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Boundary stabilization of 1D hyperbolic systems

Amaury Hayat?®

CCERMICS, Ecole des Ponts ParisTech, 6-8 avenue Blaise Pascal, 77420 Champs-sur-Marne, France

Abstract

Hyperbolic systems model the phenomena of propagations at finite speeds. They are present in many fields
of science and, consequently, in many human applications. For these applications, the question of stability
or stabilization of their stationary state is a major issue. In this paper we present state-of-the-art tools
to stabilize 1-D nonlinear hyperbolic systems using boundary controls. We review the power and limits of
energy-like Lyapunov functions; the particular case of density-velocity systems; a method to stabilize shock
steady-states; an extraction method allowing to use the spectral information of the linearized system in
order to stabilize the nonlinear system; and some results on proportional-integral boundary control. We also
review open questions and perspectives for this field, which is still largely open.

Keywords— Boundary feedback controls; hyperbolic systems; partial differential equations; Lyapunov
functions; exponential stability; Input-to-State Stability; shock;

In memory of Federica Bubba

1. Introduction

Hyperbolic systems are involved everywhere in nature and human application. Mathematically, they are
known to model the propagation phenomena with finite speed, which explains that they are found in hydro-
dynamics, engineering, physics, but also biology or economics. To give only a few notorious examples, one
can cite Maxwell’s equations, Euler isentropic equations, Saint-Venant equations, Klein-Gordon equation,
models for the growth of cells [I35], the propagation of epidemics [25], or traffic flows [§], but also many
human-made systems as the telegrapher’s equations, heat exchangers, supply-chains, or the behavior of some
production lines [56] B8, 51]. For these examples, a 1-D approximation is relevant in many situations. A
generic 1-D hyperbolic system can be written as follows:

8 Y + F(Y)a,Y + S(Y, ) = 0. (1.1)

where Y is the state of the system, F(Y) is a diagonalizable matrix with distinct and real eigenvalues —
sometimes called the transport term— and S(Y,x) is the source term. When S(Y,z) = 0, the system is
said to be homogeneous. When the system is considered on a bounded domain [0, L], we need to specify
in addition some boundary conditions that express the fact that some information enters the system and
some information leaves the system (see Section . Given their prominence, it is no wonder that hyperbolic
systems have a special place in control theory. In particular, the question of their stabilization —essential for
practical applications— has received a large interest lately.

For this problem, the typical control goal is to stabilize a target state Y* that represents an ideal state
or an operating point. For example, in river regulations this represents a state with a desired and fixed
water level supposed to ensure a safe navigation and prevent flooding of riverside cities; or a state that
has a given velocity profile to ensure a good hydroelectric production or a low velocity gradient in order to
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respect biodiversity. In traffic flows, this would be, for instance, a uniform flow on a highway, instead of a
stop-and-go traffic jam that would appear naturally without control. Under reasonable assumptions on the
regularity of F and S and a change of variables (see Section 1), the system (1.1]) can be reduced to

Opu+ A(u,z)0,u+ B(u,z) =0, (1.2)

where u represents the perturbation between the state Y and the target state Y*. This means that the
target state to stabilize is now u* = 0. In other words, the goal —assuming we have a control on the system-—
is to find a feedback law such that the perturbations u tend to 0 and, if possible, exponentially quickly. As
we will see in Section [2] when the system is nonlinear it is necessary to state in which norm we would like
to have this exponential stability, as the stabilities in different norms are not equivalent. In most of this
article the control will be supposed to be in the boundary conditions which will have the form

u-‘r(tvo) _ U+(t,L)

(u_ t.0)) =\ t0)) (1.3)
where G is the feedback law. We explain in Section [2] why this condition is quite physical for hyperbolic
systems. This is also the most used boundary conditions for this problem [1111 110, 12]. Having the control
located in the boundary conditions is often a challenge but, unfortunately, it also represents numerous phys-
ical problems where we can only act at the boundaries rather than in the system. For instance, it would

be unrealistic to act on the physical dynamics inside a river, but we can consider using the dams at the
boundary as means of control.

In some applications the target state might not be steady. For instance, in river regulations if the
upstream flow changes during the day, there is no hope to have a steady-state [00]. In such cases, one
would like to stabilize is a target state Y1(¢,-) that is time dependent. To take again the example of river
regulations, this could be a state Y; = (Hy, V1) where the height of the water H; remains fixed or within
constrained bounds to ensure safety of the navigation, while the velocity V7 might change a lot to take into
account the change of inflow upstream. In this case we can still define the perturbations u and the system
becomes

Opu+ A(t,u, z)0,u+ B(t,u,z) = 0. (1.4)

In this case the system is non-autonomous, which introduces new obstacles in the stabilization (see Section
[6] for instance).

In practice the systems could also be subject to unknown disturbances. They could occur for several
reasons: external inputs, quantized measurements, but also imprecisions of the model, etc. In these cases,

the system (L.1)), (1.3)) would be replaced by:

dpu+ A(u,2)0,u+ B(u,z) + dy(t,z) =0, (1.5)
u+(t,0) _ u+(t7L)

(u(t,L) =G w_(t,0) + da(2), (1.6)
where di (¢, -) are the internal disturbances and dy(¢) are the boundary disturbances. In these cases, there is
no steady-state anymore to the system and there is sometimes no hope of stabilizing any target state, given
that the disturbances are unknown. Nevertheless, it could be interesting to look at what is the error we
make because of the disturbances when trying to stabilize a steady-state. In other words: how robust is the
exponential stability with the external disturbances? In such a situation, we would like to show a generic

estimate of the form
lu(t,)[Ix < Cre™ " luglx + Ca ([|dallx, xx + lld2]lx,) , (1.7)

where || - || x is the norm considered over space, ||-||x, is the norm considered over time on [0,¢] and || - || x, xx
is the norm considered both over time and space. This estimate, as it is, is generic, and we could try to
show different estimates in some particular situations. If such an estimate holds, we say that the system is
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exponentially Input-to-State Stable (ISS) and C; and Cy are the ISS gains. This is a particular case of a
more general notion of ISS

Ju(t,)llx < o(luollx, ) + ly(Idi(s, )l x + [d2(s)Dllx., (1.8)

where v belongs to IC, the space of strictly increasing functions R, — R, such that v(0) = 0; o is a function
such that for any ¢ € Ry, x — o(z,t) belongs to K and for any © € Ry, t — o(z,t) is non-increasing
and such that limy_, 1, o(z,t) = 0. Some discussion about the different notions of ISS for that can be
found in [98, [I6] and in Section |3| Of course, if there are no disturbances, i.e. d; = dy = 0, the definition
of exponential ISS coincides with the definition of exponential stability. Therefore, ISS can be seen as an
extension of the notion of exponential stability. It is, in fact, a more relevant notion for practical applica-
tions, as there are always uncertainties and disturbances in physical systems. While exponential stability
of hyperbolic systems has been studied for decades, fewer results were known concerning ISS of nonlinear
hyperbolic systems until the very recent years.

