solution (H,V,Z) € (C°([0,T], H*((0,L))))? x C1([0,T]). Moreover there
exists a positive constant C(T) such that

[H (¢, ) — H(t, )||H2<0L)+||V(t )=Vt a2, +12]

(@) (1H°() = Hi(0,) | 20,1y (1.23)
+ HVO() Vi(0, M #2010y + 12°]) -

To apply the result from [32], note that Z can be seen as a third component of
the hyperbolic system with a null propagation speed, a constant initial condition Z°,
and Z(t) being thus its value everywhere on [0, L] including at the boundaries.

Remark 1.2. If, in addition, (H°,V°) € H3((0,L);R?), then the unique solution
(H,V,Z) given by Theorem 1.2 belongs to C°([0,T), H3((0, L); R?)) x C?([0,T]) and
there exists a constant C(T) such that
[H(t,) = H(t, )l 3, L) +IV (&) =Wt )llaso. +12]
C(T) (I1H°() = Hi(0, )l s 0,1y (1.24)
+ ||V0() Vi(0, )| rso,z) +12°) -

We recall the definition of (local) exponential stability.

Definition 1.1. We say that a trajectory (Hy, V1) is locally exponentially stable for
the H? norm if there exists v > 0, C'> 0 and v > 0 such that for any T > ¢, > 0 and
any (H°, VO Z9) satisfying

[1H(-) = Hi(to, ) m2(0,) + V() = Valto, M m2o,0) + 12°] < v, (1.25)

and the compatibility conditions (1.21), the system (1.1), (1.17), (1.20)
with initial condition (H° V% Z%) at t; has a unique solution (H,V,Z) €
(CO([t07T]7H2((O7L))))2 x Cl([to,T]) and,

[H(t,-) = Hi(t, )l w20,y + V(T -) = Vit )2,y + 1Z]
< Ce " ([[H(-) = Hi(to, )l m2(0.2) + V() = Valto, Ml mzco,L) + 12°1) » ¥ t € [to, T].
(1.26)

Remark 1.3. From (1.4) and Sobolev inequality, this exponential stability implies in
particular the (local) exponential convergence of H(t, L) to H..

We can now state the main results of this article

10



Theorem 1.3 (Exponential stability). There exists § > 0 such that if
10:Qollcs((o,+00)) < 0, then the trajectory (Hy, Vi) given by (1.4) of system (1.1),
(1.17), (1.20) is ezponentially stable for the H? norm if:

kp > —1 and k; > 0,
dk .
i) s

or kp <—1-

This result is proved in Section 2. The main idea of the proof consist in finding a
local convex and dissipative entropy for the system (1.1), (1.17), (1.20).

In particular, in the case where Qg is constant, we can use the static boundary
control (1.16), and we have the following corollary:

Corollary 1. If Qq is constant, then the steady-state (H*,V*) of the system (1.1),
(1.17), (1.18) given by (1.6)—(1.7) is exponentially stable for the H*> norm if:

kp > =1 and k; > 0,

gH*(L) — V*3(L) (1.28)

k -1- dk .
or k, < vV (D) and ky <0

Proof. This is a particular case of Theorem 1.3. To see this, note, as mentioned earlier,
that when @ is constant, then (Hy,Vy) = (H*,V*). Then, observe that f(t) given
in (1.19) is a constant that can be added in Z (i.e. we can re-define Z := Z — f(t),
which still satisfies (1.17)). O

1.3 Comparison with existing results and contribution of this
paper

Many results exist in the literature concerning this stabilization problem (e.g. [18, 33,

5, 34, 31, 10, 8]). To our knowledge the most advanced result for the full non-linear

system is [8] where the authors show that if there is no slope, i.e. C'(z) = 0, then the

system can always be stabilized by the PI control (1.16) as long as the steady-state
exists, and they give the sufficient condition

k, >0 and k; > 0. (1.29)

Note that this is the first result that allows an arbitrary size of source term and length.
In this paper, using a different type of Lyapunov function, we manage to show a more
general result. Our main contributions are the following:

e The result holds for an arbitrary friction and also an arbitrary slope C(z) €
C?([0,L]). Physically this means that the source can be non-dissipative and
increase the energy of the system compared to the case where there is only
friction.

e We find a less restrictive stability condition

kp, > —1 and k; >0, (1.30)
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and we also show that another condition is sufficient:

gH*(L) - V**(L)
va*(L)

kp < —1-— and ky < 0.

This one is counter intuitive as k, < —1 and kr < 0. It means that if the height
of the water is too high at L the control would reduce the aperture of the gate
in L and reduce the flow that we let exit the system, which intuitively should
increase even more the height of the water at L.

e Our result holds also when stabilizing a slowly varying trajectory rather than a
steady-state (that might not exist in practical case). In this case we use a kind
of feedforward term in the boundary control (see (1.19)).

e In addition to the exponential stability, we show the Input-to-State stability
with respect to an unknown inflow. In this case the only knowledge required on
the system is the height of the water at x = L.

Note that, just like [8], this approach uses very little knowledge of the state of the
system, as we only measure the height at the boundary = = L.

Remark 1.4. When the system is homogeneous, our conditions (1.28) are optimal
(necessary and sufficient) [10], [6, Section 2.2.4.1].

Remark 1.5 (Alternative notation in literature). In the literature, results about PI
control of the Saint-Venant equations sometimes leave the step of modeling the spill-
way, and use a generic formulation of the PI control on the outflow rate of the form

H(t,L)V(t,L) = k,(H(t,L) — H,) — k1 Z, (1.31)

where Z is the integral term, still given by (1.17). Note that, with these notations,
the sufficient condition of Corollary 1 becomes

kp >0 and kr > 0,

gH*(L) — V*(L) (1.32)

or ky < — V(L) and kr < 0.

1.4 Case of time-varying input disturbance Qy(t): ISS estimate

In practical situations, however, we may also have only little knowledge of the target
trajectory (Hy, V1) or the input disturbance Q(t) and we only know H.. In this case
we cannot use a controller of the form (1.20), but only a static controller of the form
(1.18), namely

H(t, L)V (t,L) = vg(1 4 k) H(t, L) — vakpH, — voki Z. (1.33)

In this case, it is impossible to aim at stabilizing the target trajectory (Hy, Vi), but
we still have the Input-to-state Stability with respect to the input disturbance 9;Qq,

Theorem 1.4. There exists v > 0, § > 0, v > 0 and C, such that if
0:Qollc2((0,4-00)) < 8, then for any T >0 and (H°,V°) € (H*(0,L))? such that

I1H® — H* || g2(0,) + IV? = V| 200,) < v,

12



the system (1.1), (1.17), (1.18) with initial condition (H°, V) has a unique solution
(H,V) € C°([0,T], H?(0, L)) which satisfies the following ISS inequality

|H(t,-) = Ho(t,")||m20,) + IV (t,-) = Vo(t, )l 520,1)

t
< Ce (||H° SHV Vi + [ (0Qo(o)] + 105 Qu(o)] + a?tt@o<s>|>e78ds).
0
(1.34)

The proof is given in Appendix C and is a consequence from the proof of Theorem
1.3.

In Section 2 we give a few tools to prepare the proof of Theorem 1.3.

2 Exponential stability for the H? norm

This section is divided in two parts. First we transform the system through a change
of variables. Then we state two lemma, which simplify the proof of Theorem 1.3. We
will then prove Theorem 1.3 in Section 3.

2.1 A change of variables
For any solution of (1.1), (1.17), (1.20) we define the perturbations as

h\ (H-H
0-(8)
Let us assume that there exists v € (0, 19) to be selected later on, such that
I () = H1(0, ) 20,2y + V() = Va0, ) |20,y + 12° < v (2.2)

The boundary conditions (1.20) can be written in the following form

v(t,0) = By (h(t,0),1t),

2.3
v(t, L) = By(h(t, L), Z,1), (2:3)
with
A
8181(07t) - Hl(t,O)’
1+k,) — Vi(t, L
0B2(0,0,t) = vl Hf()t L)l( )7 24
vgk]
0:B5(0,0,t) = ———F——.
2 2( s Yy ) Hl(t,L)

We introduce the following change of variables:

v+, /F-h
ui= (“1> = o (2.5)
Uz v—/Hh



Note that this change of variables is very similar to the change of variables used in [4,
22] with the only difference that (Hy, V1) is not a steady-state anymore. It corresponds
to the transformation in Riemann coordinates for the perturbations. Indeed, denoting

S, F and G by
Tt 1
S(z,t) = l(g’“’) e (2.6)

-0 (M- ) e

and using (1.1), (1.17), (1.20), (1.4), (2.1)—(2.5), one has

atul + Al(u,x,t)amul =+ ll(u,:r,t)ﬁ_TUQ + Bl(u,x,t) =

0 2.8
6tU,2 — )\g(u,x,t)69;UQ + lz(u,x,t)axul + BQ(U,JZ, t) =0, ( ' )
where
(?21((1‘:;’;)) _l;(;(ﬂf;’f)t)) = S(z,t)F (S’_l(x,t)u + (I‘fll((fg)) S M a,t) =: A(u, z,t),
(2.9)
and
_ (Bi(u,z,t)
B(u,z,t) = <Bg(u,x,t))
Hl(t,.’ﬂ) 8mHl(t,x) —1
tar (5 (B061)) ((B001) 50
+ S0, (g;g;;) + S(z,t)G (S‘l(x, thu + (gll((f:f))»
—9,8(z,t)S™ (z,t)u
(2.10)
Therefore
)\1(0,50,0 =WV +VgHi, )\2 0, x, t =\/gH1 — V1, (211)
l1(0 xr t) = Bl(O,l‘,t) = 0, lg(o,l‘,t) = Bg(O,I,t) = 0, (2.12)
A 0rt) = (e, )t 0) +10(t, ), ),
op, (2.13)

—(0,x,t) = d1(t, x)ui (t, ) + 02(t, x)ua(t, z).

