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PI controllers for the general Saint-Venant equations

Amaury Hayat"

“Centre d’Enseignement et de Recherche en Mathématiques et Calcul Scientifique, Ecole 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 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 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

Discovered 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. Al-
though being quite simple, their richness has made them become a major tool in practice for many
industrial goal, the most famous being probably the regulation of navigable rivers. They are the
ground model for such purpose 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 feed-
back controllers [12]. Later the stability of the homogeneous 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 successfully ap-
plied 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 proportional 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 homoge-
neous 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, I1]. Also, several results (e.g. [I6]) were obtained using a backstepping approach, a very power-
ful method based on a Volterra transformation, developed mainly for PDE in [24], and generalized
recently with a Fredholm transformation for hyperbolic systems [I4] [34], B5]. 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 integral (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 [0, 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 [I7] where the authors show the
interest of adding an integral term to a proportionnal 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 dimen-
sional systems. However, despite their indisputable practical interest, PI controllers for nonlinear
infinite dimensional systems have shown hard to handle mathematically and even studying simple
systems give sometimes rise to lengthy proofs with relatively sophisticated tools [13]. While the be-
haviour and the stability 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. |26l 25] for hyperbolic
systems), no such tools exist 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 [32] B3] where the authors find a sufficient condition for the stabilization
of the linearized inhomogeneous Saint-Venant equations. Necessary and sufficient conditions for the
linearized homogeneous Saint-Venant equations are given in [0, Section 2.2.4.1, 3.4.4]. In [I5] 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 [I0] the authors deal with 2 x 2 systems.
Among the existing nonlinear results one can refer to [29] in the case where the operator without PI
control generates an exponentially stable semi-group, [30] where the authors find a sufficient con-
dition for the nonlinear homogeneous Saint-Venant equations, [0, 2.2.4.2] where the authors find a
necessary and sufficient condition also for the nonlinear homogeneous Saint-Venant equations, while
[0, 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 inhomogeneous
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, 2T], [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 [§] 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 that are the
natural target trajectories to consider when there is no steady-state of the system.

This paper is organised as follows: in Section [I| 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
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 showing the
ISS of the system with respect to the variation of the inflow disturbance, are both deduced from the
proof of Theorem T3]

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 + g0 H + <k1‘; - C’(x)) =0. (1)

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/dx 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’ O)V(t7 O) = QO (t)a

H(t,L)V(t,L) = U(t), (1.2)

where U(t) is a control feedback and Qq(t) 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 [§]

U(t) = va(H(t, L) = U(t)), (1.3)

where Uj(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(t,L), called control point, to a target value H. > 0. On the other hand, the usual mathe-
matical goal in such problem is to stabilize a target steady-state (H*,V*), potentially nonuniform
[6] [Preface]. However, in the present problem 7, it is clear that, when Qg 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 (Hip, V1) that we aim stabilizing as
the solution of

OcHy + 0, (H1 V1) =0,

kV2
atV1 + ‘/18;1;‘/1 + gazHl + 7 — C("L') = 0,

1 (1.4)
Hy(t,0)V1(t,0) = Qo(t),
Hy(t,L) = H,
with the initial condition
H1(0,-) = H*(-) and V1(0,-) = V*(-), (1.5)

where (H*,V*) is the (unique) steady-state solution of the system when @ is constant, equal to
Qo0(0). Namely (H*,V*) is the solution of

0. (HV) =0,
kV?
H(L)=H,,
with condition at x = 0
H*(0)V*(0) = Qo(0). (1.7)

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

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



We defined previously (H*,V*) as the steady-state associated to a constant flux Qg = Qo(0). This
means that. (H*,V*) is the solution of the ODE problem with initial condition H*(0)V*(0) =
Q0(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*). This means that (H;., V,%) is the solution of the ODE problem
with initial condition satisfying

H (0)Vi(0) = Qo (7). (1.8)

Although the system f could seem peculiar as it has boundary conditions imposed both
in 0 and in L, we know looking at the first equation of that this system , is in
fact equivalent to a single ODE on Hj. with boundary condition H}.(L) = H. and V;% defined
by Vit = Qo(t)/H;.. Thus for each t* € [0,400) 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;3? on [0, L],
which, for a given H., is equivalent to a bound on Qu(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 a > 0 and Hpax > 0 independent of t* € [0, c0) such
that

1
H. < = Huax on [0, L],
=9 n [0, 2] (1.9)

gH}. —V;? > 2a on [0, L].

For a given H., this is again equivalent to imposing a bound Q. on [|Qol| £ (0,00), from and
(1.8)), which would be more logical. However, for convenience, we will still use Hyax and « in the
following. This assumptions is quite physical, especially as in practical situation the river is in fluvial
regime and Qo(t) 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) = (¢, x) — (H (), Vi (x)). (1.10)

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

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

e (H*,V*), a function of x, the steady-state of the system when Qg = cste

e (Hq,V1), a function of ¢ and z, the target trajectory to reach when Qg is not a constant. This
trajectory is compatible with the objective H(¢, L) = H,, for any t € [0,T].

o (H., Vi), afunction of z, the steady-state of the system when Qg is a constant equal to Qo (t)
(t* is fixed).

e (Hy, V), a function of ¢ and z, the family such that (Hg, Vp) : (¢,2)t = (H; (x), Vi*(z))

Now that we have introduced this intermediary family of functions, we can show the existence of the
target trajectory (Hip, Vi) and we have the following Input-to-State Stability (ISS) result (see [28§]
for a definition of ISS for finite dimensional systems, [23] Chap 1, Chap 3] for a generalization to
first-order hyperbolic PDE and [27] for the use of Lyapunov function to achieve ISS on time-varying
hyperbolic systems),

Proposition 1.1. Assume that 8;Qq € C%([0,00)). There exist positive constants ci, co, p > 0,
v >0 and 6 > 0 such that if |0;Qol|c2((0,400)) < 0, then for any (HY, V) € H?((0,L),R?) such that

| HY — H*||gr2(0,2) + VP — VN a20,0) < v



the system (1.4) with initial condition (HY,V?) has a wunique solution (Hy,Vi) €
C°([0, +00), H%(0, L)) which satisfies the following ISS inequality

I Hi(t,-) = Ho(t, )l z2(0,0)+IVi(t ) = Vo(t, )l m2 0,1
t
<cr(|HY = H | 20,0y + IV = V¥l m20,0))e” =

(1.11)

ut

t
+e (/0 (10:Qo(s)| + 107, Qo(s)] + |97, Qo(s)]) e“;ds) o

This result is shown in Appendix and a definition of the C? norm is recalled in Remark 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 () 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 (Hi, V) associated to H? = H™* and H? = V*. As we
will see, this target trajectory can be seen as the natural trajectory to stabilize as it satisfies the
industrial goal H(t,L) = H. and it coincides with the steady-state solution when Qg is a constant.
In this last case Qg and H. are imposed and H* and V* = Q/H* are thus fully determined using
(1.6). But one can note from that, in fact, the behaviour of (Hy,V7) at large time does not
depend on the initial condition (HY,Vy) in (L.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 H?
norm where p € N* \ {1}, with the condition [|0:Qo|lcr([0,400)) < 0 instead of [|0;Qollc2((0,400)) < 0-
This is shown in Appendiz@. We define here the CP norm for a function U € CP(I), where I is an
interval, as

1Ulco(1y:= max (||0;U]| (1)) (1.12)
i€[0,p]

Thus, from Proposition and (1.9), there exists a constant 6 > 0 such that, if [|0;Qol|c2(j0,00)) < 6,
then (Hiy, Vi) € C°([0,+o00), H*(0,L)) and

Hy(t,z) < Hmax, ¥V (t,2) € [0,400) x [0, L], (1.13)

gH,(t,z) — V2(t,x) > a, ¥ (t,2) € [0,+00) x [0, L]. (1.14)

Besides, when Q) is a constant, it is easy to check that (Hy, Vp) = (H*,V*) is also solution of (1.4)—

(1.5). Thus, from the uniqueness of the solution of (1.4)—(1.5)), (H1,V1) = (H*,V*) and therefore

we recover a steady-state. This illustrates that (H;, Vi) can be seen as the natural target state when

Qo is not a constant anymore. Moreover, from (1.4), stabilizing (H7, V1) 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 eliminating the offset coming from
constant load disturbances, which can usually appear in 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

Ui(t) =kp(H. — H(t, L))+ k1 Z, (1.15)
where k, and k; are coefficients that can be designed and Z accounts for the integral term, i.e.