In this article we present cutting-edge tools for stabilizing nonlinear 1D hyperbolic systems with boundary
controls and for ensuring their exponential stability, or their ISS in some cases. We will state the results and
only give ideas of the proofs, which can be found in detail in [91] and in [94), [89] [88], 18] 17, 4’7, 90} 95} 02, [16],
from which the results presented in this article are taken. While some methods presented have existed for
decades, others are only very recent. Some, even, have not been generalized yet and were only applied
to practical examples so far. We also list at the end of each section some open questions and interesting
perspectives for this field, which is still very open.

In Section [2] we present the rigorous framework and some definitions. In Section [3] we show how to
use energy-like Lyapunov functions (also called basic quadratic Lyapunov functions) to design good control
feedbacks, and we also investigate the limits of this method. In Section [4] we will look at an important
physical example among hyperbolic systems: density-velocity systems. They are the systems that consist in
two equations: a mass conservation and a dynamical equation, and are often found in physics. We will see
that they have a particular hidden structure that allows to use energy-like Lyapunov functions, whatever the
length of the domain. In Section [p] we will see how to stabilize a system with a shock-steady-state. Finally,
in Section |§| we will see how to deal with Proportional Integral (PI) controllers for nonlinear hyperbolic
systems, a type of controller particularly interesting for its resilience to constant disturbances.

2. Definitions and framework

2.1. Nonlinear hyperbolic systems

Let us consider a system of the form (1.1)) and let us derive the system of perturbations (1.2). Consider
a steady-state Y*. As F(Y*) is diagonalizable one can define a matrix P such that

P(z)F(Y*(2)) P~} (x) = Aw), (2.1)

where A(x) is a diagonal matrix with coefficient (A;(z))icq1,...ny- Note that P and A depend on x only if
Y* does. Setting u(t,z) = P(z)(Y(t,z) — Y*(x)) we obtain,
dru+ A(u,z)0,u+ B(u,z) =0, (2.2)
where
A(u,z) = P(2)F(Y)P~(z) = P(x)F(P™! (z)u+ Y (2)) P~ (x), (2.3)
B(u,z) = P(F(Y)(Y; + (P7")'u) + S(Y, 2)), '

and in particular A(0,z) = A(x), and B(0,2z) = 0 since Y* is a steady-state. Now, the steady-state to
stabilize in the new variables is u* = 0 and, of course, the exponential stability of Y* in the original system
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is equivalent to the stability of u* = 0. In the following we will assume that the steady-state Y* € C?([0, L]),
except in Section 5] where we will study a shock steady-state. The regularity required on A and B will usually
be C' or C? depending on the cases, as we will see in the next section.

Let us now look at the boundary conditions. It is known that 1-D hyperbolic systems have some
quantities that propagate forward and some that propagate backward. By assumption, F'(Y*) has non-zero
and distinct eigenvalues for any z, and therefore so do A(z). From 7 as long as Y* and F' are continuous,
A is continuous with u. As A(0,z) = A(x), this means that if u is small enough in L*> norm, A(u,x) has
also distinct and non-zero eigenvalues A;(u, z) which have the same sign as A;(x). Without loss of generality
we can assume that A; > 0 for i € {1,...,m} and A; <0 fori € {m+1,...,n}, for some m € {1,...,n}. The
only boundary conditions we can impose are those corresponding to information entering the system (see
[110] 111] for more details). This means that at = 0 we can impose the quantities that have a positive
propagation speed, and at x = L the quantities that have a negative propagation speed. This is translated

as
uy (t, 0)
U (t,0)

Um+1(t, L) = U(t), (24)

Uy, (t, L)

where U(t) is the control we would like to impose. Of course, the u; are not exactly the quantities propagating
with speed A;(u, ) given that A(u, z) is not diagonal. But, assuming that we are close enough to the steady-
state u* = 0, the perturbations are small and one can show that we can still use the boundary condition
(2-4) (see [13]). In the following we will denote without loss of generality uy = (uy, ..., um)T the vector of
components associated to positive propagation speeds, and u_ = (U1, ..., un)" the vector of components
associated to negative propagation speeds. As a consequence, can be written in the compact notation

(D)) =ue, 25)

Now, we would like the control U(t) to be a feedback law. By definition a feedback law is a control that
depends on some measurements on the state of the system. This brings the question: what do we allow
ourselves to measure? Here we will choose to only measure the information leaving the system at the
boundaries. Namely, our control will be

Utt) = G (‘i((ttg))) , (2.6)

where G is a feedback law (of class C') to be chosen. This gives the boundary conditions

u (0)\ _ - (us(t, L)
(20~ (w0, .
This represents that the input information is imposed as a function of the output information. We now

introduce the first order compatibility conditions for an initial condition u® € C*(]0, L]). These conditions
represent the fact that the initial condition is compatible with the boundary conditions (1.3]) and are stated

as follows
ul (0)\ _ 0(L)
(u(i(L)> G<u (t,0)>'
(A(u"(0),0)0,u’(0) + B(u°(0),0))
<( Alu ()7L> uO(L) B(u(L L)+> (2.8)



One can show that (1.2)), (1.3)) is well posed in C* and H? norm for compatible initial condition satisfying
@8) [I11, 132, 12).

Theorem 2.1. For all T > 0 there exist C(T) > 0, n(T) > 0 such that: for every ug € C*([0, L];R™) (resp.
H?((0, L);R™)) satisfying the compatibility conditions [2.8)) and such that

[oller < n(T), (resp-|luollr= < n(T)), (2.9)

the system (1.2)), (1.3]), with A and B of class C* (resp. C?) and initial condition ug, has a unique solution
ue CY[0,T] x [0,L]) (resp. C°([0,T), H*(0,L))). Moreover one has

Ju(t,)ller < C(T)[Ju(0,)llcr, vt € [0,T]

(resp. Ju(t, )= < C(T) a0, )=, ¥t € 0,T1). (2.10)

Note that in (2.6]) we could have considered a feedback law with a memory. Namely, a feedback law that
also depends on the output information at previous time s < t. This, in fact, is tacitly exploited when using
a proportional-integral (PI) controller (see Section [6).

2.2. Ezponential stability and inherent challenges

For a Banach space X with a norm ||-||x, referred to as X norm in the following, the exponential stability
is formally defined as follows.

Definition 2.1. The steady-state u* = 0 of the system (1.2]), (1.3 is exponentially stable for the X norm
if there exist v > 0, > 0, and C' > 0 such that for every u’ € X satisfying the compatibility conditionﬂ
and |[u’||x < 5, the Cauchy problem (1.2)), (1.3), (u(0,z) = u®) has a unique solution in C°([0,+0c0), X)
and

u(t,)||x < Ce [u|x, Vt € [0, +00). (2.11)

We can remark several features:

e First of all it is a local exponential stability. Indeed, for a nonlinear hyperbolic system even the global
well-posedness is usually impossible to guarantee for regular norms such as the C' and H? that will
be studied in the following. However, we will see in Section [3] that under some Lipschitz assumption
on the source term is it possible to ensure a global exponential stability for the L? norm.

e The norm || - ||x is specified. Indeed, for nonlinear systems the stabilities in different norms are not
equivalent. In [53] for instance the authors show an example of a simple 2 X 2 nonlinear system that
is exponentially stable for the H? norm, but unstable for the C! norm.