u
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where

3 LV kVE
NN V et = — s
= H1 1z + 1 Hl 2H12
1 LS kVE
= H T V T r a2\ T
Y2 = 22 1z + V1 H1 2H12 P
(2.14)
1 L EVE
PR ISR LA AL
1 4 Hl 1z + 4 1z + Hl 2H12
3 kVi  kV?
52**1 le+ Wz+?l+ﬁ

For the boundary conditions, there exists vy € (0,10) such that for any v € (0,11),
one has:

U1 (t, 0) = Dl (UQ (t, O)7 t),
UQ(t, L) = Dg(ul (t, L), Z, t),

(2.15)
Z' o (ul(taL) 7U2(t, L)) Hl(taL)
= 5 P
where D; and D, are C? functions and
>\2(0)

D =

al 1(07 t) (0) )
(L) —vg(1+kp)

K000 == D) Foa T+ k)’ (2.16)

UGkI Hl(gth)
82Dy (0,0,) = —2 V

va(1+kp) + Xo(t, L)

Expression (2.14) is simply a computation, very similar to what is done in [22] for
instance, while the derivation of (2.15) and (2.16) are detailed in the appendix. In
the following we denote for simplicity ko := 91D1(0,t), k1 := 01D2(0,0,t) and k3 :=
_62D2 (07 0’ t)v

Remark 2.1. Obuviously, from the change of variables (2.1)—(2.5), the exponential
stability of the system (1.1), (1.17), (1.20) is equivalent to the exponential stability of
the steady-state u* =0 for the system (2.8), (2.15).

As the operator A, given by (2.9), is a C? function in u, ¢ and = (and in par-
ticular C') and as, from (2.13) and (1.15), A\1(0,2,t) > 0 > —MX3(0,z,t), there
exists v € (0,11) depending only on Hyay and o and E € CY(B,, x (0,L) x
[0, +00); M2 (R)), where B,, C R? is the disc of radius v and center 0, such that
for any [[u(t, )| #2(0,1) < v,

E(u(t,x),z,t)A(u(t, x),z,t) = D(u(t,z), z, t)E(u(t, z), z,t),

2.17
E(0,,t) = Id, (2.17)

where D(u(t, z),z,t) = (D;(u(t, z),z,t))ic1,2 is a diagonal matrix and Id is the iden-
tity matrix. Before going any further, let us note a few useful properties of these
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functions. For simplicity in the following we will denote for any n € N* and any
function U € L*°((0,T) x (0,L); R™) (resp. L>((0,L); R™))

1Ulloo := [1U ||z ((0,1)x (0,L):R")5

(2.18)
(resp.[|U]loo := U]l Lo ((0,2):m7))-

We may also denote |lu| 20,y instead of |[u(t,-)||m2(0,z) to lighten the expressions.
From the definition of A given in (2.9), and from (1.15), for [Ju||g2(o,z) < v, there
exists a constant C7 depending only on Hy, .y, @ and v5 such that we have the following
estimates

maX(Hat(A(u(tax)7x’t) - A(vaat))nom ||8t(D(u(ta x),ac,t) - D(O,I’,t))”oo, ”at(E(u(ta x)vx>t))|‘00)
< C1 (Jluflso (19 H oo + 19 Vi l[oo) + 100l o0)
max ({|0z(A(u(t, z), 2,t) = A(0,2,1))|loc, [[0:(D(u(t, x), 2, t) — D(0, 1)), [|0:(E(u(t, 2), 2,1))] o)
< C1 ([[ulloo (102 Halloo + 1102 V1 [o0) + [[0zul[oo) -

(2.19)

For E and D, this comes from the fact that £ and D are C* functions with respect
to the coefficients of A (recall that D is the matrix of eigenvalues of A), and that
A € C%(By,; C([0, +00) x [0, L])).

2.2 Two useful lemmas

We introduce now two lemma, which simplify the proof of Theorem 1.3 The first one
is a classical result about Lyapunov functions,

Lemma 2.1. Let V : (H*(0,L))> x Rx Ry — R%, n > 0, and ¢ > 0 such that for
any (U, z,t) € (H?(0,L))? x R x Ry, with |U||g= + |Z| < n,

1
¢ (I01z0.y + 127) VU0 < =~ (I0oy +122) . (2:20)

If for any T > to > 0 there exists v > 0 independent of tg and T, and v > 0 depending
only on T —to such that, for any solution (u, Z) of the system (2.8), (2.15) with initial
conditions satisfying ||u(to, )| z2(0,0) + |Z(to)| < v, the differential inequality

d

= IV(a(t),0)] < =V(ult,).1), Vie (to,T), (2.21)

holds in a distribution sense, then the system (2.8), (2.15) is exponentially stable for
the H? norm and V is called a Lyapunov function for the system (2.8), (2.15).

This first lemma reduces the problem of proving the exponential stability to find-
ing a Lyapunov function V for the system (2.8), (2.15). A proper definition of a
differential inequality in a distribution sense as in (2.21) can be found in [20]. To
lighten this article we do not give a proof of this classical lemma, although a proof
for a very similar case (Lyapunov function that does not depend explicitly on time
and for the C! norm instead) can be found for instance in [20][Proposition 2.1], and
is easily extended to this case.
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Remark 2.2. Note that v may depend on to and T with this definition, contrarily
to the Definition 1.1 of exponential stability. However, this is not an issue since we
can deduce, thanks to (2.21), the existence of v independent of to and T such that
(2.21) holds with /2 instead of . Indeed, assume that the assumption of Lemma 2.1
hold and select to = 0, and Ty > 0 such that e 7T1/2 < c?/2 where c is the positive
constant involved in (2.20) (note that v does not depend on to and Ty ). From (2.21)
there exists v depending on Ty (that we denote v(Ty) in the following) such that if
[0(0, ) l2(0,0) + | Z(O)] < (T3), then

V(u(Ty,-) < V(u(o,-))e 77, (2.22)

Thus, using (2.20)

v(T)). (2.23)

N —

(T, Mlaz0,0) + 1Z(Ta)] < e (J[u(0, )| 52(0,2) + 1Z(0)]) <

Since v only depends on T — ty, (2.23) means that the system with initial condition
(u(T1,-), Z(Th)) has a solution on [T1,2T1] and, thanks to (2.20)—(2.21) and the
choice of Ty,
lat, Mlazo,0) + 1Z2(#)] < e (u(0, )| 20,0y +12(0)])
< e V(=T g=7T1/2 (||u(0, ')||H2(0,L) + |Z(0)|)
< e 2 (|[u(0, ) m20,2) + 1Z2(0)]), ¥t € [T1,211]
(2.24)

and

(T}). (2.25)

| =

[T, )| 20,0y +1Z(2T0)] < e (|[u(0, )|l m2(0,2) +12(0)]) <

Hence we can iterate on [211,3Th],..., [nT1, (n + 1)T4], and so on, for any n € N
and we obtain the exponential stability estimate on [0, +00) and in particular on any
[to, T with v := v(T1) that does not depend on T or ty.

Our second lemma seems very natural:

Lemma 2.2. There exists | > 0 and C > 0 such that if [|0;Qol|c3(j0,400)) < [, then

max ([0 Hil| 10, +00),c0 (10,21 19:Vi o1 (0,400),c0(10,21))) < C||3th||c3<[o,+o(o)>~ |
9.26

This is a consequence of the ISS property (Proposition 1.1) and Remark 1.1 for
p = 3 and is shown in Appendix E. Thanks to this Lemma, we now only need to show
Theorem 1.3 with a bound on 9;H; and 9;V; rather than a bound on 9;Qy.

3 Proof of Theorem 1.3

From Theorem 1.2, Remark 2.1, and Lemma 2.1, one only needs to find a Lyapunov
function V' : (H?(0,L))? x R x Ry — R satisfying (2.20) and (2.21).We will proceed
as follows: first we introduce a Lyapunov function defined up to two positive func-
tions f1 and fo and two positive constants u and g. Second, we show a differential
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inequality satisfied by this Lyapunov function candidate with respect to fi, fa, p
and ¢ (Proposition 3.1). Then we give sufficient conditions such that this differential
inequality simplifies to (2.21). Finally, we show how to choose f1, f2, and then ¢ and
w such that these sufficient conditions are satisfied, together with (2.20).

Let us define the following functional on H?(0, L) x R x R,

L
V(U 2,1) = /O Fut 2)e = (B(U (), 2, 1)U (x))2

+ fa(t, x)e"* (E(U(z), z,t)U(x))2dr + g2,

(3.1)

where f1, fo are positive and bounded functions which will be defined later on, and
w and q are positives constant which will also be defined later on. Recall that E is
given by (2.17). We introduce the following candidate Lyapunov function defined for
H? trajectories of (2.8):
V(u(t7 ')7 Z(t)7 t) = Va(u(t7 ')7 Z(t)v t) + ‘/b(u7 t) =+ ‘/C(uv t)a (32)
where
%(uat) = Va(atu(t7')72(t)7t)v (3 3>
Vo(u,t) = Vo(02u(t,-), Z(t),t). '

This functional is a priori only defined for trajectories of (2.8), however using (2.8)
its definition can be extended to H2(0, L) x R x R as well (see Appendix F for more
details). We have the following proposition

Proposition 3.1. There exists § > 0 such that if,
max([|0:Hillo (11o,00):00 (10, £1)) 196 Vill o2 (t0,000:0010,22)) < 0 (3-4)

then for any T > 0 and tg € [0,T), there exists v > 0 depending only on T — to such
that for any solution (u,Z) of (2.8) belonging to C°([to,T], H3(0,L)) x C?*([to,T))
with initial condition u® and Z° at time to satisfying

(Ia®ll 20,y +12°]) < v, (3.5)

one has the following differential inequalities for any t € [to, T

dl (u(tﬂ')azvt) .
_ 77— .
o < /Lgcrer[léflL]()\l,)\2)[/(u(t7 ), Z,t)

+ [fidik3 = Xafo] (u(t,0) + (Dpua(t, 0))* + (Fua(t, 0))?)