Z=H,—H(tL). (1.16)



With such controller, and using ([1.3)), the boundary conditions (1.2)) become (|1.16) and

H{(t,0)V(t,0) = Qo(t),

1.17
H(t,L)V(t,L) =vg(1+ ky)H(t,L) — vgk,H, — vaki Z, (117)

In Corollary [I] we show that this boundary control can be used to stabilize exponentially a steady-
state when Qg is a constant. In Theorem we show that this control can also provide an Input-
to-State Stability property with respect to 0,Q¢. However, this control cannot be used to
stabilize a dynamic target trajectory (Hi, Vi), as there is no function Z; € C*([0, +o0)) such that
(H1, Vi, Zy) is a solution of (L.1)), (L.16), while (Hy, ;) is a solution of (L.4). Therefore, when
stabilizing a dynamic target trajectory, one has to add an additional term and use

Ur(t) = ky(H. — H(t, L)) + ke Z — (2), (1.18)
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) = HVi(t,L) +va(1 + kp)(H(t,L) —H,) —vgk; Z, (1.19)

where we have actually changed Z and re-define Z := Z — k,/ky, which still satisfies the equation
(1.16)).

This new control assumes that Vi (¢, L) is known at least up to a constant, as Hq (¢, 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 exponentially 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 (| and E[) to show Theorem n and the exponential stability of the system, as
the proof of Theorem E and Corollary (1| which uses only the control and are easily
deduced from the proof of Theorem

We introduce the first-order compatibility conditions associated to the boundary conditions (1.19))
for an initial condition (H®, V°, Z9).

H(0)V°(0) = Qo(0),

HY(L)VO(L) = HiV1(0,L) + vg(1 + kp)(H*(L) — H,) — k1 Z°,

0 2
— o, )v°0) + g2 - (200 - 0m0(0) = @4 0) (1.20)

— oLV + g D) (k(v0)2(L) - CHO(L) = B (H1V2)(0. 1)

—vG(1+ kp)0,(H*(L)VO(L)) + kr(H°(L) — H,).
With such compatibility conditions the system ((1.1), (1.16]), (1.19)) is well-posed and we have the
following theorem due to Wang [31][Theorem 2.1]:

Theorem 1.2 (Well-posedness). Let T' > 0, and assume that ||0:Qo|lc3(j0,+00)) < 0(T'), such that
(Hy, V1) is well-defined and belongs to C°([0,T], H3(0, L)). There exists v(T) > 0 such that for any
(HO, VO, ZY% € (H?((0,L))))? x R satisfying

|HO(-) — Hy(0, N2 0,0y + V() = v(o, N 20,2y + |Z° < (D), (1.21)

and satisfying the compatibility conditions (1.20)), the system (1.1), (1.16]), (1.19) has a unique
solution (H,V,Z) € (C°(0,T), H*>((0, L))))? x C*([0,T]). Moreover there exists a positive constant
C(T) such that

IH(t,) = Hi(t, )2 0.0) + 1V E ) = Vit a2y + 2]

< O(T) (1H°C) = Hi(0, )| m2(0,2) + IV () = Va0, )20,y + 12°]) -
(1.22)



To apply the result from [31I], 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 belongs to C°([0,T], H3((0, L); R?)) x C?([0,T]) and there exists a constant C(T)
such that

| H(t,-) — Hi(t, ) zso,n) + IV (E ) = Vilt, )mso.n) + 2]

1
<O(T) (HHO() — H1(0,)[&3(0,) + V() = (o, M eso,n) + |ZO|) .
(1.23)

We recall the definition of exponential stability

Definition 1.1. We say that a trajectory (Hy, V) is exponentially stable for the H? norm if there
exists v > 0, C' > 0 and ~ > 0 such that for any T >ty > 0 and any (H°, V°, Z%) satisfying

IHO(-) = Hi(to, M m2c0,0) + IVO() = Valto, 2o,y + 12°] < v, (1.24)

and the compatibility conditions ([1.20), the system (1.1), (L1.16), (1.19) with initial condition
(H°, VO ZY) at to has a unique solution (H,V, Z) € (C°([to, T], H*((0,L))))? x C*([to,T]) and,
[H(t,-) = Hi(t, ) m20,0) + IV (@) = Valts )l w20,y + 2]

o 0 0 0 (1.25)
< Ce M ([[HO(-) = Hy(to, )20,y + IV () = Vilto, Mlmz(o,) + 12°]) , V¥ t € [to, T).

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

We can now state the main results of this article

Theorem 1.3 (Exponential stability). There exists § > 0 such that if ||0;Qol|lc3([0,400)) < 9, then

the trajectory (Hq, V1) given by (L.4)) of system (L.1)), (1.16), (1.19) is exponentially stable for the
H? norm if:
kp > —1 and kr > 0,
gHy(t,L) — V2(t, L) (1.26)
dkr<0.
vaeVi (t,L) and v

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]), (1.16)), (1.19).

In particular, in the case where @y is constant, we can use the static boundary control (1.15)), and
we have the following corollary:

Corollary 1. If Qo is constant, then the steady-state (H*,V*) of the system (1.1)), (L.16]), (1.17)
given by (1.6)-(1.7) is exponentially stable for the H?> norm if:

kp > —1 and kr > 0,

gH*(L) — V*2(L) (1.27)
vV (L) and kr < 0.

or k,<—1-

Proof. This is a particular case of Theorem [[.3] To see this, note, as mentioned earlier, that when
Qo is constant, then (Hy,Vy) = (H*,V*). Then, observe that f(t) given in ([1.18) is a constant that
can be added in Z (i.e. we can re-define Z := Z — f(t), which still satisfies ([1.16])). O



1.3 Comparison with existing results and contribution of this paper

Many results exists in the literature concerning this stabilization problem (e.g. [18| 32, [, B33 B0,
10, ®]). To our knowledge the most advanced result for the full non-linear system is [8] where the
authors shows that if there is no slope, i.e. C(x) = 0, then the system can always be stabilized by
the PI control as long as the steady-state exists, and they give the sufficient condition

kp, >0 and kr > 0. (1.28)

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]). Phys-
ically 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
ky, > —1 and k; >0, (1.29)

and we also show that another condition is sufficient:

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

ooV (L) and ky <0.

kp < —1—

This one is counter intuitive as k, < —1 and k; < 0. This 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 exists in practical case). In this case we use a kind of feedforward term in the
boundary control.

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 x = L.

Remark 1.4. When the system is homogeneous, our conditions (1.27) 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 spillway and use a generic formu-
lation of the PI control on the outflow rate of the form

H(t,L)V(t,L) = ky(H(t,L) — H,) — ks Z, (1.30)

where Z is the integral term, still given by (1.16). Note that, with these notations, the sufficient
condition of Corollary[1] becomes

kp >0 and kr > 0,

gH*(L) — V*2(L) (1.31)

or ky < — V(L) and kr < 0.




1.4 Case of time-varying input disturbance Q(¢): ISS estimate

In practical situation, however, we may have also little knowledge of the target trajectory (Hy, V1)
or the input disturbance Qo (t) and we only know H.. In this case we cannot use a controller of the

form ([1.19), but only a static controller of the form (1.17]), namely
H(t,L)V(t,L) =vg(1 +ky)H(t, L) —vgkpH, — vgkiZ. (1.32)

In this case, it is impossible to aim at stabilizing the target trajectory (Hp, V1), but we still have
the Input-to-state Stability with respect to the input disturbance 0;Qy,

Theorem 1.4. There exists v >0, d >0, v > 0 and C, such that if ||0:Qo||lc2(j0,4oc)) < 0, then for
any T >0 and (H°,V°) € (H*(0, L))? such that

|HO — H*[| 20,1y + Ve — Vi a20,) < v,

the system (1.1), (1.16), (1.17) 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, )| m2(0,) + IV (E, ) = Volt, )l m2(0,1)

ot 0 % 1,0 * ¢ 9 3 s (1.33)
<Ce |H” — H*, V" -V ||H2(0,L) + (10:Qo(5)] + 103 Qo(s)| + 105, Qo(s)])e7*ds |.
0

The proof is given in Appendix [C]and is a consequence from the proof of Theorem [T.3]

In Section [2] we prove Theorem

2 Exponential stability for the H? norm

This section is divided in three parts. First we transform the system through a change of variables.
Then we state two lemma, which simplify the proof of Theorem Finally we prove Theorem

2.1 A change of variables
For any solution of (1.1)), (1.16]), (1.19) we define the perturbation as

(i‘) = (I{[/:gﬁ) . (2.1)
Let us assume that there exists v € (0, p) to be selected later on, such that
IH° () = H1(0, ) 20,y + VO () = Vi(0, ) 20,2y +12°] < v (2.2)
The boundary conditions can be written in the following form

u(t,0) = By ((t,0),1),

93
o(t, L) = By(h(t, L), Z,1), 23)
with
0,5,(0,1) = — VL0
121 9 — Hl(t70)’
vo(1+ k) — Vi(t, L)
— 2.4
6182(0a05t) Hl(t,L) ) ( )
___vGkr
052(0.0.1) = ~ o
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We introduce the following change of variables:

v+, /Fh

ui= <Zl> = P; . (2.5)
2 UV — 4/ H71h

Note that this change of variables is very similar to the change of variables used in [4, 22] with the

only difference that (Hy,V7) is not a steady-state anymore. It corresponds to the transformation in
Riemann coordinates for the perturbations. Indeed, denoting S, F' and G by