For linear systems there is an almighty tool to study the exponential stability: the spectral mapping theorems
[127, 133, [116]. A version can be stated asﬂ

Theorem 2.2 ([I16]). Let a system of the form , (1.3) where A does not depend on u, B = M(x)u,
and G(U) = KU, with K a matriz. Let L := —Ad,u — Mu be defined on the domain D(L) := {u €
WH2((0, L), C")|((u(0))+, (u(L))-)" = K((u(L))+, (u(0))-)"}. Then

o (e \ {0} = eo (D)t \ {0}, fort >0, (2.12)

where a(C) refers to the spectrum of the operator C, and e?(©)t refers to the closure of e”(F)t.

Lthis very formal given that X is not precised. For the HP or CP norm this correspond to the p order compatibility condition
given in [12] (4.136) (see also (4.137)-(4.142))]

2Technically the result stated by [I16] only deals with local boundary conditions in the sense where the control in 0 only
depends on values measured in 0 and the control in L only depends on values measured in L. Nevertheless, we can always go
back to this case using a doubling of variables as shown in [59].
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This means that it is sufficient to know the spectrum of the operator £L = —AJ, — BId on the do-
main D(L) to know the spectrum of the semigroup operator (e!“);~o at each time ¢+ > 0. This al-
lows to conclude on the growth bound of the semigroup operator (see for instance [I16]) given by wy =
limy oot~ log([l€! || £(2((0,1);cn)))- Using that there exists M > 0 such that, for any ug € L2((0, L); C"),

la(t, )llzz = lle“ uollr2 < Meo||ug|| 2, (2.13)

this allows to conclude on the exponential stability of the system.

Unfortunately, when it comes to nonlinear systems, such a theorem is not helpful: it was shown in [53]
that the exponential stability of the linearized system around a state does not give any information of the
exponential stability of the nonlinear system, even locally. In [53] the authors constructed an example when
the linearized system is exponentially stable but the nonlinear system is unstable for the C' norm. It is
this uselessness of spectral tools for non-linear systems that makes the problem complicated and makes it
necessary to use other methods. Other inherent challenges include: the non-uniformity of the steady-states
when the system is inhomogeneous, and the possible formation of shocks in some cases. Several methods
exist, among which:

e The characteristic method, which leverages the existence of characteristic curves in 1-D hyperbolic
systems. This is the most natural and historical method. The exponential stability results from a
careful estimation along the characteristics. However, it might become hard to use when the system
gets complicated, in particular for coupled inhomogeneous systems.

e The time-delay approach which was used in [53} [37] and allowed to prove the results when just talked
about, as well as a stability in the W2P norm.

e The backstepping approach: this method, very powerful, was introduced in [31], Q9] [144] for finite
dimensional systems. It was then adapted in [42] and modified in [9} 28, [136] [103] for parabolic partial
differential equations and used for linear and then non-linear 1-D hyperbolic systems in [T02] [146], (@] 5]
96, 97, 50]. It has also been used for other more complicated operator (e.g. [149]). It consists in using
an invertible transform to map the system considered into a system much simpler to study. Then once
a feedback is found for this simpler system, it suffices to use the inverse mapping to find a suitable
feedback for the original system. Originally the invertible transformation was sought in the form of
a Volterra transformation of the second kind. These transforms have a triangular structure recalling
the original backstepping for finite dimensional systems, and are directly invertible. This method give
rise to full-state feedback control whose

In the recent years several studies started to look at other more general linear transforms such as
Fredholm transforms [52], 49, [46], 154 [155], 48, [75], [74]. These transforms are more general, and therefore
potentially more powerful, but they are not always invertible and proving the invertibility of the
candidate transform becomes one of the main difficulties. A good overview of the method when using
a Volterra transform can be found in [103] or [I50], and in [48, Section 2.1] for more general transforms.

e The direct Lyapunov approach, which consists in finding a nonnegative functional decreasing along
the trajectories of the system, as we are going to detail it in the following sections.

In this article we focus on results using a direct Lyapunov approach, potentially combined with new
methods such as a method for stabilizing a shock (see Section |5) or the extraction methods (see Section @

2.8. Input-to-State Stability for the C'? and HP norms
Finally, we give a definition of exponential Input-to-State Stability (ISS). When there are some internal

and/or boundary disturbance, the system ([1.2)), (1.3) become (1.5)), (1.6)) and we can define:

Definition 2.2. A system of the form (L.5)), (1.6 is exponentially ISS with fading memory for the C?
norm (resp. HP norm) if there exist positive constants C; > 0, Cy > 0, v > 0, and > 0 such that, for
any T > 0, for any ug € C9([0, L]; R™) (resp. ug € HP((0,L);R"™)) satisfying the g-th order (resp. p — 1
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order) compatibility conditions (see [12} 4.5.2]), with [lugl/ca < 0 (vesp. [[uollzr < 9) and ||dal|ca(o,r7) +
ld1llcaqo,mx0,27) < 6, (vesp. ||dz||me+ |1l e (jo,77x[0,2]) < §), there exists a unique solution u € C9([0, T]x
[0, L]), (resp. u € CO([0,TT; H?(0, L))).

q
[u(t,)lles < Cre™" |[uolles + Co (Z sup (e‘”“‘wdé’”(ﬂl))

k=0 T7€[0,t]

+Cs sup (677(2577)‘82(11(7', J;)|) + Z sup (677(1&77’)‘851852(11(7', J;)|) ,
(7,2)€[0,t]x[0,L] k1+ha<qg—1 (7,2)€[0,t]x[0,L]

p
(resp. la(t, )l gr < Cre™ " |luollmr + Co (Z le =gk (T)||L2(0,t>>
k=0

+C4 ||e—7(t—7)afd1(7', x)”Lz((O,t)x(O,L)) -+ Z ||€_7(t—7)8fla’;2d1(7, x)HLz((O,t)X(O,L)) )
ki+k2<p—1
(2.14)

One can note that this definition is in fact stronger than the exponential ISS estimate (1.7]): looking
at the last term we impose a fading memory, meaning that the influence of the past disturbance decays
exponentially with time. We could have chosen other less restrictive fading factors or weaker notions (see
for instance [98, Chapter 7] or [126]).

3. Energy-like Lyapunov functions

Taking physical quantities as Lyapunov functions is a very natural idea. For a pendulum with friction
for example the stability can be seen because the mechanical energy is strictly decreasing and tends to 0,
and is therefore a perfect candidate to be a Lyapunov function [I00, [62]. For other closed systems, the strict
increase of the physical entropy (the mathematical entropy is often the opposite) allows one to find a good
Lyapunov function [43], [128]. For a hyperbolic system, these physical quantities would have the form

L
V:/o Flu(t, 2))de, (3.1)

where f is the local physical quantity per unit length. For the kinetic energy, this would be for instance
pv? /2 where v is the velocity and p the density. Looking at the local behavior around a steady-state u* (),
these physical Lyapunov function candidates would become

L
V(u) = V*+/O Flu*(t,2)+(u(t, 2) —u*(t,2))" Q(z)(u(t, z) —u* (t,2)) +O(|(u(t, x) —u*(t,2))|*)dz. (3.2)