—Ii(uy(t, L), Z2) — Li(dyur (t, L), Z) — [,(02us(t, L), Z)
L
—/ L((Eu)y, (Bu)2) + L((Ed)y, (Edu)2) 4+ L((EdHu)1, (EOf)s)dx
0
+C (J[ufl o + |02u]| ) (IIUIIiz(o,L) + 1007201y + 107ul7200.2) + (Ifloe + 10z ul|o0)?

(02| + (fua (8 L)| +121)% + [Drun (8, 0] + (|Buun (1, L) + |21)2 + |05 (£,0)°]
+ (R (1, L) +12))?)

+ 08 (Jua(t,0) + (fus (1, L) +1 2% + 0yus (1,0)° + (s (1 L)| + |21)?) + CoV,
(3.6)
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where C is a constant independent of tg and T, and 11, Iy denote the quadratic forms
given by

Il(l‘,y) = (/\1f1(L)€_’uL - )\QfQ(L)eﬂLk'%) .132

H .
+ <CI\/ ks = Aafo(L)e"kF — p min (Mg, )\2)Q> s
g z€[0,L]

+ (2A2fo(L)e" ksky — g % (k1 —1))zy, (3.7)

Lz,y) = (=M fi)z + 2fimi(t,x) — O f1) e Hoa?
+ ((A2f2)a + 2f202(t, z) — B f2) ' y?
+ 2 (yafie " + 61 f2e"7) wy.

This proposition is showed in Appendix G. We can now use this to derive sufficient
conditions for the Lyapunov function candidate to satisfy (2.20) and (2.21) and prove
Theorem 1.3.

3.1 Sufficient conditions for a Lyapunov function

Let T >ty >0 and (u®, Z°%) € H?(0,L) x R satisfying the compatibility condition
(1.21) and such that
(I0°(l 20,2y + 12°]) < v, (3.8)

where v is a constant to be chosen later on but such that v < min(vs, v(T — tp)).
Recall that T'— v(T') is given by Theorem 1.2 and vs is chosen such that (2.17)
holds.

From Theorem 1.2 there exists a unique solution u € C°([t,T], H*(0,L)). To
obtain this, set (H1(t,-), Vi(t,")) = (Hy(t —to,"), Vi(t — to, ")), and (H(t,"), V(t,-)) =
(H(t — to,-),V(t — to,-)) and Z = Z(t — to). Since (Hy,V;) is still in C°([0,T —
to], H3(0, L)) (besides, note that it satisfies the same upper bound in the H? norm
as (Hy, V1)), Theorem 1.2 still applies and there exists a unique solution (H,V) in
CO([0,T—to], H2(0, L)) satisfying (1.23) on [0, T—to] with (Hy, V;) instead of (Hy, V),
provided that

1H(0, ) = H1(0, )|l z2(0,L) + [V(0,+) = VA(0, )l m2(0,) + | Z(t0)| < w(T —to), (3.9)
which is exactly (3.8). Thus (H(t,-),V(t,-)) = (H(t + to,-), V(t + to,-)) belongs to
C°([to, T], H*(0,L)). In order to use Proposition 3.1, we suppose in addition that
(u®, Z2%) € H3(0, L)xR, and that (3.8) also hold for the H3 norm instead of the H?
norm in u. From Remark 1.2, (u,Z) € C%[to,T] x H?(0,L)) x C3([to,T]). This
assumption will be later relaxed later on by density. From Lemma 2.2, instead of
assuming a bound on [|9;Qo||¢3(jo,+0c) We can assume that

max ([|0:Hi || (jto,00);00([0,21)) 5 10: Vil (ft0,00)500 ([0, 1])) < 6 (3.10)

where § is a positive constant independent of T.. Let (f1, f2) € C*([0, L]; (0, +00))
and ¢ > 0, p > 0 to be defined later on. From Proposition 3.1, there exists v, and
01 such that if 6 < 07, then the differential inequality (3.6) holds. In the expres-
sion of (3.6), one can see that three identical quadratic form appears in the integral
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in ((Ed{u)1, (Ediu),), i = 0,1,2, as well as three identical quadratic form at the
boundaries in (djuy(t,L),0:Z), i = 0,1,2, and three identical terms proportional re-
spectively to (9fua(t,0)), i = 0,1,2. Thus a sufficient condition so that there exists
> 0 such that V is strictly decreasing would be that the square terms and the forms
that appear at the boundaries are negative-definite and the quadratic form in the
integral is negative-definite, i.e. the three following conditions:

1. Condition at 0
X2 f2(0)

2
N0 k2. (3.11)

2. Condition at L

> k3, (3.12a)

2
— <)\2f2(L)k'3]€1 — ;qﬁ(lﬁ — 1)) > 0. (312b)

3. Condition from the integral

(=M f1)e +2fin(t ) — Ouf1) >0, (3.13a)
(=M f1)e +2fini(t,2) — Ouf1) (Mafa)e + 2f202(t, ) — 01 f2)

— (Yaf1 +61f2)2 >0, V (t, ) € [to, T] x (0, L). (3.13b)

Let assume for the moment that (3.11)—(3.13) are satisfied for any § € (0, d2) where d5
is a positive constant. We are going to show that (2.21) hold. Then, as the inequalities
(3.11)—(3.13) are strict, by continuity there exist g > 0 such that the square terms and
the quadratic forms I; at the boundaries and the quadratic forms I in the integral
are positive definite. Also, there exists v3 € (0,1v2) and 04 € (0, d3) such that, for any
v € (0,v3), and any ¢ € (0,d4),

<- ‘ o+ [0:ulls0)?) 14
< min Ou )V OV 4O (ke + 10:u)”) (3.14)

where C' is a positive constant depending only on the system. Note that here, the
cubic boundary terms that appeared in (3.6) and the quadratic boundary terms pro-
portional to § have been compensated by the strictly negative quadratic boundary
terms, taking § and v sufficiently small and using (1.23). Note also that, thanks
to (1.15), minjg rjx[tg,400)(A1,A2) > 0. Thus, choosing d5 € (0,d4) such that
5 < pmingg £y [t9,400) (A1, A2)/4C, for any § € (0, d5) one has

. 3 . ,
=77 oo x [e%s) . Nl
V< 4H[O,L]£I%§R+OO)(>\1,A2)V+C((||u|\ + [0pu] )> (3.15)
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Now, if we assume in addition that (2.20) hold, using (1.23), and Sobolev inequality,
there exists v4 € (0, v3] such that, for any v € (0,v4),

3 K .
<= m 1
c ((HUHOO +1|0-ul| o) ) =7 [O,L]X[tlél,+oo)()\17)\2)‘/7 (3.16)

thus, setting v = pming, 1) x[ty,+00) (A1, A2),
V< —%IA YVt € [to, T] (3.17)

which shows the exponential decay of V' and (2.21). If in addition (2.20) holds, this
ends the proof of Theorem 1.3.

3.2 Strategy to construct a Lyapunov function

All that remains to do is to find f1, fo and ¢ such that (3.11)—(3.13) are satisfied
and such that V satisfies (2.20). To do so, we first introduce the following function ¢

defined by
o1(t,x) = exp (/ %d:c) ,
0 A1

6o(t, 7) = exp (— /0 ’ Zm) , (3.18)

)= Siey

The functions ¢; and ¢o are defined such that the diagonal change of variables
(y1 = d1u1, Y2 = Paug) removes the diagonal source terms of the linearized system
associated to (2.8) (recall that ~;, d2 are given in (2.13)—(2.14) and are the diagonal
coefficients of the source term of the linearized system). This change of variable is
used for instance in [4, 21] and is inspired from [25, Chapter 9].'. In the following we
are going to search for functions fi, fo of the form

7
)\15(75, x)

where ¢ is a positive C' function to be defined. The motivation to look for functions
of this form is the following: it was shown in [4], in the autonomous case with a
purely proportional control, that (3.19) is an optimal choice in the following sense:
if there exists a Lyapunov function of the form (3.2), then there exists a positive
function ¢ € C1([0, L]) such that (3.19) holds and the converse is true for suitable
boundary conditions. This reduces the problem to finding a function £. Then, having
f1 and fy satisfying the differential inequalities (3.13) is shown in this case (still
in [4]) to be equivalent to having & to be a supersolution of a given ODE. This is
the approach followed for instance for the Saint-Venant equations in [7, 22] with a
proportional control and in the autonomous case. Of course, the autonomous case

, faltyz) = 2500 (3.19)

fl(taq:): )\2

L Although this is not used here, this change of variable also allows that the semigroup of the
linearized system after change of variables has a compact difference with the semigroup of the ho-
mogeneous system, see [23].
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with a proportional control is simpler than our current framework and brings some
differences: the functions &, f; and f; do not depend on time. Also, because of this,
we will want £ to satisfy

9,6 > ¢72+</> 161 o
A1

¢
)\2

£+ 8tH1 VY ael0,L], t €[0,400), (3.20)

and not anymore to be a supersolution of the ODE in [4].

In order to find such a function ¢ and such functions (f1, f2), we start with the
following lemma, from which we will construct a solution to (3.20). We will see later
on that, if £ is a solution to (3.20), then (f1, f2) defined as (3.19) satisfy the condition
(3.13), at least under some condition on 4.

Lemma 3.1. There exists 09 > 0 such that if ||0:H1l| Lo ((t9,400)x(0,) < Jo, the
function x = Aag/ Ay is solution on [0, L] to the following equation

-1
Dox = ¢72+¢ L2 o

A Ao A2 atHl

Nael0,L], t€fto,+o0),  (3.21)

and for any x € [0,L] and any t € [ty, +00),

Oy2 ¢5 51
<>\1 4 1/HlatHl) 0. (3.22)

The proof is given in Appendix D.