S )= : (2.6)

V)= V) o) (s o)
F = ., G S , 2.7
7)-0 7) )=l o o)
and using (T, (CI), (C19). (T8). @) @3, one has

Opur + Ay (u, 2, t)0puy + 1y (0, 2, t)Ozus + By (u,z,t) =0
atul - AQ(u,:L'vt)aqu + l?(ua‘rat)axul + BQ(U,ZL’,t) = 07

where,

Ar(u,z,t)  L(wz,t)) - Hy(t.2)
<l21(u’”37t) Alz(u,x,t)) = S(z,)F <5 Yo, t)u+ <V1 N

and
B(u,z,t) = (g: E x;) S(x ( Y, t)u + (Iéj((fgff)
(1 (

(t

Hy
s, (16

Therefore

A (0,2,8) = Vi +/gH1, As(0,2,t) = Vi — \/gHy, (2.11)
11(0,z,t) = B1(0,2,t) =0, I2(0,z,t) = B2(0,2,t) =0, (2.12)
0B,

Ou

0B,

Ou

—(0,2,t) = (t,x)ur(t, ) + Y2 (t, v)us(t, ),
—=(0,2,t) = 01(t, x)ur (¢, ) + G (¢, x)us(t, x).

where

3 [ 3 KVi  kVR
=2 L H + SVt - B
=g et et g T o

1 /g Wi kVE [H,
= /7t vw AAE L Y
P eT m Tam\

1 KV kVE
6=—=./LH Vl 22
! et Ve 2H?

(2.14)

H

3 3 Vi kVE
0y = —— Hy, x 7 s
2 4 H11+V1+H1+2H2

11



And for the boundary conditions, there exists v1 € (0,19) such that for any v € (0,r1), one has:

Ul(t, O) = Dl (Ug(t, O), t),
’U,g(t, L) = Dg(ul (t, L), Z, t),

(2.15)
Z'* (ul(t7L) 7u2(t’L)) Hl(tv L)
= 5 PR
where D; and D5 are C? functions and
A2(0)
D1(0,t) = —
01D (0,1) 2 (0)
A1(L) —vg (1 + kp)
D —_—
' D(0,0,t) ML)+ a1t hy)’ (2.16)

vGkr \/ Hl(gt»L)
02D5(0,0,t) = —2

v (14 kp) + Xa(t, L)

Expression (2.14) is simply a computation, very similar to what it done in [22] for instance, while
the derivation of ([2.15) and (2.16) are detailed in the appendix.

Remark 2.1. Obviously, from the change of variables (2.1)—(2.5), the exponential stability of the
system (L.1), (L.16]), (1.19) 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 , is a C? function in u, t and = (and in particular C*) and as,
from and (L.I4), A1(0,z,t) > 0 > A(0,z,t), there exists vo € (0,v1) and E € C'(B,, x
(0,L) x [0,4+00); M2(R)), where B,, C R? is the disc of radius v5 and center 0, such that for any
lla(t, )z20,0) < ve,

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

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

where D(u(t, z),z,t) = (D;(u(t,x),z,t))ic12 is a diagonal matrix and Id is the identity matrix.
Before going any further, let us note a few useful properties of these 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 == [1Ull Lo (0.1 (0.L)8")

(2.18)
(resp. U0 := [|U]l Lo ((0,2):7))-

We may also denote |[ullg2(o,z) instead of |[u(t,-)||g2(0,ry to lighten the expressions. From the
definition of A given in (2.9), and from (1.14), for |lul/g2(o,z) < v, there exists a constant C;
depending only on Hy,,x, @ and v, such that we have the following estimates

max(Hat(A(u(tvx)7x’t) - A(va’t))”wv ”at(D(u(ta .’E),:Eﬂf) - D(Ovmvt))HOOa ”at(E(u(ta .’E),:Eﬂf))”oo)
< C1 (Jafloo([[0:Hilloo + [10:Villoo) + 100u]|oo)
max(Hat(A(u(t,x),m,t) - A(O’$7t))||007 ||8t(D(u(t,x),x,t) - D(O,l‘,t)), ||6t(E(u(t7 x)vxvt))HOO)
< C1 ([[ulloo (102 Halloo + 1102 V1 [oo) + [[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 (note that D is the matrix of eigenvalues of A4), and that A € C%(B,,; C*([0,+oc) x [0, L])).

12



2.2 Two useful lemma

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

Lemma 2.1. Let V : (H*(0,L))? x R x Ry — R% such that there exists a constant ¢ > 0 such that

1
¢ (||UHH2(O,L) + |Z|) < V(U,Z,t) < E (”U”Hz(O,L) + |Z|) , v (U,Z,t) € (H2<O7L)>2XRXR+' (220)

If there exists v > 0 and § > 0 such that, for any solution (u,Z) of the system (2.8), (2.15)) with
initial conditions satisfying ||u(0, )| m2(0,) + |Z(0)| <6,

d

% [V(u(tv ')7 t)] < —’}/V(u(t, ')7 t) (2'21)

in a distribution sense, then the system [.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 finding a Lyapunov
function V for the system 7 . A proper definition of a differential inequality in a distri-
bution sense as in 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.

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:H1 || ¢ ((0,+00),c0(0,1))> 10: VA |1 (0, +00),c0(0,L7))) < CllO:Qollcs ([0, +00)) - (2.22)

This is a consequence of the ISS property (Proposition and Remark for p = 3 and is shown
in Appendix [} Thanks to this Lemma, we now only need to show Theorem with a bound on
0¢H1 and 0;V; rather than a bound on 9;Qy.

2.3 Proof of Theorem [1.3l
We can now prove Theorem [I.3]

Proof of Theorem[I.3 From Theorem (1.2), Remark and Lemma one only needs to find
a Lyapunov function V' : (H?(0,L))? x R x Ry — R% satisfying (2.20) and (2.21). We define the
following candidate:
L
Vo(U,2,1) = / fi(t,2)e B (B(U(x), 2, )U)3(E, 2)
0

+ fo(t, z)e"*(E(U(x), z, t)U)g(t, x)dx + qz2,

(2.23)

where f1, fo are positive and bounded functions which will be defined later on, and p and ¢ are
positives constant which will also be defined later on. Recall that E is still given by (2.17)). Let
T >tp >0 and (u° 2% € H?(0,L) x R satisfying the compatibility condition (1.20] and such that

(I0°( 2 (0.2 + 12°]) < v, (2.24)

where v is a constant to be chosen later on but such that v < min(vs, v(T)). Recall that v(T) is
given by Theorem From Theorem there exists a unique solution u € C%([ty, T}, H*(0, L)).
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We suppose in addition that (u°, Z°) € H3(0, L), and that (2.24)) also hold for the H? 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 assump-
tion is here to allow us to compute easily the derivative of u but will be relaxed later on by density.

Let 6 > 0 to be chosen later on, and assume that

max([|0:H1 || o1 ((to,00):00(10,L1)) 5 10 Vil 1 ((20,00);00((0,2])) < O (2.25)

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

Looking at (2.23), V, is indeed a function defined on H?(0, L) x R x R, but for notational ease
we will denote V,(t) := V,(u(t,-), Z(t),t), where Z(t) is given by (1.16), and E := E(u(t,z),z,1).
Similarly we introduce

L
Vo (U, 1) 5:/0 fre " (E(U(z), 2, )1(U, z,8))} + f2¢"*(E(U(x), 2, t)L(U, 2, 1))3dz

Hl(t7 L)
4g

+q (UL(L) = Ua(L))?,
L
Ve(U, 1) 12/0 fre " (B(U(2),2,0)3(U,2,1))] + f2e"*(B(U(2), 2,t)J(U, z,1))3dz
8.H, (t,L) 1 ’
4 ng (t’L)

+q< BOD) 1 ,1) - (e ) + (U1<L>U2<L>>> ’

(2.26)

where

(U, z,t) :== (A(U, 2,t)0,(0;U) + (0, A(U, z,t) + du A(U, z,1).0,U)9, U + 8; B (U, , )
+ (0uB(U, ,1))(9:U)),

J(U,z,t) :=A(U, 2,t)0,(02U) + (Ou A(U, 2).02U)0,U + (du B(U, z)) (03 U)
+ (0L A(U, z,t) + 20y (0, A(U, x,1)).0,U)0, U (2.27)
+ 20, A(U, ,1)9,(0;U) + 20u A(U, 2).0; U, (0;U)
+ ((04A(U, 2).0,U).0;U)0, U
+ 02B(U, z) + 20u(0;B(U, 2)).0;U + (04 B(U, 2).0,U)(9,U).