Note that the first order term of the Taylor expansion has to be 0 otherwise it would jeopardize the local
minimum in u = u* of the Lyapunov function candidate. For the same reason, () should be positive definite
(symmetric) to have a proper Lyapunov function. This form thus suggests to look locally at Lyapunov
functions of the form

L
V(u) = /0 (u(t,z) — u*(t,z)) " Q(z)(u(t, z) — u*(t, z))dz, (3.3)

where @ is a C! function from [0, L] to the space of positive definite matrix of R™. Such an energy-like
Lyapunov function was used in many studies (e.g. [43] 66} 111 [73] 148, [92]), and is sometimes called basic
quadratic Lyapunov function [11,[89]. Of course this Lyapunov function candidate is equivalent to the square
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of the L? norm and, as it is, it can only be used to show the stability in this norm. Naturally, we would like
to extend this to other norms. This definition could be easily extended for the HP norm for p € N by

L P
V(u) :/ > dk(u(t,z) — u(2))" Q(x)0% (u(t, x) — u*())de. (3-4)

0 k=0

But, in fact, for hyperbolic systems of the from (|1.2) it happens to be more convenient to rather extend the
definition as follows [12],

L P
V(u):/O Z(E(u(t,x),x)Dku(Lx))TQ(x)E(u(t,x),x)Dku(t,ac)dm. (3.5)

where E(u(t,z),z) is a matrix diagonalizing A(u, z) and Dy, is a differential operator defined iteratively as
follows:

DoU =U, D,U= A(U,2)3,U + B(U,z),

3.6
D, U = 0y(D,_,U)D,U, YV k > 2. (3.6)

This allows the definition of V' given in to hold for functions u € H*(0, L) that only depend on the
space variable and guarantees the equivalence with the (square of the) HP norm when u is small enough
(see [12, Chapter 6]). The interest of such definition is that, for functions u € C°([0, 7], H*) solution to
(1.2), the expression of V' (u) becomes

L P
Viu) = / > (E(u,z)dfu(t,2))" Q) (E(u(t,z), z)d u(t, x))dz. (3.7)
O =
In fact, it was shown in [I1} 12] that if the system is diagonalized (i.e. A(0,z) is diagonal), then @ has

to be a diagonal matrix for V' to be a suitable Lyapunov function candidate. Of course this would not hold
in the original physical coordinates Y. Similarly, extensions for the C? norm were given in [40] [89] as:

P
Viw) =) sup [Q()E(u,-)Dult, )|, (3-8)

k=0 ©€[0,L]
where || - || refers to the infinite norm in R", i.e. [|v]cc = max;eqi,. n)(vi). Overall we can generalize

this form and define an energy-like Lyapunov function (or basic quadratic Lyapunov function) for the W?4
norm as

V(u) =Y 1Q()E(u, ) Diu(t,)||7.. (3.9)
k=0

In the following we explore what can be done with such Lyapunov functions for the H? and C? norms,
which were used in many studies (e.g. [44] [64] [32] [T41] [7T], 147]).

3.1. Ezponential stability for the C1 and HP norms

As energy-like Lyapunov functions are a very natural tool to study physical systems, the first results
were obtained in particular cases. For instance, using the mechanical energy or the entropy as Lyapunov
functions on systems coming from fluid dynamics [43]. The first general result for hyperbolic systems was
given in [40], where the authors used an energy-like Lyapunov function for the C'* norm to give an alternative
proof to a result that had already been shown with a characteristic approach (see [78| 132, 157, [60]).

Theorem 3.1. If B(u,z) =0 (i.e. the system is homogeneous) then the system (1.2)), (1.3]) is exponentially
stable for the C! norm if
pae(G(0)) < 1, (3.10)

where
poo(M) = inf(| AMA™ o, A € D), (3.11)

with D} the set of diagonal matriz with positive entries.
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This result was shown originally in [78] for a 2 X 2 system and had been then generalized in [132] 157, 60].
Still using energy-like Lyapunov functions, Coron and Bastin showed later in [41] that the exponential
stability is easier to obtain in the more regular (hence more restrictive) H? norm. They showed the following

Theorem 3.2. If B(u,z) =0 then the system (1.2), (1.3) is exponentially stable for the H* norm if
p2(G'(0)) < 1, (3.12)

where
p2(M) = nf(|AMA™ [, A € D). (3.13)

And it can be shown that p,, < po, hence the condition (3.12)) for the stability in H? norm is less
restrictive than the condition (3.10]) for the stability in C'* norm.

For inhomogeneous systems the first general result was in 2011 in [IT] for systems of two equations where
the propagation speeds have opposite directions, for instance A; > 0 > A,. Let us denote

M(z) = 8aB(0, z) (3.14)

and introduce

- (3.15)
b(z) = Mai ()¢~ (@),
wher
- © = exp < " M) + Mza(s) ds) . (3.16)
o Mils)  [Aa(s)]

The result shown in [I1] is the followingﬂ

Theorem 3.3. Assume that n =2, A, B and G are of class C? and Ay > 0 and Ay < 0 on [0,L]. There
exists a control (1.3|) such that there exists an energy-like function for this system if and and only if there
exists a solution n on [0, L] to

a(z) | b(x) o

/
) =|—"F
n' () A A"

where a and b are given by (3.14)—(3.15). Moreover, if this condition is satisfied, then for any o > 0 such
that there exists a solution 1, on [0, L] to

; (3.17)

S ‘a + L 2
G VT W (3.18)
1:(0) = o,
the system is exponentially stable for the H? with the choice of control
iy (0l 2 2 (L)
G'(0) = <l2 0 with 17 < n3(0) and 15 < FTTAR (3.19)

We see here a new phenomenon appearing: not only there is a boundary condition on the control, but
there is also an internal condition, independent of the control and therefore intrinsic to the system. Indeed,
as the differential equation given by is nonlinear, the solution with 7(0) = 0 could cease to exist in
finite time if L, the length of the domain, is too large. This would happen, for instance, for L > /2 when
My, = Moy =0, My = M5 = 1. Consequently, in such cases, there would not be any control such that

31n fact the result stated in [TI] only look at the linear case but can be extended directly to Theorem
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this result applies. Worse, this result even guarantees that there would not exist any energy-like Lyapunov
function, whatever the control is, showing the limit of this method. In fact, there are even cases where
the control has a form anti-diagonal like in with [; chosen and the system can be shown to be even
unstable whatever the value of I3 [12, Section 5.6] (see also [80]). The question of whether a system could
still be exponentially stable when there does not exist any energy-like Lyapunov function is an open question.

This result was later extended to a generic n x n hyperbolic system in [12]:

Theorem 3.4. If A, B and G are of class C?, the system (1.2)), (1.3) is exponentially stable for the H?
norm if there exists a diagonal matriz Q with positive entries such that,

e (internal condition) the matriz
—(QA)'(2) + Q)M (z) + M(2)"Q(z)" (3.20)
is positive definite for any x € [0, L], where M is given by (3.14)),

o (boundary condition) the matrix

A (L)Q+(L) 0 T ( A+ (0)Q+(0) 0
( e —A—(O)Q—(O)) - G'0) ( B —A_(L)Q_(L))G/(O) (3.21)

is semi-definite positive.