To understand the link between Lemma 3.1 and the choice of the coefficients of
the Lyapunov function candidate (f1, f2), note that since [0, L] is a closed interval we
are going to be able to construct a solution y. to (3.20) from y. Then (f1, f2) will in
turn be defined by (3.19). This is what we do now.

3.3 Construction of x. and its properties

Let now assume that § < dy, where Jy is given by Lemma 3.1. Recall that ¢ is the
constant such that (3.10) holds, namely

max([|0:Hill o1 (jto,00)5c0((0,21)): 10 Vil e (ft,00)50 (0, 21)) ) < 6-

As this is the only assumption on (Hi,V;), in the following we can assume without
loss of generality that tg = 0. From Lemma 3.1, we know that there exists a solution
on [0, L] to equation (3.21), which is xo :=X2¢/A1. Therefore, as [0, L] is a compact
set, there exists go such that for any € € [0,&¢) there exists a solution x.(¢,z) to the
following system

Ooclt0) = (52 4+ 2o+ o) e
No(t,0) (3.23)
O =XTo T

and moreover (¢, z,¢) — x-(t, ) is of class C° and 9, x. (¢, z) as well. This is a classical
result on ODEs due to Peano (see e.g. [19][Chap. 5, Th 3.1]). Note that ¢g > 0 a
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priori depends on ¢t and one could wonder whether ¢g — 0 when ¢t — +o00. We are
going to show that this does not happen and we can choose g9 > 0 independent of
t € [0,400) such that y. exists on [0,+00) x [0, L] for any € € [0,ep). Finally, note
that x. is a solution to (3.20) if we can show that

Y2 ¢ |yg
( n %( xe)® + b HlatH1> > 0. (3.24)

From (3.23), Oy x. satisfies the following equation

¢W2> ( 1 ) o, © [ 9
O0z0: X e —2 Oixe + | — | +— -+ 54/ = 0nH
tX d))\ XeOtX ()\1 . D tX )\% H, 411

¢ 1 ¢ g
“Senmoar s () o

We wused here that, from Proposition 1.1 and Remark 1.1, (H{,V;) €
CO([0, +00); H3(0, L)), and from (1.4), 02Hy = —0y,(H1V1), 0,0, H1 = —02(HV)
and 0;0,V; = 0, (—Vl(r“)mVl — g0, Hy — (kV2/H; — gC)). Thus 93 H; belongs to
C°([0,T]); H*(0, L)), and (1,72, 01,02) belong to C1([0,T]; H(0, L)). Besides, from

(3.25)

(2.11),
0 2 O H
(%), =5 5 (v o) 529

Using (3.25), we have

atXe(tax) :atXE(tvo) €xXp (/ 27)(6 t y dy)

fi”Yz 51 2
+/ exp</ ¢)\ twdw) (< )t (M)txs
1 [
;\bQ atzf - 5% (ale) (;\b%)t Ii@le) dy

(3.27)

+

Instead of seeing the function x. as a solution of an ODE (in space) with a parameter
t, one can see it as a solution of an ODE with parameters Ay, A2, ¥, 01, Oy H1, 0, V1
and ¢ that we denote x.(t,x) =gc(x, A1, A2, 71,01, 0:Hy,0: V7). From [19][Theorem
2.1] the function

(z,6, A1, A2, 72,01, 0t H1, 0; Vi) v+ ge(, A1, A2, 71,01, 0 Hy, O Vh) (3.28)

is continuous.

But from (1.14), (1.15), and (3.10), the quantities (A1(t), A2(t), ¥2(¢), 1(t),
O0:H1(t), 0:V1) are bounded by above and below and therefore belong to a compact
set when ¢ € [0,400). From this one can obtain that

e ge(, M (t), A2(t),71(¢), 61(t), O  H1(t), O V1) = x:(t, ) (3.29)

is uniformly continuous in ¢ € [0,£1) for (¢,2) € [0,400) x [0, L], for some &1 > 0
(independent of t). One can obtain this uniform continuity and this ; by observing
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that, from Lemma 3.1 and (3.23),

5 5
Du(X=(t,2) — x0(t, @) = QT;Q(X? -X5)te= T;Q [(xe = x0)* + 2x0(xe — x0)] + ¢

<C [(Xs - X0)2 + (Xe — XO)] +e,
(3.30)

where C' is a positive constant that might change between lines but depends only on
Hnax, @ and an upper bound of § and where we used that xo = Aa¢p/A;. Let us set
h defined by

duh(t,x) = C [W(t,x) + h(t,z)] +¢
H(t,0) = xe(£,0) — xo(t,0) =<, (331

by comparison x.(¢,z) — xo(¢,z) < h(t,z) for any (t,z) € [0,+00) x [0, L], provided
h exist on [0, 400) x [0, L]. This implies that x. exist on [0, +00) x [0, L] provided h
does. Besides, from (3.31), h is nondecreasing and therefore h(t,z) > h(¢,0) = € so
dxh(t,x) < 2C [A*(t,x) + h(t,z)] (3.32)
which implies, integrating and using that In(x/1 + x) is a primitive of 1/(z? + z),

h(t, x) € o20L
1+h(t,r) — 1+e ’

(3.33)

From (3.33) we deduce that there exists €1 depending only on Hy,.x, o, L and an upper
bound of § such that for any € € [0,e1), h (and hence x.) exists on [0, +00) x [0, L]
and

Xe(t, ) — xo(t, z) < h(t,xz) < C(e), VY(t,z) € [0, +00) x [0, L], (3.34)

where C(e) depends only on Hy,ax, «, L, €, and an upper bound of §, varying contin-
uously with € with C(0) = 0. By comparison again and (3.23) we have (x. — xo) > 0,
hence

Ixe(t,z)| < |xo(t,z)| + C(e), V(t,x) € [0,400) X [0, L]. (3.35)

Finally we conclude to the uniform continuity of & — x. with respect (¢, z) € [0, +00)x
[0,L] for € € [0,e1) by using the fact that xo = A2¢p/A1 is uniformly bounded on
0,+00) x [0, .

This, together with (3.27) implies that there exists Cy depending only on L, Hax,
a, €, an upper bound of § (for instance &), and continuous with e € [0, 1) such that

[ e / ) at<ay<H1v1>>dy\ 36

< Comax (|0, Hillc1([0,4-00);c0((0,2)))» 10:Vill o1 ([0,4-00)sc0(10,2)))) -

Similarly there exists a constant C; > 0 depending only on L, Hy,.x, o, and an upper
bound of ¢ such that

19ell o ((0,+00)x(0,£) < Cr max (|0 H |1 (fo,+o0):c0(10,L))): ||3tV1|\01<[o7+oo>;c°<[o&m>>))’

3.37
and similarly for ¢o. This, together with the definition of A; and A\ given by (2.11),
(3.27), and using the continuity of ¢ — x. on [0,e1) (recall that this continuity is
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uniform with respect to (¢,z) € [0,400) x [0, L] from (3.29)), we get that there exists
C > 0 depending only on Hy,ax, @, an upper bound of §, ¢ and continuous with € on
[0,e1) such that

10ex=(t, )| <(10kxe(t,0)]

+max (|0 Hillc1([0,+00):00(0,2))) 10 V1 | (j0,4-00):c0 ([0, 21)) ) )C(€)-
(3.38)

But, from (3.23) 0;x<(t,0) = (A2(0)/A1(0)),, thus using (3.10) we obtain
|0exe (t, 2)] < 6Cs(e), (3.39)

where Cs is again a constant that only depends on ¢, a;, Hyax, an upper bound of &
and is continuous with & on [0,£1). We can now restrict ourselves to € € [0,£1/2] and
then Cy can be chosen independent of ¢ by simply taking its maximum on [0,e;/2].
Recall that from Lemma 3.1 we have, xo = ¢Aa/A1, and

1)
(¢72 ¢7;2X0+ ;;

Recall also that we still have not chosen the bound § € (0,0p) on
H@tHl||Cl([0,oo);00([0yL])) and ||8tV1||Cl([0,oo);00([0yL])) given in (310) From the as-
sumptions on k, and kg, i.e. (1.27), and (2.16), and recalling that k; = 9:D2(0,0,t)
and k3 = —02D2(0,0,t), one has

8tH1> > 0. (340)

2
k2 < Glg) . ks> 0. (3.41)
Thus, using (2.11),
— i 1 (L) Aa2(L)
m .mln((wll)\l(L)),l L)> > 0. (3.42)

As ¢ = xe(t,z) is uniformly continuous with e for (¢,2) € [0,400) x [0, L], there
exists g5 € (0,&1/2) such that for any (¢,z) € [0,+00) x [0, L]

X (8 2) = xo(t, ) < o(t, L), (3.43)

<¢72 + 3 /H1 8tH1) > 0. (3.44)

In particular x. is a solution to (5.20). Note that €5 depends a priori on ¢ from
(3.44). However, from Lemma 3.1 we can in fact choose €2 independent of § and
depending only on an upper bound of ¢ (for instance dy given by Lemma 3.1). This
is important as, in the following, we will choose a ¢ that may depends on e.

and

3.4 Condition from the integral

As announced we select f; and fy in the following way:

¢2
Wt 0,
falt,x) = gixfz(t’m) >0,
A2
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and we can now check that the condition (3.13) is verified for § small enough. We

have
. 2(¢1);1A1f1 N f;gsz i’f;)ﬂ), (3.46)
Thus from (3.18) 2
i)t 2 f = 26::2(52 (3.47)
and similarly )
(Mafo)e + 2022 = (3xer (t:2))a — (0D Xes (£, 2) (3.48)

= djgaa;Xaz'
Therefore, from (3.23), (3.47), and (3.48), one has

(—=(Aif1)z + 2711 — Ocf1)(Naf2)e + 202 f2 — Orf2)

() (5 dov o) =)