Observe that for a solution u of (2.8]), and using the expression of Z given by (|1.16)), the expressions
of Vy(u(t,-),t) and V.(u(t,-),t) become

L
Vo(u(t,-),t) := / fit, ) (BEo)i(t,x) + fo(t, x)er™ (E)3(t, z)dz + q(Z (1)),
0 (2.28)

L
Ve(u(t,-),t) ¢=/O fit,2)e " (BOf)i(t,x) + fa(t, x)et (B w3 (¢t a)da + q(Z(t))?,

which justifies the expression chosen for (2.26]) and (2.27). We also note for notational ease Vj(t) :=
Vo(t,u(t,-)) and V.(t) := V.(t,u(t,-)). Finally we denote V := V,, +V, + V.. We start now by dealing
with V,, Differentiating ¢t — V,(¢) with respect to time, using (2.8)), (2.17) and integrating by parts,

14



one has

L
Vo =— 2/0 fit,x)e **(Eu) [(EA(u, z,t)0,u)1 + (EB)1(u, z,t)]
+ fo(t,x)et(Eu)s [(EA(u, x,t)0,u)2 + (EB)2(u, z,t)] do

L
" / Oe(f)e " (Bu)f + Oy(f2)e"" (Eu)3dz
0

+2 /0 C e (Bu)y (0 + OuB.Ben) w); + foc® (00 + BuF.0pu) ), di
+202(0)2(1)

=2 [ A (B0 1Dy ,0) (0B — (0,5 + B2, (229)
4 falt 2)e" (Bu)g [Da(u,2.8) (9u(Ev) — (0, + dy B.Oyu)u),) de

L
" / Ou(fr)e " (Eu) + Oy(fo)eh* (Eu)3da
0
L
- 2/ fie7#*(Eu)1(EB)1(u, z,t) + f2et*(Eu)2(EB)2(u, z, t)dx
0

L
+2 / fre 1= (Eu)y (O, + 0uE.0u)u), + foet® (0,E + 0y E.0pu) u), da
0

+29Z(t) Z(t),
Vi = — [fre " Dy(Bu)} + Dy fe (Eu)3]
- /OL(EU)le"“” ((=0:(D1f1) = [10u(D1).0pu)(E)y = 2f1D1((0:E + Oy E.Ou)u), )
+ (Bu)2e"® ((=03(D2f2) = f20u(D2).0,u)(Eu)2 — 2f2D2((0: £ + Ou E.O0u)u);) d

L
+ / Ou(f1)e " (Bu)? + 0y( fo)eh (Eu)ide
0 (2.30)

L
— 2/ fie7 " (Eu)1(EB)1(u,z,t) + foe'*(Eu)(EB)2(u, x,t)
0
L
+ 2/ fieT*(Bu); (O + 0uE.Oru)u), + fae” ((OE + 0uE.0pu) u), dx
0

L
- ,U/ Dy fre " (Eu)} — Dy foe"™ (Bu)jda + 2¢Z (1) Z(t).
0

In order to simplify this expression, observe that from (2.9), and@, D1(0,2,t) = M\ (t,2)
and Do (0,z,t) = —Xa2(t,z). Recall that H; is bounded by Hyax from (1.13)) and that gH; — V{2 is
bounded by below by « from . Using this, the fact that D is C! in u, and using also
and , there exists C' > 0 depending only on Hy,,x and «, v and § such that

1D; = sgn(Di) il oo < [|Cul|oo, (2.31)
18, D; + BuDi.0pu — sgn (D) Aillco < C ([9su]|oe + ulleo), i € {1,2}, (2.32)
and
10:Eloe < C (JJullso), (2.33)
10:E + 0uEdul|oe < C ([lullse + 10¢u][) - (2.34)
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Thus, using this together with (2.30)
V, < — [fie "Dy (Bu)} + szze’w(Eu)g]oL

L
*/0 (Bu)te ™ (=0s(Af1) = 0u(f1)) + (Bu)3e" (0x(A2fo) — De(f2))dx

L
i / Fie M (Bu)y (BB) (w,2,1) + fach™ (B)s(EB)s(u, o, t)dx
0
L ] (2.35)
i [ e (B0 da et (Bl + 242(0)2(1)
0
L
+C (ull+ 10r) [ (B0 + (e

L
+C(IIU\|oo+II5xUHO<>>2/O (B + [(Bu)s|dz,

where C' is a constant that may change between lines but only depends on v, an upper bound of
d (for instance dg), ft, Hmax and a. Note that C is continuous in p € [0,00), thus it can be made
independent of x by imposing an upper bound on p, for instance p € (0, 1]. Finally, from the second
equation of , and the fact that F is C! in u, there exists a continuous function &; defined on
By, x [0,L] x [0, T] such that, for any vector v € R?

E(u(t,x),z,t)v—v = (u(t,z).&1(u(t,x), z,t))v, ¥V (t,x) € [0,T] x [0, L]. (2.36)
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 vy, Hyax and a. Thus there exists a constant C' depending only on
Vo, Hyax and a such that

1 _
gvlizao.yme) < EVIL2(o.0)me) < Clvlizao.)me)- (2.37)

Thus, using this together with the fact that D; and D, are C* with u, (2.23)), and Young’s inequality
and then Cauchy-Schwarz inequality on the last integral term,

. B L
Vo <= [fie7 " M (Bu)f — Aa e (Bu)3]

—/0 (Bu)te™(=0:(Af1) = 0u(f1)) + (B)3e"” (Ox(A2fo) — De(f2))dx

L
2 / hre " (Bu)y (EB)i (w,2,t) + foc* (Bu)o(EB)s(u, 2, t)da (2.38)
0

—p min (A, Ao)Va+p min (A, \2)gZ%(t) + 2qZ(t) Z(t)
z€(0,L] z€[0,L]

+C ([ullee + 10zlloo) 1ull2o. 1)
+C ([ulloo + [02u]lo0)” + Cllullc (Jut, 0)%| + u(t, L)*]).

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,

(EB)(u(t,z),z,t) = 0u(EB)(0,z,t).u(t,z) + (E2(u, z, t).u(t, z))u(t,z), ¥t € [0,T7] x[0,L]. (2.39)
Note that from (2.10]), £ is bounded on B, x [0, L] x [0,T] by a constant that only depends on vs,
d, Hpax and a. From (2.10) and (2.17) 0u(EB)(0,z,t) = 04B(0,z,t). Besides, from (2.17), E is

invertible and C!, thus an inequality similar to (2.37) holds for E~1, and u = E~!(Eu). Therefore,
using (2.39) together with (2.36]), the fact that & and & are bounded, and the expression of
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0uB(0,z,t) given in (2.13)—(2.14]), one has

y —px T L
Vo < — [fre " Muf — Mg fae" u3]

L
- /0 (Bu)ie " (—=0;(ALf1) — 0i(f1)) + (Bw)?e" (9 (A2 f2) — 8y(f2))dw

L
— 2/0 fre "y (Bu)? + foel®So(Eu)3 + (fygfle_“x + (51fge’“”) (Eu)y(Fu)qdx (2.40)

—p min (A, o) Va+p min (A, A2)qZ2(t) + 2¢Z(t) Z(t)
z€[0,L] z€[0,L]

+C ([ullee + 10zulloo) ull2o, 1)
+C ([ulloe + 102u]lo)” + Cllulloc(Jut, 0)%| + [u(t, L)*]).

As Dy and D, are of class C?, denoting for simplicity ke := 9:D;(0,t), k1 := 01D2(0,0,t) and
k3 := —02D2(0,0,1), and using (2.15])

Vo< —u ggrlL](AlaA2)Va + [fidik3 — Az fa] u3(t,0)

L
— Ii(uy(t, L), Z(t)) — / I((Eu)y, (Bu)y)dz (2.41)
0
+ C ([[ulloc + 192ullo0) (IIuII%W) + (J[ulloo + 1021l 00)” + (Ju(t, 0)%] + fu(t, L)QI)) ;

where I; and Is denote the following quadratic forms

Li(z,y) = (M fi(L)e ™ — Mg fo(L)et k) 22

|H )
+ <q kg — Ao fo(L)e" k3 — p min (Ag, /\2)11> y?
g z€[0,L]
I (2.42)
+ (2X2fa(L)e" F ksky — g /?1 (k1 — 1))zy,

L(z,y) = (=M f1)e + 2fin (@) — O f1) e 2 + (A2 fo)s + 2f202(t, ) — O, f2) €7y
+ 2 (yafie " + 61 f2e"7) wy.