Here we denote Ay = diag(Aq, ..., A,,) which correspond to the positive propagation speeds and A_ =
diag(Ayt1, ..., Ap) and similarly for @. These notations are used to be coherent with the definition of uy
and u_ used in Section [2| and given before . In this result, the same phenomenon as in Theorem
appears: first there is an internal condition intrinsic to the system, telling whether the stability of this
system can be guaranteed with an energy-like Lyapunov function; and second a boundary condition telling
which boundary control is suitable to guarantee the exponential stability if the internal condition is satisfied.
However, in contrast to the previous 2 x 2 system and Theorem [3.3] it is not known whether the internal
condition is necessary for the existence of an energy-like Lyapunov function for the system.

In the two previous results, we somehow lost the C' norm for a more restrictive norm. The reason is that
the H? norm and the energy-like Lyapunov functions for the H? norm are easier to handle. Nevertheless,
the C* norm is the most natural norm for classical solutions of a hyperbolic system. It was shown in [89]
that, in fact, it is possible to have the same type of result for the C'! norm:

Theorem 3.5. If A, B and G are of class C*, the system (1.2), (1.3)) is exponentially stable for the C*
norm if the two following properties are satisfied:

e (internal condition) there exists a solution (f1,...fn) € C1([0, L], (0,+00))™ to the system
n f3/2

Aifl < =2 =My(x)f; + | M ()] 22 , Vie{l,..,n}, (3.22)
k_%i BNV

where M is given by (3.14]);

o (boundary condition) there erists a matriz A with positive components such that

i

ff(L—d,;)) ’

IAG(0)A™ oo <
supi< N

(3.23)

where d; = L if A; > 0 and d; = 0 otherwise.
10



We observe again the same phenomenon of internal condition, intrinsic to the system. The main problem
of the C! norm is that it is hard to differentiate, compared to the H? norm or other W#*P? norm where
(s,p) € N. Therefore, the idea of the proof of [89] is to approximate the C'! norm by the W norm where
p is large enough; to show an exponential stability estimate with the W1? norm where the constants do not
depend on p; and then to let p — 400 in a similar way as what was done in [40]. In this case, the condition
is sharp for the existence of an energy-like Lyapunov function for the C'' norm.

Theorem 3.6. Assume that A,B and G are of class C3. There exists an energy-like Lyapunov function for

the C* norm to the system (L.2)), if and only if there exists a solution (fi,...f,) € C1([0, L], (0, 4+00))™
to the system

n f3/2

Aif] < =2 =My(@)fi+ Y IMin(z)|“—= |, Vie{l,..,n}, (3.24)

k=1,k+i Vi

where M (x) = 0,B(0,z) and A(x) = A(0, z).

We can also note that if B(u,z) = 0 (i.e. the system is homogeneous) then the two conditions of Theorem
3.5 simplify and we recover exactly the previous Theorem shown by Bastin and Coron.

It is easy to see that both the internal and the boundary conditions of Theorem and are quite
different. It would therefore be interesting to compare them. While no comparison result exists yet for n x n
systems, some have been shown for systems of two equations. These systems are interesting not only because
they are the simplest systems showing some coupling, but also (and especially) because they correspond
to many physical examples: rivers dynamics, gas transport, signal transmission on an electric line, traffic
flow, etc. (see Section [4). We denote again A(0,z) = diag(A;, A2) and, in the rest of this subsection, we
assume that n = 2 unless specified otherwise. When A; and Ay have the same sign, there always exists an
energy-like Lyapunov function both for the C* norm and the H? norm, as shown in [§],

Theorem 3.7. Assume that A, B and G are of class C? and ANy > 0 and let M(x) = 0,B(0,x). There
always exists a control of the form such that the system , has energy-like Lyapunov functions
for the C' norm and for the H? norm and is exponentially stable for the C* norm and the H? norm. In
particular, a suitable choice for the control 18

G'(0) = <k01 k?) , where
2

k? <exp </OL2A/‘|[Z(|S) — 2max (‘aﬁ) , %82) ) ds) , (3.25)
k2 < exp </OL2M|122(|8) —2max< %‘j) , %) >ds> .

When A; and A; have opposite signs, meaning that the propagation speeds have opposite directions, the
situation is more interesting. Without loss of generality we can assume that A; > 0 and Ay < 0. In this
case it is possible to show that Theorem can take a simpler form and that we have

Theorem 3.8. Assume that A, B, G are of class C3 and A1Ay < 0, and let M(z) = 0,B(0,z). There
exists a control of the form (1.3) such that the system (1.2), (1.3) has an energy-like Lyapunov function for
the C' norm if and only if

g - Ia/(xw)l ds,

‘bl(x” (3.26)
dy = — di,

|Az|



has a solution (d1,ds) € C1([0, L], (0,+00))?, or equivalently

! i 4 ‘b’ 2

7 Ay Ay T (3.27)

n(0) =0,

has a solution on [0, L], where a and b are given in (3.15)).
In addition, if one of the conditions above is satisfied, then a suitable control is
0 ki) da(L)\ d1(0)\?

G'(0) = U) with k3 < p(L)? d ki< : 3.28
0= (3, o) vt <owp (EH) wnai < (90 (3.29)

The internal conditions and are now much simpler than the original condition : instead
of having to look at two nonlinear differential inequalities, one has the choice between looking at a system
of two linear ODE or a single nonlinear ODE to conclude. Interestingly, this implies that the existence of
solutions to the differential inequalities is equivalent to the existence of solutions to the associated
differential equations for 2 x 2 systems, while this may not be true for n x n system. In addition, we can
see a strong similarity between the condition and the condition of Theorem dealing with
the H2 norm. This enables the following comparison result [8§]

Corollary. Assume that A, B, G are of class C® and AjAy < 0 and let M = 0, B(0, ).

o If the system (1.2)), (1.3) has an energy-like Lyapunov function for the C' norm, then there erists a
control (1.3) such that the system (1.2)), (1.3 has an energy-like Lyapunov function for the H* norm.

o Ifin addition Mya(x)Mai(x) > 0 on [0, L], then the converse is true.

In this corollary, the controls (1.3]) that are used to obtain an energy-like Lyapunov function (and hence
exponential stability) for the C'* norm and the H? norm are not necessarily the same. However, it is possible
to use the same control for both as shown in this proposition

Proposition 3.9. Assume that A, B, G are of class C3, AjAs < 0 and let M = 0,B(0,-). If there exists
an energy-like Lyapunov function for the C* norm and if G has the form

0 kK

G'(0) = <k2 0) with k3 < o(L)? <§?EB)2 and k? < (j;gg;)Q (3.29)

where (dy,ds) € C([0, L], (0,+00))? is a solution of (3.26), then there also exists an energy-like Lyapunov
function for the H? norm. In particular the system is exponentially stable both for the C' and H? norm.

Conversely, if in addition Mya(-)Ma1(-) > 0 on [0, L] and the system has an energy-like Lyapunov function
for the H? norm with G such that

G'(0) = (,?2 ’f)l> with k2 < (‘;’((5)))2 and k2 < n(0)>, (3.30)

where n is a positive solution to (3.18]) for some o > 0, then the system also has an energy-like Lyapunov
function for the C* norm. In particular the system is exponentially stable both for the C' and H? norm.