— Oz Xes (;f;atﬁ + ¢§3tf1) + (01 f1)(0¢ f2)-

€2

But we have

(Ded1) 91 OA | Oixe
8, f1 — 2 _ 2) 2. 3.50
tfl )\1X52 ()\%st )\1X52 )¢1 ( )
and besides, from (1.4) and (3.10), there exists C3 > 0 depending only on « and

H,ax, and an upper bound of ¢ (for instance dy), such that

max (|| Hizll Lo ((0,4-00)x(0,L)» Viz|| Lo ((0,400) x (0,L)) < C3- (3.51)

Thus, using (2.14) and (2.11), there exists Cy > 0 depending only on L, @ and Hyyax,
and dyp (but not on J) such that

max (|| ¢1]| £oc ((0,4-00) % (0,2))5 181 1L (0,4-00)x(0,1.))) < Ci, (3.52)

and similarly for ¢,. Observe now that, from xo = A2¢/A1 and (3.52), |xo| and 1/|xo]
can be bounded by a constant depending only on L, a, Hpax, and dg. Thus from
(3.43)
1/C5 < [[Xesll 2o ((0,400)x(0,1) < Cs, (3.53)
where C5 only depends on L, a, Hyax and dy. Therefore, from (2.11), (3.39), (3.37),
(3.50) and (3.53) one has
0¢f1] < Cgé, (3.54)

and similarly

|0 f2| < C76, (3.55)

where Cg and C7 are constants that only depend on L, o, Hpax (and ép). We now
select the bound on max (||0: Hi [|c1 (jt,,00);c0([0,)))» 10: Vi |1 (jto,00)500 ([0, 1)) ): We select
d3 € (0, 60) such that, for any d € [0, 3] and any (¢,x) € [0,400) x [0, L],

CeC2C15 < 3, (3.56)
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and

2 . (b’Yz 01
Ch 2e2 z€[0,L], tG[Olrﬁl»foo) e€(0,e2) ( @ \/ 8tH1)
e [g 2 X
~ (+¢>>\2 H16+€2> (CGXQ +C7¢2) <¢ ¢>2) (3:57)
P2 ¢ ' 2 X 9* 9\
+2*\/ H, ( )“ <<¢1¢2) Gt Hl)‘s’

for any = € [0, L] and any X € [1/C5, C5s] (note that having it for X = Cj is enough).
This is possible as €5 > 0 and, when 03 = 0, (3.57) is verified and the inequality is
strict. Then, from (3.18), (3.52), (3.49), (3.53)—(3.57),

P\ (72 B 2 ?
(=(AMf1)z + 27 f1 — 0 f1)(Aafa)e + 202 f2 — O fo) > N + @st

= (y2f1 + 01 f2)?,
(3.58)

which is exactly the second inequality of (3.13). Besides, from (3.22) and (3.56),

(= f1)e + 29 f1 — Ouf1) = 28;*2 ofs

€2

$3 dy2 . 01 o o [g O f1x2
— —_— p— [— —_— H —_ 2
X2, AL * PA2 Xe ¥ AV H Ol ) +e 7

> 0.

(3.59)

3.5 Conditions at the boundaries

We can now check that (3.11) and (3.12) are also verified thanks to the choice of €2
and n1, and (f1, f2) given by (3.45). Indeed, using (3.23), (3.18) and (2.16), one has

M(0)f2(t,0) _ 5 oy _ (2200) 2 (0,
m =X, (t,0) = (Aj(O) +€2> > (/\?(O)) = k2 (3.60)

which is exactly (3.11). This explains our choice of initial condition for x.,. Now,
from (3.43), one has

A (t, L) fi(t, L 2(t, L 1
1(7 )fl(a ):¢2(, )> 5 (361)
)\Q(taL>f2(t7L) Xez(L) ()\Z(t L) + )
@D T
and from the definition of 7y given by (3.42),
A2 (L) . ( 1 )
+ =min | —,1]. 3.62
m (L) 1] ( )
Therefore,
L L
)\l(tv )fl( ) ) > max(k‘%, 1)’ (363)

>
[V}
—~

o~

h
S~—
o
—~
S~—



and in particular the condition (3.12a) is verified. Let us now look at condition
(3.12b). So far we have not selected the positive constant q. We want to show that
there exists ¢ > 0 such that the condition (3.12b) is satisfied. Observe that the left-
hand side of (3.12b) can be seen as a polynomial in ¢, and the condition (3.12b) can
be rewritten as

P(q) =~ fﬁg (ks = 1)* + qﬁk‘s (MAUL) = Ao fo(L) (kT = ki (ke = 1))
— (A f1(D)) (A fo(L)) K3
¢* Hy 2 H,
T4 (k1 —1)" + Q\/:k?a (A fi(L) = Xafo(L)k1))

— (A\fi(L)) (N2 fa(L)) k3
>0.
From (3.63) Ay f1(t, L) > Aafa(t, L)ky and from (3.41) k3 > 0. Thus the real roots of
P are positive if they exist. This implies that there exists a positive constant ¢ such

that (3.12b) is satisfied if the discriminant of P is positive. Denoting its discriminant
by A,

A=t k22 f2(t, L) l(Alfl(L) - k1)2 - (Alfl(L)) (ky — 1)2] . (3.65)

(3.64)

g A2 fo(L) A2 fo(L)

Let us introduce h : X — (X — k1)? — X(k; — 1)2. The function & is a second order
polynomial with a positive dominant coefficient and observe that its roots are k% and
1. Thus h is increasing strictly on [max(k?,1),4+00). Hence, using (3.63),

)\1 fl (L> )

A2 fa(L)

H
> jkg)\gfg(t,L)h(max(k%, 1)) =0.

H
A= RN f (8, D)
J (3.66)

This proves that there exists ¢ > 0 such that (3.12b) is satisfied, and we select such
g. All it remains to do now is to show that the function (U, z,t) — V(U, z,t), which
is now entirely selected, satisfies (2.20).

From (1.15) and (1.14) we know that for any (¢,z) € [0,400) x [0, L],

V 9Hmax > Ao > a, 24/ gHpax > A1 > a. (3.67)

Besides, from the definition of ¢; and ¢2 given by (3.18), (2.14) and the bound (1.15),
(1.14), there exists a constant Cg that only depends on 8, o and Hpayx such that

1 1
;S lo1llee <G, 5 < [192llc < G (3.68)

Thus, using that xo = Aad/A1, (3.45), (3.43), (3.68), and (3.67), there exists n > 0,
c1 > 0 constant independent of U and Z such that, for any (U, Z) € H?(0,L) x R
with [ Ul + 2] <
1
et (10Nlaz0,) +121) < V(U, Z,t) < o (IOl a2,y + 12]) ¥ t € [0, +00), (3.69)

which is exactly (2.20). This concludes the proof of Theorem 1.3.
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4 Conclusion

In this paper, we gave simple conditions on the design of a single PI controller to
ensure the exponential stability of the nonlinear Saint-Venant equations with arbitrary
friction and slope in the H? norm. These conditions apply when the inflow is an
unknown constant. In that case the system has steady-states and any of them is
stable. Additionally these conditions also apply when the inflow is time-dependent
and slowly variable (with potentially a large total variation). In that case, no steady-
state exists and one has to stabilize other target states. When the values of the
target state are known at the end of the river, we have exponential stability of the
target state. In other situations, we have the Input-to-State stability with respect to
the variation of the inflow disturbance. These sufficient conditions are found using
a local quadratic entropy and, to the best of our knowledge, are less restrictive than
any of the conditions that existed so far, even in the linear case. In [10] it was
shown that, in absence of friction and slope, these conditions are optimal for the
linear case. When there is some slope or friction, however, there is so far no answer.
Knowing whether the conditions of Theorem 1.3 are optimal or not would be a very
interesting open question for a further study. Its possible application to a network
of channels would also be a matter of interest. Finally, many stabilizing devices for
finite dimensional systems also use a PID control with an additional derivative term.
It has been shown in [15] that this control cannot ensure exponential stability for
a homogeneous hyperbolic equation. It would be an interesting question to know
whether a filtering on the derivative term could enable to recover the stability for
infinite dimensional system and whether this would enable a faster stabilization than
the PI control.
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A Boundary conditions (2.15) and (2.16)

In this appendix we justify the boundary conditions (2.15) with (2.16) after the change
of variables. From the boundary conditions (2.3) in the physical coordinate (h,v),
together with the definition of u; and ug given in (2.5), one has at z = L

ui(t, L) = By(h(t, L), Z(t),t) + \/HTh(t, L) =: Fi(h(t, L), Z(t), 2, 1),
! (A.1)

us(t, L) = Ba(h(t, L), Z(£),t) — \/H71h(t,L) = Fo(h(t, L), Z(t), 2, 1).

From its definition, F; is C! and, from (2.4), and (1.23), there exists v; € (0,1p)
such that, for any ¢t € [0,00), 01 F1(0,Z(¢),t) # 0. Thus F; is locally invertible
with respect to its first variable, thus there exists v5 € (0,11) such that h(¢t,L) =
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Fi N ui(t, L), Z(t),t), where F; ! denotes the inverse with respect to the first variable.
Besides, as Fj is of class C? with respect to the two first variables, F; 1is also of
class C?. Then, using (A.1)

us(t, L) = Fo(Fy (ur (. L), Z(0),8), Z(1), ) = Dalun (, 1), Z(1), ), (A.2)
and, using (2.4),
01 D2(0,0,t) = 01.F2(0,0,)0: (F; (0,0, 1)
0172(0,0,1)  91B2(0,0,1) — \/HZ
T OFR0.00 " 5,5,0,0,0) + /£ (A3)

. _)\1([/) — Ug(l + kK
(L) +ug(l+k

p)

»)

Now, as 0 F; '(0,0,t) = —92F1(0,0,t) /01 F1(0,0,t), using (2.4),
82D2(07 0, t) = 81]:2(07 0, t)aQ(‘Fl_l)(Ov 0, t) + 82-/—"2(05 0, t)

0y F1(0,0, ¢
= —01F52(0, O’t)aj}'ig()()t; + 02F2(0,0,1)
8182(0a0at) - [{L1 (A4)

= 0,B2(0,0,¢) [ 1—

8182(()’ 0, t) + 7/ I{L1

_vgkr 2y/gH\(t, L)

~ H(t D) \ve(l+ k) + Xa(t L) |
The same can be done in x = 0 in a slightly easier way, as B; does not depends on
Z. This gives (2.15) and (2.16).