We can perform similarly with Vj, and V., to do this observe that d;u and d3u are respectively
solutions of

0t(Oru) + A(u, x,1)0,(0pu) + (OuB(u, x,t))(0ru) + (0:A(u, z,t) + 0w A(u, z,t).0u)0,u
+ 0B (u,z,t) =0
0:(0%0) + A(u, z,1)0, (04 u) + (0uA(u, x).020)0,u + (0uB(u, z))(0%u),
+ 204 (0, A(u, z,1)).0,0)0,u + (02 A(u, z,t) 4+ 20, A(u, x).0,ud, (Opu) + 0, A(u, z, )0, (Ou) (2.44)
+ ((02A(u, z).0p0).00u)0,u + 02 B(u, ) + 04 (0:B(u, 2)).0:u + (92 B(u, x).0;u)(dsu) = 0,

(2.43)

which are very similar to (2.8)), as they only differ by quadratic perturbations or terms involving a
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time derivative of (Hy, V). We get then
V=V, +WV+V.< — 1 r?én](Al,Ag)V
€

+ [fidik3 — Az fa] (u3(t,0) 4 (Brua(t,0))* + (97usa(t,0))?)
— Ii(uy(t, L), Z) = I (Oyuq (t, L), Z) — L1 (Ofus(t, L), 2)

L
— / L((EBu)y, (Eu)y) + L((Ed) 1, (Ed)s) + L((EdAu)1, (EdA)s)dx
0 (2.45)
+C ([[ullec + [|0zu]| ) (IIUHiz(O,m + ||8tu||%z<o,L> + IIC’)ftUII%z(o,L) + ([ullse + 1021l 0)*

Hlua(t, 0|+ (fus (t, L] + |Z1)? + 9pua(t, 02| + 19y (b, L) + | 21)* + [0 ua(t, 0)*
+ (1R (t L)+ 121)?)
+C5 (Jua(t, 0) + (Jua(t, ) |+ |ZD)% + Drua(t, 0)* + (Dpear (1, D)| + |21)2) + CV.

The two last terms come from the successive differentiations of the boundary conditions ,
together with , or the terms in f involving a time derivative of A or B. One can
see that three identical quadratic form appears in the integral in ((Edju)y, (Edju)2), i =0,1,2, as
well as three identical quadratic form at the boundaries in (9ju;(t, L),0:Z), i = 0,1,2, and three
identical terms proportional respectively to (djuz(t,0)), i = 0,1,2. Thus a sufficient condition to
have V strictly decreasing would be that the square terms and the forms that appear at the bound-
aries are negative-definite and the quadratic form in the integral is negative, i.e. the three following
conditions:

1. Condition at 0
A2 f2(0)

2
N £1(0) > ks (2.46)
2. Condition at L
M fi(L
A:;;E L; > k2, (2.47a)
2
(M f1(L) = Ao fo(L)kT) (q” % - /\2f2(L)k3> ks — <>\2f2(L)k3k1 - %Q\/ % (k1 — 1)) > 0.
(2.47b)
3. Condition from the integral
(=A1f1)z +2fin(t,z) — Orf1) > 0, (2.48a)

)
(=M f1)e + 2fin(t,z) — 5tf1)€ (2.48b)

((A2f2)a + 2f202(t, x) — O1f2)
— (yafi +01f2)* >0, V (t,z) € [0

7] x (0, L).

Let assume for the moment that (2.46)—(2.48) are satisfied for any 6 € (0, d3) where d3 is a positive
2.48

constant. Then, as the inequalities (2.46)—(2.48)) are strict, by continuity there exist u > 0 such
that the square terms and the quadratic forms I; at the boundaries and the quadratic forms Iy in
the integral are positive definite. And there exists v3 € (0,12) and 04 € (0,d3) such that, for any
v € (0,v3), and any ¢ € (0,d4),

V < —pumin(h, )V +CoV + C (e + 0] )?) (2.49)
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where C' is a positive constant depending only on the system. Note that here, the cubic bound-
ary terms that appeared in have been compensated by the strictly negative quadratic
boundary terms, taking v sufficiently small and using . Choosing 5 € (0,04) such that
05 < pmingg 11(A1, A2)/4C, for any 6 € (0, d5) one has

. 3 . 2
< —= . .
V< = Jumin(A AV 4 C (Ul + 1020)1)%) (2.50)

Now, if we assume in addition that (2.20) hold, using (1.22)), and Sobolev inequality, there exists
vy € (0,v3] such that, for any v € (0,vy),

O ((hall + 10ruloc)?) < Fmin(hs, A2V, (2.51)

thus, setting v = pming (A1, A2),
V<2V (2.52)

which shows the exponential decay of V' and ends the proof of Theorem [1.3
In other words, all that remains to do is to find f1, fo and ¢ such that (2.46)—(2.48) are satisfied

and such that V satisfies (2.20). In order to find such functions, we use a lemma below.
Let us first introduce the following function ¢ defined by

¢1(t, ) = exp (/0 zidaj> ,

bo(t,7) = exp (- /0 ’ f\idm) , (2.53)

(bl (t7 .’E)
t,xr) = ,
¢( ) ¢2(t, ,1:)
where A1 and Ay are defined by
At x) == A1(0,2,t) > 0, Ao(t,z) := —A3(0,z,¢) > 0. (2.54)

Note that Ao is not the second eigenvalue (when u = 0) but its opposite. We use this notation so
that Ay > 0.
We can state the following lemma

Lemma 2.3. There exists 69 > 0 such that if |0 H1|| oo ((0,4+00)x (0,0) < 00, the function x = Aag/M\1
is solution on [0, L] to the following equation

Pt S g
= |5+ 5 2 0H
Oz X N + e X°+ Hlat 1

and for any x € [0, L] and any t € [0, +00),
P12 ¢ 11 o g
—= —0:H . 2.
()\1+ " X°+ Hlat 1] >0 (2.56)

The proof is given in the Appendix.

,Vx el L], tel0,+00), (2.55)

To understand the link between Lemma and the three conditions 7, observe that the
condition give rise to a differential inequation, which, as it will appear later on, is linked to
the differential equation solved by Lemma Then and can be seen as boundary
conditions/values of the solution of this differential inequation.
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Let now assume that § < 8y, where &y is given by Lemma [2.3] From Lemma[2.3] we know that there
exists a solution on [0, L] to equation (2.55)), namely Ao¢/A;. Therefore, as [0, L] is a compact set,
there exists €1 such that for any e € [0,¢1) there exists a solution x.(¢,z) to the following system

asz(tax): (m—’—w( )2+H1318tH1> +5a

~ Xa(t,0)
XE(O) - )\1(75,0) 55

(2.57)

and moreover (t,x,€) — X<(t, ) is of class C° and 0,x.(t,z) as well. This is a classical result on
ODE due to Peano (see e.g. [I9][Chap. 5, Th 3.1]). From (2.57)), O;x. satisfies the following equation

O 12 O oy [y L9 2
PA2 XeOexe + < AL )t * <¢>\2)tX5 + H, Ot 2\/;%(&H1) ' (2.58)

We used here that, from Proposition and Remark (Hy, V1) € CY([0,+o0); H3(0,L)), and
from (1.4), 8,0.H, = —0*(HV) and 0,0,V = 0, (—Vlﬁle — g0, Hy — (kVZ/H, —gC)). Thus
atzt-H‘l belongs to CO([Oa T]; Hl(ov L))a and (717 Y2, 517 62) bdong to Cl([o’ T}; H1(07 L)) Using ‘ )

we have

aacatx.e =2

T
Orxe(t, x) =0;x(t,0) exp (/ 2¢71x5(t, y)dy)

o] ) (), (), oy )

(2.59)

Instead of seeing the function y. as a solution of an ODE with a parameter ¢, one can see it as a solu-
tion of an ODE with parameters A1, As, Vo, 01, O, H1 and € that we denote g.(x, A1, A2, V1,01, O Hy).
From [19][Theorem 2.1] g. is continuous with these parameters and with e. But from (1.13)), (1.14),
and @ all these parameters are bounded and therefore belong to a compact set when ¢ € [0, +00).
Thus,

€= ge(x, M (8), A2 (), 71 (1), 01 (¢), Oe H1 (1)) = xe(t, ) (2.60)

is uniformly continuous in € for (¢,z) € [0,00) x [0, L]. This, together with (2.59) implies that there
exists Cy depending only on L, Hpax, @, € and continuous with € € [0,&1) such that

xT xT 6
; exp (/y 2¢;2X5(t,w)dw) 8t(8y(H1V1))dy’

< Comax ([[0:Hll o1 (o, 400):c0([0,L1)): 196 Vi ll o1 (0, 400):00(10,21)) ) »

(2.61)

Similarly there exists a constant Cy > 0 depending only on L, Hp,,x and « such that