In practice one might want to construct a Lyapunov function for the H? norm from the one for the C!
norm and vice versa (when possible). To do so we introduce the following notations

p1 = exp </ Mll(s)ds) , (P2 = exp < M22(S)d5) , (3.31)
o M o A

such that ¢ given by (3.16)) becomes ¢ = @1/p2. The construction is given by the following theorem.
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Theorem 3.10. Assume A, B, G are of class C* N C92, where p > 2 and ¢ > 1 and A1Ay < 0 and let
M = 0uB(0,-).. Assume in addition that there exists an energy-like Lyapunov function of the form (3.8
for the C? norm and such that Q = diag(g1, g2)-

Then for all 0 < & < mingg r](1/91/92)/ Ly where ¢ is given by (3.16), there exists a boundary control of
the form (1.3]) such that there exists an energy-like Lyapunov function of the form (3.5) for the HP norm
with
£ (Zorws - gield) 0

0 ary/ P12

Q= ; (3.32)

and where p1 and @y are given by (3.31) and Id refers to the identity.

Conversely if there exists an energy-like Lyapunov function of the form (3.5) for the HP norm with
Q = diag(q1,q2), and if Mis My, > 0, then for any € > 0 there is a boundary control of the form (1.3)) such
that there exists an energy-like Lyapunov function for the C? norm of the form (3.8]) where

S Mu() M) (A L0
=exp | 2 — ds —ex 2las 3.33
Q p < 0 Al Al |A2|(]2 0 \211;11 ( )

Corollary tells us that the existence of an energy-like Lyapunov function for the H? norm implies the
existence of an energy-like Lyapunov function for the C'! norm. It also gives a condition under which the
converse is true. Looking at the internal condition for the C! norm and the internal condition
for the H? norm, we see that it is easy to design a counter-example when this condition M1 Mae > 0 is not
satisfied: simply take A; = |Ag| =1, b = —1 and a = 1, in this case one can find an energy-like Lyapunov
function for the H? norm for any length L of the domain (with the appropriate control) while no energy-
like Lyapunov function for the C! norm exists for L > 7/2. One might think that such counterexamples
would be purely artificial. Yet, surprisingly, very physical counterexamples do exist. Let us consider the
Saint-Venant equations modelling flows under shallow water approximation such as navigable rivers or the
atmosphere:

O H + 0,(HV) = 0,

2 2 3.34
atv+az<v2+gﬂ)+(w—0):07 30

These equations will be introduced more properly in Section 4l but (3.34) correspond to a rectangular
channel with a constant slope C' and a friction coefficient k. We denote by (H*,V*) the steady-state we
want to stabilize and we introduce the following boundary control

(H(t,0) — H*(0)) = b1 (V(£,0) — V*(0)),
(3.35)
where b; and by are control parameters that can be chosen, corresponding for instance to hydraulic instal-
lations at the boundaries. Even though H and V are not the propagating quantities of this system, one
can show that this boundary control is in fact equivalent to a boundary control of the form after a
change of variable to diagonalize the system [12,[94]. It can also be shown (see Section that, with suitable
boundary conditions, this system always have an energy-like Lyapunov function for the H? norm, whatever
the domain length. On the other hand, when the influence of the slope is higher than the influence of the
friction, there can never be a Lyapunov function for the C! norm above a certain domain length, as shown
in [88].

Theorem 3.11. Let (H*,V*) be a steady-state on [0, L] of (3.34) and kV*2(0)/H*(0) < C. Then :
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1. There exists L1 > 0 such that for any L < Ly, there exists a control of the from (3.35) such that the
system (3.34), (3.35) has an energy-like Lyapunov function for the C' norm.

2. There exists Lo > 0 such that if L > Lg, then for any control of the form (3.35)) the system (3.34)),
(3.35)) does not have an energy-like Lyapunov function for the Ct norm.

Higher norms. Finally, all the previous results for 2 x 2 and n x n systems can be extended at no cost and
with the same conditions to the H? and C? norm for p > 2 and ¢ > 1, provided that A, B and G are regular
enough.

Particular case of semilinear systems. Let us consider again a n X n system of the form , with
n € N\ {0}. When the system is semilinear, i.e. A(u,z) = A(0,z) = A(x), then the nonlinearity is much
less of a problem and the results can be further extended: Theorem even hold true for the H' and
C° norm instead of the H? norm and the C' norm.

If, in addition, the source term B is Lipschitz in the following sense:
IB(u,) = B(v, )|z < Cpllu—vllz2, ¥ (u,v) € L*(0, L), (3.36)

and G is also Lipschitz, i.e. there exists a matrix K such that for any i € {1,...,n},

(u+(t. L) - s - o
Gl (u(t,O))‘ S;KU| J(t’L)|+ Z K1]| ](t70)|7 (337)

j=m+1

then it is possible to show a stronger result: a global exponential stabilization for the L? norm (which extend
to the HP norm for p > 0).

Theorem 3.12. Assume that A € C1([0,L]), B and G are Lipschitz with respect to u in the sense of (3.36)
and (3.37). If the following conditions are satisfied

1. (Interior condition) there exists a diagonal matriz J € M, (R) with positive coefficients and a matriz

M € M, (R) such that one of the two following holds

C, < nm or C, < “mm (3.38)

where Cy is the Lipschitz constant of B — M and )y, denotes the smallest eigenvalue of
— (AJ? + JPM + MT J? (3.39)

and ., denotes the smallest eigenvalue of
—J Y AT T IMT T T M (3.40)
2. (Boundary condition) the matriz
2 2

<J+(L)6\+(L) JE(O)B\_(OH) KT (J+(0)é\+(0) JE(L)E\_(LN) K (3.41)

is positive semidefinite, where K is given by (3.37),

then the system is globally exponentially stable for the L? norm. Moreover the gai7E| of the exponential
stability estimate is ||J 7| Lo ||J || oo -

4The gain of an exponential stability estimate is defined as the constant C' > 0 such that |Ju(t,-)||x < Ce~"|lu(0,-)|x.
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Even though the conditions are more complicated to write than the conditions of Theorem we see
that there are still two conditions: an internal condition intrinsic to the system, and a boundary condition on
the control. Of course, it would be possible to derive a much simpler sufficient condition by taking M = 0.
However, such condition is would be much more conservative. This result, shown in [92], is striking in that
it allows to deal with the L? norm, and in that it is global. It also has another interesting specificity: it
still holds even if the source term B is nonlocal. In this case, the source term B is defined as a continuous
function on L?(0, L) with value in L?(0, L) such that B(0,-) = 0. This could be useful as nonlocal source
terms are found in several phenomena such as material sciences, traffic flow, flocking, population dynamics
cte. [24, 139, 20].

3.2. Input-to-State Stability

In recent years, there was an interest to know whether these energy-like Lyapunov functions could also
bring ISS estimates and, if so, whether it could improve the ISS estimates that were known so far. The
answer turned out to be yes to both.

The notion of ISS was first introduced for finite dimensional systems by Sontag in [I38]. It was later
extended to time-delay systems, then to PDEs [98, Chapter 1]. Several results were then derived in many
different cases [130] 57, 123], 58, [124] 125] (see [125] for a more detailed overview). However, until recently
no generic result existed for hyperbolic systems, and the best known result was the shown by Karafyllis and
Krstic in [98] Section 9.4] for 2 x 2 systems using a small-gain analysis (see Theorem below).