B Proof of Proposition 1.12

This appendix uses many computations that are very similar to the ones in Section
2, but in a simpler way. Thus, in order to avoid writing two times the same thing and
to keep the proof relatively short, some steps might be quicker in this appendix. Let
T; > 0 and to be chosen later on. As (Hy(0), Vo(0)) satisfies (1.10), there exists v, > 0
such that for v € (0,v,), F((H?,V?)T) has two distinct nonzero eigenvalues. Recall
that F' is given by (2.7) and that v is the bound on ||HY — Ho(0), V{ — Vo (0)|| g2(0,1)-
Besides, from (1.8), the function (Hy(t, ), Vo (¢, -)) is the solution of a system of ODEs
with an initial condition depending on a parameter t. Thus, as 9;Q¢ € C?([0, +00))
and the slope C satisfies C € C?([0, L]), using (1.6) and [19][Chap. 5, Theorem 3.1],
(Ho, Vo) € C3([0,T1]; C?([0, L])) and there exists a constant C' depending only on
Hax, @ and an upper bound of ¢, such that,

||8zH0’atiV0||CQ([O,L]) < OZ |8?Q0| 5 Vi€ [173]7 Vite [07T1]7 (Bl)

n=1

and in particular

10:Ho, 0:Vollc2(jo,1):02(10,L7)) < Cll0:Qoll ([0, +00)) - (B.2)
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Thus [32][Theorem 2.1] can still be used on (H; — Hy) and there exist do(71) > 0 and
vo(T1) € (0,v,) such that, if v € (0,9(71)) and § € (0,00(71)), there exists a unique
solution (Hi,V;) € C°([0,T1]; H2(0, L))? to the system (1.4)—(1.5). Besides (Hi, V1)
satifsfies an estimate as (1.23) but with (Hy, V1) instead of (H, V') and (Hy, V) instead
of (Hq, V7). We denote by C(T7) the associated constant. Let us define hy := Hy — Hy
and vy := V; — Vo. We transform (hy,v1)7 into w = (wy,ws)T using the change of
variables defined by (2.1)—(2.5) with Hy and Vj instead of H; and V. Thus we obtain

0w + Ao(W, 2)0, W + Bo(w, x) + So (%55) =0,

wl(t7 O) :Hl(w2 (t’ O)a Qo (t) - Q0(0>)a
wa(t, L) =Ha(ws(t, L)),

(B.3)

where Ay, By and Sp have the same expression as A, B and S (given by(2.9), (2.10),
(2.6)) but with (Hp, Vo) instead of (Hy,V4). Similarly we define

N = Vo 4+ gHo, XS = /gHy — Vb, (B.4)

and ¢°, defined as ¢ but with (Hy, Vp) instead of (Hy,V;). Similarly as in Appendix
A7

H5(0) = =M (L)/A3(L), H1(0) = —A3(0)/A1(0), (B.5)
which is of the form (2.15) with vg = 0 and Z = 0. Before going any further, note
that we can perform the same computations as in Section 2 with no problem, as
the proof in Section 2 only used Proposition 1.1 to get that (H;p,V7) exists for any
time and that (1.15) and Lemma 2.2 hold, but we will see now that such claims are
true for Hy and Vy. The existence of (Hp,Vp) was already shown in section 1 and
(1.10) is exactly (1.15) with (Ho, Vp) instead of (Hy,V1). Finally, (B.2) is exactly
the equivalent of Lemma 2.2 for (Hp,Vp). We define now the Lyapunov fonction
candidate V =V (w(t, x),t) + Vo (w(t, x),t) + Vo(w(t, x),t) + Va(w(t, z), t) where V,,
V, and V. are defined in (3.1), (F.1), with f; and f» chosen as fi := (¢9)%/(\In)
and fy = (¢9)*n/(\y), where 7 is a function such that there exists a constant ¢ > 0
independent of w such that

= 7—8+£ 2 yeVaeloL]
- )\0 )\077 &, € I )
;0(0)2 (B.6)
n(0) = Z2—24%(0) + .
%o
Note that 7 exists as, for any ¢ € [0, +00), (¢(t,)°AJ(¢:)/A}(t+)) is a solution of
0 50
0ox = |2 + 2 Vel L], (B.7)
Al A

this can be proved as in Lemma 3.1, and this case was actually shown in [22]. Note
that from (1.6), (1.8) and (1.10), (Hp), and (Vp), can be bounded by above and
by below by constants that only depend on Hy.yx, o and an upper bound of Qg
(which can also be expressed only with Hyax, o from (1.10)). Therefore, looking at
their definition, the function f; and fo can also be bounded by above and below by
constants that only depend on H,.x, @ and €. Thus there exist ¢; > 0 and c3 > 0
depending only on Hp,.x and «, € and p such that

CIth(t? ')7U1(t7 ')”%P(O,L) < V(t) < CQth(ta ')7U1(t7 ')H%{’A’(O,LVV te [Ole]' (B'8)
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Consequently, by differentiating V exactly as in (G.3)—(3.6), and from (B.3), we
obtain that there exists p > 0, 11 € (0,1(71)) and d35 > 0 such that, for any
171(0,-),v1(0, )| &2(0,) < 1, and [|0:Qol|c2([0,00)) < 0, where § € (0,03),

L
. atH() 8tH0
V<—uV +/0 2 fiw1(So (at‘/()))l + 2 fows(So (@V()))de’

L
02, Hy 02, Hy
B.
+/0 2 f10w1(So <3t2t‘/() )1+ 2f20.w2(So 92V )odz, (B.9)
L
2 6?ttH0 2 a?ttHO
+ /0 2f18ttw1(50 (a?ttvo )1 + 2f26ttw2(50 atgttvo )Qd.”L'

Thus, using Cauchy-Schwarz inequality, (B.8), and (B.1) there exists C; > 0 depend-
ing only on Hy,ax, @ and an upper bound of p such that for any ¢ € [0, T1],

V(t) < —pV(t) + C1 (|0:Qo(t)| + 107Qo(t)] + 195, Qo(B)]) V/2(2), (B.10)
and in particular
V(t) < =V (1) + C1lld:iQolloz o,y V2 (1) (B.11)

Let us define V., := (C16/p)%  From (B.11), if V(t) > 2V,,, then there ex-
ists a constant k& > 0 such that V(t) < —kV/2(t). We now choose § such that
V2C16/(py/e1) < vi. Thus, from (B.11) and as ¢1, c2, C1 and g do not depend on
Ty, we can choose T; large enough such that

V(T1) < 2Vey < 11, (B.12)

which implies that
A1 (T, ), vi(Th, )l ez(o,0) < 1 (B.13)

and therefore there exists a unique solution (hy,v1) € C°([T1,2T1], H%(0, L)), with ini-
tial condition (hi(T4,-),v1 (T4, ")) (we use the same existence Theorem ([32][Theorem
2.1])) and, noting that V(Ty) < 2V, implies V(2T1) < 2V.,, this analysis
still hold. We can do similarly for any [nTy,(n + 1)T1] with n € N, thus,
as (Hoy, Vo) € C°([0,4+00), H%(0,L)), there exists a unique solution (Hy,V;) €
C°([0,4+00), H?(0, L)) and (B.10) holds for any ¢ € [0,+00). Therefore, denoting
g(t) = V(t)e*, we deduce from (B.10) that

g'(t) < C1 (10:Qo(1)] + 03,Q0(1)] + |05, Qo (1)]) €% \/g(1). (B.14)
Thus
1/2 oyt Ci ([ 2 3 s ot
VIE() S VE(0)em 2 + 5 </ (10:Qo ()| + 107.Qo ()] + 05 Qo(t)]) € ds) e 2.
0
(B.15)

This implies the ISS property

wt

C _ pt
\h1(t,-), v1(t, )|l a2((0,0):R2) Sq/;j||h1(07')a'Ul(Oa')HHQ((O,L);]RZ)G z

Ch
201

ut

(/O (10:Qo(t)] + 107:Qo ()| + 185, Qo(1)]) e“;ds> e 7.
(B.16)

+
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This ends the proof of Proposition 1.1. To extend this proof to the H? norm for
p > 2, note that using the same argument (B.2) holds with the C?([0,T}]; C3([0, L]))
norm in the left-hand side and the C? norm in the right-hand side. We can can define
V3, ..., Vyon HP(0, L) x R x Ry as in (F.1) such that Vi, (w(t,z),t) = V,(9Fw(t, ),1),
for any k € [3,p]. Then (B.8) holds with V :=V, +V, + V. + V3 + ...V, and the H?
norm, and the rest can done done identically.

C Proof of Theorem 1.4

Theorem 1.4 result from the proof of Theorem 1.3. Note that the boundary conditions
(1.18) can be written under the form (1.20) with (Hy, Vp) instead of (Hy, V1) where
the only difference is that Z satisfies now

Z=H,—H(t L)+ J(0) : (C.1)
’U(;k]

where f(t) = H.0;Vy(t,L). The rest of the proof can be conducted as in Appendix
B for (Hy, V1), with a priori two differences: (H,V) satisfies the boundary condi-
tions of the form (1.20) and not of the form given in (1.4), and Z satisfies (C.1)
instead of (1.17). However, note that in Appendix B the only assumption used on
the boundary conditions of the transformed system is that they are of the form (2.3),
which is still the case here. Thus, the only difference with Appendix B are some
additional terms when Z is used, which is in the boundary terms in the derivative of
the Lyapunov function. There exists therefore 4 > 0 and v5 > 0 such that, for any
th(O, ')7’01(07 ')||H2(O,L) < vy, and ||8tQO||C2([O,oo)) < 4, where § € (0,(54)7

V() <— %V(t)+01|8tQ0(t) FO2Q0(t) + 83,Q0(1)| V12 .
+2qZf(t) +29Zf'(t) + 29Z f"(¢), '

where C is a constant only depending on H.x, @, vo and d4. Using Lemma 2.2,
there exists a constant C' > 0 depending only on Hp,ax, o, v2 and &4 such that

V< —%V +CVY210,Q0(t) + 97.Qo(t) + 05, Qo (t)]. (C.3)

The same argument as in Appendix B, (B.14)—(B.16), implies directly the ISS property
(1.34).