10:01] Lo ((0,-+00)x (0,) < C1 max (|0 Hi 1[0, +00):c0(0,2]))» 10 Va |1 (jo,400);c0(0,27))) » (2-62)

and similarly for ¢o. This, together with the definition of A\; and Ay given by , 7 and
using the continuity of e — x. on [0,e1) (recall that this continuity is uniform with respect to
(t,z) € [0,400) x [0,L]), we get that there exists C' > 0 depending only on Hpax, @ and € and
continuous with € on [0,£1) such that

|0y x<(t, )| < (10ixe(t, 0)[4+max (]| 8 Hi |l (j0,4-00):00(0,L1))» 10: Vil (0,400 )50 (10,21)) ) )C(€). (2.63)

But, from (2.57) 0¢x<(t,0) = (A2/A1),, thus using (2.25)) we obtain
|0 xe(t, z)| < 0C3(e), (2.64)

20



where Cs is again a constant that only depends on &, & and Hy,ax and is continuous with € on [0,e1).
We can now restrict ourselves to € € [0,e1/2] and then Cy can be chosen independent of € by simply
taking its maximum on [0, 1/2]. Recall that from Lemma we have, xo = ¢Aa2/A1, and

(m? n qu 24 /}iatm) > 0. (2.65)

Recall that we still have not chosen the bound ¢ € (0,d0) on [|0;:Hillc1((0,00):c0(0,L])) and

10:Vi [l ([0,00)500 (j0,27)) given in (2.25). From the assumptions on k, and kj, i.e. (1.26), and (2.16),
and recalling that k; = 91D2(0,0,t) and k3 = —02D5(0,0,t), one has

2
k2 < G;Eg) . k3>0. (2.66)
Thus, using ,
i (L 22D (L)
. ((w /\1(L)>71 = L))>0. (2.67)

As e = x<(t,z) is uniformly continuous with e for (¢,z) € [0,00) X [0, L], there exists e € (0,£1/2)
such that for any (¢,z) € [0,00) x [0, L]

Ixe, (B, 2) — x0(t, z)| < o(t, L)n, (2.68)

¢’Y2 01 2 [ 9

Note that €5 depends a priori on 5 from . However, from Lemma we can in fact choose €5
independent of § and depending only on an upper bound of ¢ (for instance dy given by Lemma .
This is important as, in the following, we will choose a ¢ that may depends on .

and

We select f; and f5 in the following way:

¢2
filt,z) = > 0,
e Ei x; (2.70)
falt,w) = 3= > 0,
A2
and we can now check that the condition (2.48) is verified for § small enough as
((bl)z)\lfl anXEZ(t {,C)
—-A =2 + . 2.71
( 1f1) b1 ¢ Xaz(t .13) ( )
Thus from ([2.53))
8{E €
— (\fi)e + 201 = 61 5% (2.72)
82
and similarly
A o+ 205 fo = (&2 t,2))s — (02), t,x
(A2f2) 2f2 = (9aXes (£ 7))e — (3)aXe, (T, ) (2.73)

= ¢§8mX52

Therefore, from , , and , one has
[ D102 2 oy 2 g ?
(—=(Af1)z +271f1 = O f1) (A2 fa)e + 202 f2 — O f2) = N 7+7 , T EatHl + &2

€2 ¢)\

— Oz Xes ()fglatfz + ¢§8tf1) + (0¢ f1)(O1f2)-
’ (2.74)
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But we have
(Or1) 1 oM OiXe,

A1Xe, (/\%st >‘1X52

and besides, from (1.4) and (2.25)), there exists C3 > 0 depending only on o and Hp,,x, and an upper
bound of ¢ (for instance dg), such that

Opfr =2 )61, (2.75)

max (|| Hizl| Lo ((0,400)x(0,L)s [Vizll Lo ((0,400)x(0,2)) < C3. (2.76)

Thus, using (2.14) and (2.54)), there exists Cy > 0 depending only on o and Hy,ayx, and dg (but not
on ¢) such that
max([| 1l Lo (0, 400y (0.2)s [0 || oo (0, 400) x (0.1)) < Ci, (2.77)
and similarly for ¢o. Observe now that, from yo = Aa¢/A1 and (2.77)), |xo| and 1/|xo| can be
2.68)

bounded by a constant depending only on «, Hpax, and dg. Thus from (2.68

1/Cs < [[XeallLoo ((0,400)x (0,1) < Cs, (2.78)

where C5 only depends on «, Hpyax and dg. And therefore, from (2.54), (2.64), (2.62), and (2.78))
one has

0:f1] < Ci0, (2.79)

and similarly
|04 f2] < Cd, (2.80)

where Cs and C7 are constants that only depend on a, Hyax (and dp). We now select the bound on
max (|0, Hil, |0, V1|): we select d3 € (0, dp) such that, for any § € [0, 3] and any (¢, z) € [0,00) x [0, L],

CsC2C35 < e, (2.81)

b
€2+ 2 inf <¢72 e gatm)
z€[0,L],t€[0,+00),c€(0,e2) ¢)\ Hy

¢y ) g >< @3 )( X )2
> +—X + /=5 +e¢ C—+C b 2.82

( o T te) (G 2 )\ 510, (2.82)

dy2  ¢lo 2> < X )2 2

+2 + X265+ 70562,

\ Hy <A1 Ao prda) T °

for any « € [0,L] and any X € [1/C5,C5] (nota that having it for X = C5 is enough). This is
possible as 2 > 0 and, when 03 = 0, (2.82)) is verified and the inequality is strict. Then, from (2.53)),

®77), @74), @-78)-@.82),

and

2
(=M f1)z + 2711 = 0cfi)((Nafo)a + 202 fo — Oe fo) > <¢1¢2) (‘7572 * ;Tl : )

2
_ (72 o1
= <)\1f1+ )\2f2> ;

which is exactly the second inequality of | - Besides, from ([2.56) and (2.81] -,

(2.83)

(—(Af1)e + 2711 — Ouf1) =67 8?2(52 — O f1

€2

P ¢ g o fix2, (2.84)
e (( ¢A Pl \/fhatm)“?_ P >

> 0.
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We can now check that (2.46|) and (2.47)) are also verified thanks to the choice of €5 and 7;. Indeed,
using (2.57) and (2.16)), one has

A2(0)f2(t,0) _ o [ X2(0) 2 M0\,
A (0)fi(t,0) Xz, (t,0) = ()q(O) +82) > (/\1(0)> = k5. (2.85)

This explains our choice of initial condition for x.,. Now, from (2.68)), one has

A (t, L) fi(t, L 2(t, L 1
1(a )fl(a ):¢2(7 )> 55 (286)
Ao(t, L) fa(t, L) x2,(L) (>\2(t L) )
@D T
and from the definition of 7; given by ,
Ao(L) ) ( 1 )
+ =min | —,1]). 2.87
") B 250
Therefore et L I
l(tv )fl(t, ) N max(kf,l), (2.88)

)\2(t’ L>f2(t7 L)

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

P(q) :==— %% (k1 —1)* + Q\/él% (ML) = Aafo(L) (kT — ki(kr — 1)) — (M f1(L)) (M2 fo(L)) k3
2
=- Z% (kr —1)* + ﬁks (ALf1(L) = Az fa(L)k1)) — (ALf1(L)) (A2 fo(L)) k3 > 0.

(2.89)

From (2.88) A1 f1(t, L) > Ao f2(t, L)k, and from (2.66) k3 > 0. Thus the real roots of P are positive
if they exist. This implies that there exists a positive constant g such that (2.47h) is satisfied if the
discriminant of P is positive. Denoting its discriminant by A,

A fi(L) 2 (MALD) 2
A= —k?,)\ Falt, )2 [(Azfz(L) —k1> _ (AQfQ(L)> (k1 — 1) ] . (2.90)

Let us introduce h : X — (X —k1)? — X (k; — 1)2. The function h 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(kf,1),+00). Hence, using (2.88)),

A1 fi(L)
A2 f2(L)

> —k3)\ fa(t, L)*h(max(k}, 1)) = 0.

A= —k3A fo(t, L)%h(
(2.91)

This proves that there exists ¢ > 0 such that (2.47b|) is satisfied, and we select such ¢. All it remains
to do now is to show that the function (U, z) — V(¢, U, z), which is now entirely selected, satisfies
-20).