It turns out that the exponential stability results presented in the previous subsection and obtained with
energy-like Lyapunov functions generalize to ISS. In [16] it was shown the following

Theorem 3.13. Assume that A, B and G are of class C? with ¢ € N\ {0} and let M = 0,B(0,-). The
system (1.5)), (L.6) is ISS for the C'? norm if the two following properties are satisfied:

e (internal condition) there exists a solution (f1,...fn) € C1([0, L], (0,+00))™ to the system

/ ; £
Aifl S -2 7M“(ZL’)fl —+ |M1 (CE) L , Viée {1, ...,n}, (342)
k_%i NV

o (boundary condition) there exists a matriz A with positive components such that

i

sup; (L(LA‘;di)) 7

i

IAG"(0)A™H|oo < (3.43)

where d; = L if A; > 0 and d; = 0 otherwise.

Surprisingly, in this framework one is unable to obtain the usual differential inequality of standard
Lyapunov theory, which would be in this case

w < —CV(u(t,-) +7(i: sup [d®)(7)]), (3.44)
k—0 T€[0,t]

where V' denotes the Lyapunov function, C' is a positive constant and « is a class K function. But, never-
theless, Theorem [3.13] still holds.

Remark 3.1 (Semilinear systems). As previously, this extends under the same condition to the ISS for the
CY norm when the system is semi-linear, i.e. A(u,z) = A(0,z) = A(x).
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The ISS in the H? norm using the same basic quadratic Lyapunov function as [12] was studied in [148]
where they show the following, as expectedlﬂ

Theorem 3.14. Assume that A, B and G are of class C? and let M = 0,B(0,-). The system (L.5), (1.6)
is 1SS for the HP norm if there exists a diagonal matriz QQ with positive entries such that

e (internal condition) the matriz
— (QN) (@) + Q)M (z) + M ()" Q(x)" (3.45)
is positive definite for any x € [0, L],

e (boundary condition) the matriz

A (L)Q+(L) 0 T ( A4 (0)Q4(0) 0
( T —Af(O)Q7(0)>*G/(O) ( e —A,(L)Q,(L))G/(O) (3.46)

is semi-definite positive.

This case is simpler than the ISS in C?P norm as, in this case, it is possible to obtain a differential
inequality similar to . Once again, if the system is semilinear the ISS holds in the H? norm, and in
the L? norm if the system is linear. The linear case was treated shown in [73] where they also provide an
optimization approach to minimize the ISS gain. Finally, ISS can also be shown in the L? norm when the
system is semilinear with a (potentially nonlocal) Lipschitz source term and Lipschitz boundary conditions,
as shown in [92].

Theorem 3.15. Let a system of the form (L.5)), (1.6) where A € C'([0,L]), dy € L?((0,T) x (0,L)),
ds € HY([0,T)), B and G are Lipschitz with respect to u in the sense of (3.36), (3.37). If the condition
(3.38]) is satisfied and the matriz defined by (3.41) is positive definite, then the system is globally ISS for the
L? norm.

As expected, in this case the ISS is even global.

Coming back to the ISS in sup norms (i.e. C'? norms), it is possible to compare the conditions of Theorem
with the previous existing conditions from [98] for linear 2 x 2 systems with boundary disturbances,
which are,

Theorem 3.16 (Karafyllis, Krstic, 2019). Assume that n = 2, d; = 0, A(u,z) = A with Ay > 0 > Ao,
B(u,z) = M(x)u, G(U) = KU where

M(z) = (b&) “(0"”)) K = <£2 %1) , (3.47)

and assume thaﬁ L =1. The system (L.5), (1.6]) is ISS for the C° norm if there evists K > 0 such that

(k] + [ka|) exp(=K) <1,

exp(2K) —exp K 1 —exp(—K)
B A 1
<\/ |As| K + k2| W +VIkl] <1, (3.48)
where A := Joax, |a(z) exp(2Kz)| and B := Jmax, |b(2) exp(—2K2z)]| .

In [I6] is shown the following:

5In fact they only show it for the linear case and the L? norm but this can be directly extended to the nonlinear system
and the H? as in [4I] for instance.
6this last assumption can be made without loss of generality by a rescaling.
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Proposition 3.17. Consider the setting of Theorem[3.16 and assume in addition that a and b are constant.
Suppose there exists K > 0 such that (3.48)) holds, then the two conditions (3.42), (3.43)) of Theorem

are satisfied.

Interestingly, this is a strict implication and the converse is false in general. However, the comparison
of the Theorems [3.16] and [3:13] in general when a and b are not constant remains an open question that
it would be interesting to look at, to see how complementary the small-gain analysis and the energy-like
Lyapunov functions are.

3.3. Perspectives

In view of the previous results, many open questions remain. Among them, we can list the following

e Is it possible to find a result similar to Theorems and for other norms such as the W?2? norms
for p € N7 On the one hand, the energy-like Lyapunov function would be easier to handle than the
energy-like Lyapunov function for the C* norm. But, on the other hand, the internal condition would
require dealing with a p order polynomial which is different to what was done for the H? or C'' norm
in [12] and [89].

e Is it possible to find a condition similar to (3.17), maybe with two equations, for systems of higher
degree, namely 3 x 3 systems?

e Comparing the result obtained using a small gain analysis (Theorem [3.16)) and using an energy-like
Lyapunov function (Theorem [3.13)) in the general case, i.e. when a and b are not constants.

e Is it possible to find a system such that there exists no energy-like Lyapunov function for the H? (resp.
C'! norm) but that is still exponentially stable? For the linearized system this is very likely to be true,
using spectral tools as shown in [I2] Section 5.6] (see also [80} [72])

e What happens for 2D systems? Is it possible to find a result similar to Theorems [3.4] and [3.5] at least
when the system in 2 x 2 and when the two transport terms (in « and y) are co-diagonalizable? If so,
what happens if the two transport terms are not co-diagonalizable?

e More generally, are energy-like Lyapunov functions as adapted for 2D systems as they are for 1D
systems? And otherwise, what new tools could be developed?. The same question arises for the
backstepping method, where the Volterra transform commonly used is fundamentally 1D.

e Is it possible to adapt other promising methods such as the frequency Lyapunov method introduced
in [I5I] to the hyperbolic case?

4. Density-velocity systems

Density-velocity systems are an important example of hyperbolic systems. They consist in two equations:
a mass conservation and a momentum equation. They owe their name to the two variables they involve: a
density p and a velocity V.

0o+ 0. (0V) =0,

4.1
OV + V3,V +0,(Plo,z))+ S(p,V,z) =0, (4.1)

The first equation is the mass conservation. In the second equation V9,V is a kinetic term, 9, (P(A,x))
is the variation of potential energy and represents the conservative forces, while S(A,V,z) represents the
non-conservative forces. When 9,P (o, 7)o < V2, the system has two propagation speeds with same sign,
which means that it can be treated with the results of Section 3| Therefore, in the following we assume that

0,P(0, )0 > V2, (4.2)
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which means that the system has two propagation speeds with opposite signs. This is usually called subcrit-
ical regime. We also assume that S and P are of class C2, and in the following we will consider steady-state
where o* > 0 and V* > 0, to be physically acceptable. The case V* = 0 is discussed at the end of this section.