D Proof of Lemma 3.1

In this appendix we prove Lemma 3.1. The proof is very similar to the one given in
[22] in the special case where (Hy, V1) is a steady state. However, it happens that the
proof actually does not need the relation (H;V;), = 0 which is no longer true when
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(H1,V7) is not a steady-state. Let x = (A2¢p/ A1), we have from (3.18):

83cX :% (/\1(9;5/\2 — )\2895>\1 + )\271 + )\162)
1

VgH VgH1
;’;<<V1+ GHL) (Vi + G Hip) = (<Va 4+ V/gH) (Vie + 5t i)
1

+(v/gHy — V1) (i\/HTIHM:"‘ZVlz'Fk‘j % Hl)
+(Vi + ng)(i\/H71H1r+iV“+2§1/ % >>
:;é <2f1‘1/\/9?1 Ll \/?1% \/;atHl> -

(D.1)
On the other hand:
P2 | 0 v _ 9
< )\1 + 31— )\2¢ - )\% ()\172 +>\251)
2kV le g Hix gHy
)\2 ( AV Vl ‘/1 E 2 “V‘Vvlm 2 )
_ 0 (2KV Wl Hy, 1
= )\% < H1 ng V1 H1 8tH1 .
(D.2)
Thus from (D.1) and (D.2)
P2 ¢ g
= (92, 9 o,H D.
Oz X <A1+A2¢ + 2 Hlat 1), (D.3)

and there exists §p such that, if ||8tH1HLoo((O_+OO)><(O ) < do,

2kV; WE [H
;@(Hll\/ﬁ gt \/78tH1>>0 Vael0,I], t € [0,400),
1

(D.4)

and, from (D.1) and (D.3),

P 0 o 9 9
W +A2¢ ey 2

this ends the proof of Lemma 3.1.

: (D.5)

E Proof of Lemma 2.2

In this Appendix we show that Lemma 2.2 is a consequence of Proposition 1.1 and
Remark 1.1.

34



Proof. Indeed using Proposition 1.1 and Remark 1.1 with p = 3, we have

| Hi(t,-) — Ho(t, )| m30,0) + IVi(t,-) = Vo(t, )| ms(o,r)
%i

<(HHY = H [0,y + IV = VZllmao.n)) € (E.1)

2 _ut
+ 02;(1 —e” 2)]|0:Qollc3([0,4-00)) -

Note that we chose HY = H* and V" = V* which means that
2
| Hy(t, ) = Ho(t, ) mso,0) + IVt ) = Volt, )l mso,) < C2;||atQOHC3([O,+oo))' (E.2)

Note that H; — HY is the solution of a quasilinear hyperbolic system and is small in
H? norm provided that 9;Qg is small in C® norm. Therefore, there exists a constant
C depending only on the parameters of the system and the bound v such that

[H1(t, ) — Ho(t, )|l 2(0,) + [IVa(t, ) — )

+|0eH1(t, ) — OcHo(t, )| 2(0,) + 10 VAL, ) — 3tVo )
+07,Hi(t, ) — 07 Ho(t, )| r20,) + 107, Vi(t, ) — 07, Vo(t, )l r2(0,1)

Vol(t, )

)

Vo(t,
(
(
|07, Hy (t,) — 07, Ho(t, )| 220,z + 107 VA (t, ) — 5t2t (tMezo)  (E3)
(
(t

t,

||L2 0,L)

|L2(0,1)

H05 Hi(t, ) — 95 Ho(t, )l 20,0y + |05 Va(t, ) — 05, Volt,
+05 . Hi(t, ) — 0fHo(t, )20,y + 105 Vilt, ) — 05 Vot )l 20.1)
< C”Hl(tv ) - Ho(t, ')||H3(O,L) + ||V1(t7 ) - VO(tv ')||H3(O,L)~

In what follows, the value of C' might change between lines but it still denotes
a constant that only depends on the parameters of the system and the bound v.
Besides, from Sobolev inequality, for f € H([0, L])

I fllcoqo,py < C ([1£ 2o,y + 1021l L2(j0,L)) - (E.4)
Combining (E.2), (E.3) and (E.4),

max (|| H1(t,-) — Ho(t,-)l|coqo,r), IVi(t,-) = Vo(t, ) llcogo,)))
+ max([|0, Hi (t, -) — 0 Ho(t, )| oe (0.1, 10:Vi (t, ) — B:Volt, )l coco,r))
+ max(||02 Hi(t,-) — 02 Ho(t, )| o= 0.0, [02Vi(t, ) — 92V (t, leooo.ry)  ED)

2
< CCQ; HatQOHC'B([OHFOO))'

L2 (0,L)

Therefore, using the reverse triangular inequality and the fact that

max(||Hi(t, ) — Ho(t,)l[coqo, ), [IVi(t, ) = Vo(t, )l coqo,zp)) > 0,
we have
max (|0 Hi(t, )| L<(0,1), [10:Vi(t: ) < (o,1))
+ max([|0F; Hy (t, ) || Lo 0,2), 107 VA (£, )| L= (0,L))
<max(||0:Ho(t, )| L= (0,1), 10:Vo(t, )| L>=(0,L)) (E.6)
+ max([|07; Ho(t, -) || Lo 0,), 107 Vo (t, )|l L= (0,L))

2
+ CCQ;‘IatQOHCa’([O,-‘roo))'
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Recall that (Hy(t,-), Vo(t,-)) satisfies (B.1), This implies

max(||0Hi(t, )| Loe(0,1), [10:Vi(t: ) < (0,1))
+ max([|87, Hi (¢, )| L= 0,2)s 10V (£, ) | L 0.1 (E.7)

2
<C(1+ 02;)\|3tQ0H03([07+oo))-

As this is true for any t € [0, +00) we have

2
10:H1, 0 Vil o1 (j0,+00),c0(0,))) < C(1 + 02;)||3tQ0H03([0,+oo))~ (E.8)

This ends the proof of Lemma 2.2. O

F Expression of V, and V. for functions of H?(0, L)

Looking at (3.1), V, is indeed a function defined on H?(0,L) x R x R,. How-
ever, V given by (3.2) is a priori only defined for time-dependent functions u €
C?([0,T],L?(0,L)). In fact, we can extend this do define V on H2(0, L) x R x R by
defining V4, and V, as follows:

L
Vy(U, 1) ;:/O fre " (BE(U(z), 2, )I(U, 2,t))3 + foe"*(E(U(z), z,)I(U, z,t))2dx

Hl (ta L)
4g

+q (UL(L) — Ua(L))?,

L
V.(U, 1) :/0 fre M (B(U(x),z,t)J(U, z,t)? + foet*(E(U(z),2,t)J (U, 2,t))2dx
2
(U(L) — U2(L))> ,
(F.1)

O H, (t, L)
4 ng(t7L)

+q ( A (e, 0) - Bt D) +

where
I(U, z,t) :=A(U, ,t)0,U + B (U, z,1)
J(U,z,t) :=A(U, 2, t)0, (- I(U, z,t)) + (0:A(U, z,t) + Ou A(U, z,t).(-I(U, z,1)))d, U
OB (U, z,t)+ (0uB(U, z,t))(—I(U, z, t)),
(F.2)

Observe that, for a solution u of (2.8), these quantities reduces to I(U,x,t) =
—opu(t,x) and J(U,z,t) = —0?u(t,z). Hence, using the expression of Z given by
(1.17), the expressions of Vi (u(t,-),t) and V.(u(t,-),t) reduces to

L
Vo(uf(t,-),t) ::/O filt,x)e M (BO)I(t @) + fa(t, x)et* (B3 (t, x)dx + q(Z(1))?,

L
Ve(u(t, ), t) := / filt,w)e " (BO )it x) + folt, x)e" (EGju)3(t,x)de + q(Z(1)?,
0
(F.3)
which is exactly the definition (3.3) given earlier and justifies the expression chosen

for (F.1) and (F.2).
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G Proof of Proposition 3.1

Let T >ty >0 and (u® Z% € H?(0,L) x R satisfying the compatibility condition
(1.21) and such that
(Ia®ll 20,0y +12°]) < v, (G.1)

where v is a constant to be chosen later on but such that v < min(ve, v(T — t)). Let
(u,Z) € CO[to, T), H3(0, L)) x C*([to, T]) be a solution with initial condition u®, Zj.
Let 6 > 0 to be chosen later on and assume that

max ([|0:Hi ||t (jto,00);c0([0,21))» 10t Vil o1 (Jt0,00):¢0 ([0, L])) < O- (G.2)

As this is the only assumption on H; and Vi, we can assume from now on that tg = 0
without loss of generality.