From (1.14) and (1.13) we know that for any (¢,z) € [0,00) x [0, L],
vV 9Hmax > Ao > a, 24/ gHmax > A1 > a. (2.92)
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Besides, from the definition of ¢ and ¢o given by (2.53)), (2.14) and the bound (1.14)), (1.13)), there

exists a constant Cg that only depends on 9§, o and Hy,,x such that

1 1
G S [61]lec < Cs, G S [[#2]lo0 < Cs. (2.93)

Thus, using that xo = A2g/A1, (2.70), (2.68), (2.93), and (2.92), there exists ¢; > 0 constant
independent of U and z such that, for any (U, 2) € H?(0, L) x R,

1
c1 ([Ullmz0,n) + [2]) < V (£, (U, 2)) < o (IOl z2(0,) +121) ¥ t € [0, +00), (2.94)
which is exactly (2.20). This concludes the proof of Theorem O

3 Conclusion

In this paper we gave simple conditions on the design of a single PI controller to ensure the expo-
nential 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 are stable. But they also apply when the inflow is time-dependent
and slowly variable. In that case, no steady-states exists and one has to stabilize other target states.
When the values of the target state are known at end of the river, we have exponential stability of
the target state. Otherwise, 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 [I0] it was shown that, in absence of friction and slope, these conditions were
optimal for the linear case. However, so far there is no answer when there is some slope or friction
and whether these conditions are optimal or not would be a very interesting issue 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 [I5] that this control cannot ensure exponential stability
for an 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
uy and us given in (2.5)), one has at x = L

ui(t, L) = Ba(h(t, L), Z(t), ) + \/H71h(t,L) = Fy(h(t, L), Z(), 2, b),
us(t, L) = Bo(h(t, L), Z(t), ) — \/zh(t,m = Fy(h(t, L), Z(t), z,1).
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From its definition, 7y is C* and, from (2.4), and (1.22)), there exists v4 € (0,10) such that, for any

€ [0,00), 01 Fo(0, Z(t),t) # 0. Thus F; is locally invertible with respect to its first variable, thus
there exists vy € (0,v1) such that h(t,L) = F; '(ui(t, L), Z(t),t), where F; * denotes the inverse
with respect to the first variable. Besides, as F is of class C? with respect to the two first variables,
F;!is also of class C2. Then, using

us(t, L) = Fo(Fy Nua(t, L), Z(t),1), Z(t), t) = Da(ua(t, L), Z(t), t). (A.2)
and, using ,
01D2(0,0,t) = 81 F5(0,0,)0: (F;)(0,0,1)

_01F(0,0,1)  91B2(0,0.1) — \/HI

- 81]-'1(0707t) B 81 Bs 0,0,t) 4 Hil (AS)

M(L) —ve(l+k
Aao(L) +va(l+k

= p) .
»)
Now, as JsF; *(0,0,t) = —05F1(0,0,t) /01 F1(0,0,t), using ([2.4)),

D2D2(0,0,t) = 01 F2(0,0,)02(F; 1)(0,0,t) + 02F2(0,0,t)

82]:1(0a07t>
= -0 0,0,t) =————= + 0 0,0,t
1]:2(; 7)61F1(0,0,t)+ 2]:2(7 7)
8162(0507t) - Ll
= 3,85(0,0,1) | 1 — V 1 (A.4)

1B2(0,0,t) + /5~

B vakr 2 ng(t7L)
T H(tL) \va(1+ky) + Ao(t,L) |

The same can be done in z = 0 in a slightly easier way, as By does not depends on Z. This gives

and (Z15).

B Proof of Proposition [1.11

This appendix uses many computations that are very similar to the computations in Section
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 77 > 0 and to be
chosen later on. As (Ho(0),Vp(0)) satisfies (L.9), there exists v, > 0 such that for v € (0,v,),
F((H?,V2)T) has two distinct nonzero eigenvalues. Recall that F is given by and that that v
is the bound on ||HY — Ho(0), Vi = V5(0) | #r2(0,1.). Besides, from (1.8)), the function (Ho(t,-), Vo(t,-))
is the solution of a system of ODE with an initial condition depending on a parameter ¢t. Thus, as
9:Qo € C?%(]0,+00)) and the slope C satisfies C € C*([0, L]), using and [I9][Chap. 5, Theorem
3.1], (Ho, Vo) € C3([0,T1]; C?([0, L])) and there exists a constant C' depending only on Hyyay, o and
an upper bound of §, such that,

i
10 Ho, ;Vollc2(o.)y < C Y107 Qol, Vi € [1,3], V t € [0,T], (B.1)
n=1
and in particular
10:Ho, 0: Vol c2([0,mu1:c2(10,27)) < CllO:Qollc2([0,4-00)) - (B.2)

Thus [31][Theorem 2.1] can still be used on (H; — Hp) and there exist dp(71) > 0 and vo(T1) €
(0,v,) such that, if v € (0,9(T1)) and § € (0,0(71)), there exists a unique solution (Hy, Vi) €

25



CO([0,T1]; H*(0, L))? to the system (L.4)—(L.5). Besides (Hi, V4) satifsfies an estimate as but
with (Hy, V1) instead of (H,V') and (Hy, Vp) instead of (Hy, V). We denote by C(T}) the associated
constant. Let us define hy := H; — Hy and vy := V; — V. We transform (hy,v1)7 into w = (wy, we)T
using the change of variables defined by f with Hy and V) instead of H; and V7. Thus we
obtain

Ow + Ag(w, )0, w + Bo(w,x) + So (%%) =0,
¢

wi(t,0) =Hi(wa(t,0), Qo(t) — Qo(0)),
w2 (t, L) :Hg (’LU2 (t, L)),

where Ag, By and Sy have the same expression as A, B and S (given by (2.9)), (2.10), (2.6))) but with
(Ho, Vp) instead of (Hy, V7). Similarly we define

X} = Vo +V/gHo, A3 = /gHo — Vo, (B.4)
and ¢°, defined as ¢ but with (Ho, Vp) instead of (Hy, V). Similarly as in Appendix
H5(0) = =A(L)/A3(L), H1(0) = =X3(0)/A%(0), (B.5)

which is of the form 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 to get that (Hy, V1) exists for any time and that and Lemma hold, but
we will see now that such claims are true for Hy and Vy. The existence of (Hop, Vp) was already
shown in section [1| and is exactly with (Ho, Vp) instead of (Hy, V7). Finally, (B.2)) is
exactly the equivalent of Lemma for (Hy, Vp). We define now the Lyapunov fonction candidate
V= Vo(w(t,x),t) + Vo(w(t,z),t) + Ve(w(t, z),t) + Va(w(t,z),t) where Vg, V}, and V, are defined
in (2:23), (2:26), with f; and f» chosen as fi = (¢9)%/(A\0n) and fo := (¢9)?n/(A3), where 7 is a

function such that there exists a constant € > 0 independent of w such that

(B.3)

79 o

'= F + FWQ +eVre [O,L],
;0(0)2 (B.6)
1(0) = T556°(0) + .
A1(0)
Note that 7 exists as, for any ¢ € [0, +00), (¢(t,)°AJ(¢:)/A{(t+)) is a solution of
A0 60
OxX = % —BX2 VvV xelo, L], (B.7)
Al A

this can be proved as in Lemma [2.3] and this case was actually shown in [22]. Note that from (L.6)),
and , (Hp)z and (V). can be bounded by above and by below by constants that only
depend on Hyax, @ and an upper bound of Qo (which can also be expressed only with Hax, o from
(1.9)). Therefore, looking at their definition, the function f; and f can also be bounded by above
and below by constants that only depend on Hy,ax, o and €. Thus there exist ¢; > 0 and ¢ > 0
depending only on Hy,x and «, € and p such that

erllha(t, ), vr(t 20,0y < V) < eallha(t ) vt )l o,n), ¥ ¢ € [0,Th- (B.8)

Consequently, by differentiating V' exactly as in (2.29)—(2.45)), and from (B.3)), we obtain that there
exists 4 > 0, v1 € (0,19(T1)) and 3 > 0 such that, for any ||h1(0,-),v1(0,-)||52(0,2) < vi, and
10:Qollc2([0,00)) < 9, where & € (0, d3),

L
. Oy H O H
Vv S—,uV—l—/ 2f1w1(5’0 (£V§>)1+2f2w2(50 (é‘%)))gdir,
0
L 2 2
07, H 074 H
+ / 2f18tw1(So <5§ZV(())> )1 + Qanth(SO <5§tvs> )de, (Bg)
0
L
2 a?ttHO 2 a?ttHO
+/0 2f18ttw1(50 <a?ttvo )1 + 2f23ttw2(50 a?ttvo )Qdm
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Thus, using Cauchy-Schwarz inequality, (B.8]), and (B.1) there exists C; > 0 depending only on
H,hax, @ and an upper bound of p such that

V(1) < —pV () + C1 (18:Qo(1)] + 107,Qo ()] + 85, Qo(1)]) V/2(1), ¥ t € [0, Th]. (B.10)
and in particular .
V(t) < —pV(t) + Cil|0:Qollc2(jo.p V2 (t), V¥ t € [0, Ty]. (B.11)

Let us define V., := (C16/p)?. From (B.11)), if V(t) > 2V,,, then there exists a constant k > 0 such
that V(¢) < —kV1/2(t). We now choose & such that v/2C16/(py/c1) < v1. Thus, from (B.I1) and as
c1, ¢2, C1 and p do not depend on T, we can choose T large enough such that

V(Tl) S 2Veq S 011/127 (B12)
which implies that
A1 (T1, ), v1(T1, ) le2(0,0) < 1 (B.13)

and therefore there exists a unique solution (hy,v1) € C°([T,2T1], H?(0, L)), with initial condi-
tion (hq(T1,-),v1(T1,)) (we use the same existence Theorem ([3I][Theorem 2.1])) and, noting that
V(Th) < 2V, implies V(2T1) < 2V.,, this analysis still hold. We can do similarly for any
[nTy, (n 4+ 1)Ty] with n € N, thus, as (Ho, Vp) € C°([0, +00), H%(0, L)), there exists a unique so-
lution (Hy, Vi) € C°([0,400), H?(0, L)) and holds for any ¢ € [0, +00). Therefore denoting
g(t) = V(t)e*, we deduce from that

,n

g'(t) < C1 (10:Qo(1)] + 107.Qo(t)| + 105, Qu(1)]) €= v/ g(t). (B.14)
Thus

mt C t _ pt
V2 < v 4 G ([ (0Qu0] + Q] + Qe ¥ ds) e E. (B15)
0
This implies the ISS property

A (t, ), v1(t, )l z2((0,)R2) \/ ||h1 0, )| er2((0.0)m2y e T

(/ (|6tQ0( )| + \ath( )| + |6t3ttQ0(t)|) eﬁds) e—%t'
(B.16)

2\r

This ends the proof of Proposition To extend this proof to the HP norm for p > 2, note
that using the same argument (B.2) holds with the C?([0,7}]; C3([0,L])) norm in the left-hand
side and the C” norm in the right-hand side. We can can define V3, ...,V, on HP(0,L) x R x R4

as in (2.26) such that Vi (w(t,z),t) = V,(0Fw(t,z),t), for any k € [3,p]. Then (B.8)) holds with
V=V, +Vy + V. 4+ Vs + ...V, and the HP norm, and the rest can done done identically.

C Proof of Theorem [1.4]

Theorem result from the proof of Theorem Note that the boundary conditions can
be written under the form with (Hp, Vo) instead of (Hy, Vi) where the only difference is that
Z satisfies now

f(®)

vakr’

Z=H.—H(t L)+ (C.1)

where f(t) = H.0;Vy(t, L). The rest of the proof can be conducted as in Appendix [B| for (Hy, Vi),
with a priori two differences: (H,V') satisfies the boundary conditions of the form (1.19)) and not

of the form given in (1.4}, and 7 satisfies (C.1)) instead of (|1.16)). However, note that in Appendix
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[B] the only assumption used on the boundary conditions of the transformed system is that they are
of the form , 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 64 > 0 and v, > 0 such that, for any ||h1(0,-),v1(0,)[|g2(0,1) < Ve,
and [|0;Qoll 2 (j0,00)) < 6, where 6 € (0, d4),

V(t) < —%V(t)+C1|&sQo(t) +05,Q0(t) + 0 Qo()|V'/? +29Z £ () + 292 f' () + 242 f" (1), (C.2)

where C is a constant only depending on Hy,ay, @, Vo and é4. Using Lemma there exists a
constant C > 0 depending only on Hyax, @, v and §4 such that

V< —*V +COVY2(9,Q0(t) + 9;,Qo(t) + 93, Qo (1)]. (C.3)

The same argument as in Appendix [B] (B.14))—(B.16|), implies directly the ISS property (|1.33]).

D Proof of Lemma [2.3

In this appendix we prove Lemma The proof is very similar to the proof given in [22] in the
special case where (H1,V}) is a steady state. However, it happens that the proof actually does not
need the relation (H;1V1), = 0 which is no longer true when (Hi,V;) is not a steady-state. Let

X = (A2d/A1), we have from ([2.53)):

a:CX :% ()\laxAQ — Aan)\l + )\271 + A152)
1

VoH, ,/7
=% ((V1 +VgH)(=Viz + %Hm — (Vi + VgH1) (Vi + le)
1
3 [g 3 KV kVE [H,
+(\/g?1_vl) <4\/;1H11+4V1z+1—21_]2 )
D.1)
3 [g 3 2KV kV2 (

+(Vi +VgH1) <4 EleJrZVleriHl 2m? >>

¢ ( 3 2kV> 3 le H1

=2 ot (—2Vie + 2Vig + o )~ [ 2 HI — L
A%( g e e Ty, 12 ! m
o (2kV le H,

=0 g + H
v\ Vet raCH Hlat !

And on the other hand:

<¢72 n o1 x2) - ﬂ(Am + A2d1)

At A9 A
¢ [ 2KV kVZ |[Hy le Vg H
= T% ‘Hl \V/ ng 1 V1 ‘/1 Hl VI:L’ (D2)
_ 02KV Wl H,, 1
= )\% H, gH + V1 o, 3tH1 .
Thus from (D.1)) and ( -

oy2 91 o g >
Oex=| +—+~—x“+4/=—0:Hy ). D.3
X (Al R ’/Hl  Hy (D.3)



And there exists dg such that, if [|0; H1 || 1o ((0,4-00)x (0,200,

2k V7 kVZ |H /g
% ( Hll vV gH1 + 1 1Vl 8tH1> >0, Vxe [O L] te [O —l—OO) (D.4)
1

and, from and -,
P2 2 g
19) — 4+ — —0H
X = )\1+)\2¢X+ I,

this ends the proof of Lemma

: (D.5)

E Proof of Lemma 2.2

In this Appendix we show that Lemma [2.2]is a consequence of Proposition [I.1] and Remark [T.1]
Proof. Indeed using Proposition [I.I] and Remark [[.I] with p = 3, we have
| Hy(t,-) — Ho(t, )0,y + VAt ) = Vo(t, Mmzco,0) < (1HY = H* | 0,0) + IV = V¥ a2 0,0)) €

2 _ut
+ Czﬁ(l — e 2)[|0:Qollc3([0,4-00)) -
(E.1)

Note that we chose HY = H* and V;? = V* which means that
2
[H1(t, ) = Ho(t, )z 0.0) + VAt ) = Volt, a0y < C2;H8tQ0HC'3([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;Qq 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,)llr20,0) + [IVilt, ) = Vo(t, )l 20,1

+[[0eH(t,-) — OHo(t, )l L20,0) + [[0:VA(E, ) — VO(tv Mzzo0,)

|07, Ha(t,-) = 05, Ho(t, )| 20,0y + 1107, Vi (ts-) — 92 Vo(ts )l 20,1
—|—H8t2tH1(t7 ) - 8t2tH0( ')HL2 0,L) + ||8t2tV1(t ) aEtVO(t7 )||L2 0,L) (E?’)

|05 Hy(t, ) — 05 Ho(t, )| 2 0,2) + 05 Va(t, ) — 85, Vo(t, )l 2(o,1)

|05, H(t,-) = 0 Hots )| 20,y + 105V (t, ) = 0 Vot )| 20,1y

< C||Hq(t,-) = Ho(t, )llms(o,0) + IVi(t,-) = Volt, )l mso,1)

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
feH ([0,L))

I fllcoqo,zyy < C (1£l1 2207 + 192 fllz2(qo,L))) - (E.4)

Combining , and ,

max(||Hy(t,-) — Ho(t, )|l coqo, L)y, 1Vi(t,-) — Volt, )lleoo,))
+ max(||0: Hy(t,-) — 0 Ho(t, )|l Lo (jo,)» [10: Vi (t, -) — 0eVo(t, )l coqpo,)))
+ max (|03 Hy (¢, ) — 03 Ho(t, )| 1= (0.0 10 Va (2, ) — DV (t, oo o)) (E.5)

2
< CCQ; ||8tQ0||C3([07+°°))’
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Therefore, using the inverted triangular inequality and the fact that

max(||H(t,-) — Ho(t,")llcoo,Lps IVi(t, ) = Vo(t, ) llcoo,zy)) > 0,
we have

max([|0:Hy (t, )| Lo jo,7)» 10: VA (t, )| co o, Lyy) + max([|07H (t, )| Lo (jo,7): 10 Vi (¢, -) = lcopo,z)))
< max([|8:Ho(t, )| Lo 10,2)): 10:Vo (t, )l co (o, 1)) + max (|07, Ho(t, )| Lo (f0,2)): 182 Vo (t, ) = llcogo,z)))

; c@% 18:Qollc2 o, +50))-
(E.6)
Recall that (Hy(t,-), Vo(t,-)) satisfies (B.1), This means that
max(|0:H1 (t, )| o< (jo,00) [0eVA (£, )l oo, )y) + max([[0FHq (£, )| L= (jo,0)+ 106V (E,+) — llcoqro,n)))
<o+ 02%)||atcgo||cs<[o,+oo>>’

(E.7)
As this is true for any t € [0, +00) we have
2
10:H1, 0:Vi || e ([0,4-00),c0([0,27)) < (14 CCQ;)HatQOHC?’([OA»oo))' (E.8)
This ends the proof of Lemma O
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