We start now by dealing with V,,. Differentiating ¢ — V, (¢) with respect to time,
using (2.8), (2.17) and integrating by parts, one has

L
Vo =— 2/0 filt,z)e " (Eu); [(FA(u, z,t)0,u)1 + (EB)1(u, z,t)]

+ fo(t,z)e!* (Eu)s [(EA(u, 2, t)0,u)2 + (EB)2(u, z,t)] dx
L
+ / at(fl)e_‘”“'(Eu)% + (“)t(fg)e”l(Eu)%dx
0

2 /O C e (Bu)y (00F + OuB.0ru) w), + foeh (00 + B F-0pu) ), di
+202(0)2 (1)
— /0 " h(ba)e (B (D, ) (0u(Bu) — (0. + u B-du)u).|
+ ot 2)eh™ (Bu)s [Da(u, 2, ) (9s(Ew) — (9, E + Oy E.deu)u),] do
«/ T e (B + O e (Bu)da
) /O ¥ e (B (EB): (0, 2,8) + fach (Bw)a(EB)s(u, 2, t)ds

L
+2 / Fre P (Bw)y (0F + 0uE-0ru) u), + foe™ (9 E + OuE-Opu) ), do
0

+2qZ(t)Z (1),
(G.3)
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Vo = = [fre " Dy (Ew)? + Da fac"* (Ew)3] "
L
- /O (Bu)1e=" (=0, (D1 f1) — fr0u(D1).050)(B)1 — 21 D1 (0. + 0y E-dyu)u)y)

+ (Eu)ge’“” ((—0Z(D2f2) — fgau(Dg)ﬁfu)(Eu)Q — 2f2D2((3:,3E + 5‘UE.8xu)u)2) dxr

L
- / 0(fr)e " (B)f + Op(f2)e"" (Eu)3dz
0
L
- 2/ fre7(Eu) (EB)1(u, 2, t) + foe"* (Eu)2(EB)2(u, 1)
0
L
+ 2/ fieT ¥ (Eu)1 ((OF + OuE.Opu) u), + f2e"" ((OLE + 0w E.Opu) u), dx
0

L
— i [ Dufie (B} - Dafoet (Bu)ids + 242(0)2(0)
0
(G.4)

In order to simplify this expression, observe that from (2.9), (2.17) and (2.11),
D1(0,z,t) = A(t,x) and D5(0,z,t) = —MXa(t,x). Recall that H; is bounded by
Hpax from (1.14) and that gH; — Vi is bounded by below by « from (1.15). Using
this, the fact that D is C! in u, and using also (2.19) and (3.10), there exists C > 0
depending only on Hy,.x and «, v and § such that

1Di = sgn(Di)Aif| oo < [|Cufeo, (G.5)

102 Di + 9uDi.0pu — sgn(Di) 0z Ail oo < C (10200 + [[ulleo), @ € {1,2},  (G.6)

and
0:E]loc < C (|[u]loo) (G.7)

10:E + duEdhul| oo < C ([lufloc + [|0rul]oo) - (G.8)
Thus, using this together with (G.4)

Vi < — [fie "= Dy (Ew)? + Dy foe" (Eu)3]
- /()L<Eu>%ew<—am(mf1> = 0:(f1)) + (Bu)3e" (s (Aafa) — Bu(f2))dx
- /OL freH e (Bu)y (EB) (u,2,1) + foe" (E)o(EB)s(u, z, t)da
— /0 ’ A fre M (Eu)? + \g foet® (BEu)3dx + 2qZ(t) Z(t)
+C (ull + o0l [ (Bt + (B

L
+ C (flull + II&EUIIOC)Q/O [(Ew)1| + |(Eu)2|dz,
(G.9)

where C' is a constant that may change between lines but only depends on v, an upper
bound of ¢ (for instance dg), pt, Hmax and a. Note that C' is continuous in p € [0, c0),
thus it can be made independent of p by imposing an upper bound on p, for instance
w € (0,1]. Finally, from the second equation of (2.17), and the fact that E is C! in
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u, there exists a continuous function &; defined on B,, x [0, L] x [0, 7] such that, for
any vector v € R? and any (t,z) € [0,7] x [0, L],

E(u(t,x),z,t)v —v = (u(t,z).& (u(t, x), z,t))v. (G.10)

As E(u(t,z),z,t) is a C* function of the coefficients of A, & is bounded on B,, x
[0, L] x [0, T] by a bound that only depends on va, Hyax and a. Thus there exists a
constant C depending only on vo, Hyax and « such that

1 _
clvlizao.nyme) < NEVIL2(o.yme) < CllvIiza(o.yme)- (G.11)

Thus, using this together with the fact that D; and Dy are C* with u, (3.1), and
Young’s inequality and then Cauchy-Schwarz inequality on the last integral term,

L

Va <= [fre ™" A1 (Bu)} — Aafoet® (Bu)3]

L
a /0 (Bu)ie " (=0, (A1 f1) — 0:(f1)) + (Bu)3e™ (0 (Ao fa) — 0 (f2))dw

L
— 2/ fie " (Eu)1(EB)1(u,z,t) + foe'*(Eu)2(EB)2(u, z,t)dx
0
— in (A, \2)V, in (A1, \2)qZ2(t) +2qZ(t) Z(t
uxg[l(l)flm( 1, A2) +urg[1(1){1u( 1,A\2)qZ=(t) +2qZ(t) Z(t)
+ C ([ulloe + [[0zulloo) [[ulZ2(0, )
+ C (|[ullo + 102u]loe)® + Cllullso (Jult, 0)?| + |u(t, L)?|).
(G.12)

Now, as E and B are C? with u and continuous with = and ¢, and as B(0,x,t) = 0,
there exists a continuous function & € C%(B,, x [0,T] x [0, L]; R?*2*2) such that for
any (¢,x) € [0,T] x [0, L]

(EB)(u(t,z),z,t) = Ou(EB)(0, z,t).u(t,z) + (E2(u, z, t).ut, z))u(t, z). (G.13)

Note that from (2.10), & is bounded on B,, x [0, L] x [0,T] by a constant that only
depends on vy, 8, Hyax and a. From (2.10) and (2.17) 84(EB)(0, z,t) = 0,B(0,z,t).
Besides, from (2.17), E is invertible and C!, thus an inequality similar to (G.11) holds
for E7!, and u = E~}(Fu). Therefore, using (G.13) together with (G.10), the fact
that £ and & are bounded, and the expression of 0, B(0, z,t) given in (2.13)—-(2.14),
one has

Vo < — [fre " \uf — )\2f2€“wug]0L
L
- /0 (Eu)%eium(faz()‘lfl) —0(f1)) + (Eu)ze“:”(am()\QfQ) — 04(f2))dx

L
— 2/ fre "y (Bu)? + foel“So(En)3 + ('ygfle_‘”” + 51f26“‘”) (Eu)1(Eu)qdx
0

—p min (A, \2) Vot min (Mg, \o)gZ%(t) + 2¢Z(t) Z(t)
z€[0,L] z€[0,L]

+C ([ulloe + 10zull0) ullZ2 0,1y

+C (|[ulloo + [02ullo0)” + Cllulloo (u(t, 0)*] + [u(t, L)?).
(G.14)
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As D; and D, are of class C?, denoting for simplicity ke := 01D1(0,t), ki :=
01 D5(0,0,t) and k3 := —02D2(0,0,t), and using (2.15)

Vo < —pt g%grz](h, X)Va + [fidik3 — Ao fo] u3(2,0)

L
—Il(ul(t,L),Z(t)) —/O Iz((Eu)l,(Eu)g)dx
+ C (oo + 19eulc) (I1a320,0) + (oo + 12ulloc)” + (fua(t, 02| + fu(t, L)*)))
(G.15)

where I; and Is denote the following quadratic forms

Il (37, y) = ()\1f1 (L)e_“L — AQfQ(L)@ILLk%) .%‘2

H )
+ <q\/>1k3 _ )\sz(L)e“Lkg —p min (A, Az)q>y2
g z€[0,L]

+ (2Xafo(L)e ks — gy /% (k1 — 1))zy, (G.16)

L(z,y) = (=M f1)e + 2fim(t, ) — Oufr) e H¥a?
+ ((A2f2)a + 2f20(t, ) — By fo) ey
+ 2 (yafie " + 61 f2e"7) wy.
We can perform similarly with V3 and V., to do this observe that d;u and 93u are
respectively solutions of
Ot (Opu) + A(u, 2, t)0,(0pu) + (0uB(u, z,t)) ()

G.17
+ (Ot A(u, z,t) + OuA(u, z,t).0pu)d,u + 0; B (u,x,t) = 0, ( )

and
01 (0% u) + A(u, z,1)0, (04 1) + (0uA(u, x).0%u)0,u + (0 B(u, z)) (9% u)
+ 204 (0;A(u, z,1)).0;0)0,u + 02 A(u, z, t)0,u
+ 20uA(u, z).0pud, (Opu) + O A(u, z, )0, (Opu) (G.18)
+ ((02A(u, ).0pu).0u)0,u + 02 B(u, )
+ 0u(0;B(u,z)).0pu + (02 B(u, z).0;u)(d;u) = 0,

which are very similar to (2.8), as they only differ by quadratic perturbations or terms
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involving a time derivative of (Hy, V7). We get then
V=Vo+Vo+V.<—p min (A, )V

z€[0,L]
+ [[idik3 = Az fo] (u3(t,0) + (Drua(t,0))? + (97 us(t,0))?)
- Il (ul(tv L)? Z) - Il (atul(ta L)a Z) - Il(aftul(t? L)a Z)

— /L 12((E11)1, (Eu)g) + [2((E8tu)1, (E&'tu)g) + Ig((E(?ftu)l, (Eaftu)g)dl‘
0

+ € (ulloo + 100lloe) (Il3200,2) + 1000320,y + 0B 0l32 0.2 + ([ullo + B0l )’
Hua(t, 0% + (fun (¢ 1) + 121 + Buua(t, 0% + (1B (¢, L) + |Z))? + 0ua(t, 0)%
+ (03w (D) +12))?)

405 (Jus(t, 00 + (s (1, L) + 120 + 10pua(t, 0 + ([ (1, L) +|Z])?) + CaV.
(G.19)

The two last terms come from the successive differentiations of the boundary
conditions (2.15), together with (3.10), or from the terms in (G.17)—(G.18) involving
a time derivative of A or B. This ends the proof of Proposition 3.1.
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