There are many important examples of density-velocity systems in physics and mechanics. For instance
the Saint-Venant equations [10]

O A + 9, (AV) =0,

OH(AV) + 0,(AV?) + gA(0, H — Sy(x) + S;(A,V,x)) =0, (43)

where A is the wet section, V is the (vertically averaged) velocity of the water, g is the gravity acceleration,
Sp is the slope and S the friction; The isentropic Euler equations [87, [36]

92(P(e))

, (4.4)
AVHVOY + =

1
+ §9V|V| +gsina(z) =0,

where g is the fluid density, 0 is a friction coefficient, sin(«) is the slope. The water in a rigid pipe [12]

Section 1.6]
gH gH\\ _
O (exp (@)) + 0, (Vexp (@)) =0, (4.5)

0V + Vo,V + 0, (gH) + Sy (V,x) =0,

where H is called the piezometric head, while c is the sound velocity in water, and Sy is the friction term;
Some traffic flow models [I12] [95]

o+ aw(Q'U) =0,
(o) — v (4.6)

v+ v0,v + 0(8,0(0))? 00 = =

This is a non exhaustive list, density-velocity systems also represent several other systems such as the
Savage-Hutter equations [27, [85], the flow under osmosis [120], etc.

We consider the following boundary conditions

V(t,0) = V*(0) = G1(o(t,0) — 0"(0)), (47

V(t,L) = V*(L) = G2(o(t, L) — 0" (L)), '
where G; and G5 are the boundary controls to be chosen and (¢*, V*) is the steady-state considered. Our
goal is to use an energy-like Lyapunov function for the H? norm to stabilize the steady-state (o*,V*). This
problem was considered in many articles for different particular cases. The first result on the nonlinear
homogeneous Saint-Venant equations goes back to [43] in 1999. The approach needs a LaSalle invariance
principle to conclude and was later improved in [44] that works for any homogeneous density-velocity system.
In [69, I31] the authors looked again at Saint-Venant equations but this time with a source term, although
with a bound on this source term in C'' norm depending on the length L. This bound can also be seen as a
bound on the length L instead, and the proof used a careful analysis of the characteristics. Other estimates
when the source term is small and the solutions are W were given in [85]. The linear inhomogeneous
Saint-Venant equations were then studied in [I5] in the particular case where the steady-state is constant.
In [67], the authors managed to stabilize the isentropic Euler equations for the H! norm when the system is
semi-linear and adding an isothermal assumption, i.e. assuming that the pressure P is proportional to the
density p. These equations with the isothermal assumption were also studied when there are uncertainties
on the boundary condition in [86] and in the case of a network in [66, [79] [8T], 65]. In [82], the authors dealt
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with these equations in the case of a slowly moving gas with a kind of Neumann feedback law. In [84], the
authors managed to stabilize the isentropic Euler equations for the H? norm but only if the length L of the
domain satisfies some bound. In this article they give in addition an estimation on the maximal decay rate.
The case of the flow in a rigid pipe was studied in [12]. In [I3] the authors managed to stabilize a generic
density-velocity systems in the H? norm in the case where the source term is purely dissipative and applied
it to two examples: the Euler isentropic equations and the Saint-Venant equations without slope. Finally,
in [94, 95] were found some results that allowed to deal with density-velocity systems in general, without
the previous assumptions or particular cases. This is what we present now.

Our goal is to find an energy-like Lyapunov function for the H? norm. From the result of [11] recalled
in Section 3| (Theorem [3.3)), we know that finding such a Lyapunov function amounts to show that there is
a solution to the equation

/ _ a(a:) b(x) 2
n(0) > 0,
where
M (@) = \J0,P (0%, 2)0"(x) + V*, da = /0,P(0",)0* (z) + V* (4.9)

and where a and b are given by (3.15) as in Section Here a and b have the rather complicated expression:

(4.10)

where * () ()
Y18 2($
= + d 411
#lz) = exp (/ M) Aals) ) (1)
and
1 o* 92; 92, P(0*,x) 92,P(0", )0}
2 28y +2 S S VY
" 4<SV T2 Pen T TN, Pene) T 0P ) )
1 0 : 02, P(0*, x) 92,P(0*, )0}
228y, +2 B VI A
" ( e\ e Mo P o,Pene) TN 0P ) (4.12)
1 0" ot . O%P(g",x) | 92,P(0%, )0k '
5 == [28,. — 2 S W —A
4<SV e\ 0Pl e TN P o) )
1 0 0} 92,P(0*, x) 92,P(0", w0k
8y == [ 28y~ — 2 ——— =3+ —A .
i 4<SV e\ P e TR0, M 0,P(e )

Looking at , or recalling Section 3| we see that this equation is quadratic and might a priori explode
in finite length. Therefore, we understand why most articles on density-velocity systems assume that the
source term is not too large or that the length of the system is not too large. We can also understand why,
n [13], the authors managed to show that the exponential stability can be guaranteed without bounds on
the length of the domain when the source term is purely dissipative: intuitively the source term should only
help; moreover the length of the domain cannot be too long anyway since the steady-state cease to exists
in finite time (see [I2} [94]). The only way to go beyond this would be that the special structure of the
density-velocity systems allows to have a solution to in any cases. Remarkably, this turns out to be
true. And this is what is shown in [94] [95]. The key lemma is the following

19



Lemma 4.1. The function x — Aad(x)/A1(x) is a solution to (4.8)), if
8HS(H*aV*a )
Oy P(H*,")

Note that the condition (4.13]) is automatically satisfied for a friction term, as friction is non-decreasing
with speed. It is also automatically satisfied for a slope or any external force. Surprisingly, for the traffic flow
model (4.6]) this condition (4.13) corresponds exactly the condition (4.2)) of subcritical regime (also known
as subsonic flows [81 [83] in fluid mechanics, or congested regime for traffic flow models). This condition

(4.13) might have a general physical meaning that we did not see. Overall it is satisfied for all the examples
of density-velocity systems mentioned earlier.

Oy S(H*, V*,-) —V* >0, Vaxelo,L] (4.13)

With this lemma, it becomes possible to show the following result

Theorem 4.1. The steady-state (H*,V*) of the system (4.1)), [4.7) is exponentially stable for the H*> norm
if the boundary conditions satisfy:

Gi(0%(0)) € {_%P‘(ﬁ*(go)),m’_Z:(((())))} 7 (4.14)
G4(0* (L)) e R\ { agp‘(f:((LL))’ L) ,— ‘; (%))] (4.15)

Note that there is another remarkable thing about this theorem: the conditions , do not
depend directly on the source term. This means that the system can be stabilized even with only a partial
knowledge of the model itself. This is very interesting as one never really knows what is S in practice. For
Saint-Venant equations, for instance, there is often a debate about which model to choose for the friction
[35, Section 4.5]. What Theorem says is that this does not matter for stabilizing the system.

This result is in some sense optimal when using energy-like Lyapunov function. Indeed, if one wants
to preserve the validity for any length of domain and any source term, provided that a steady-state exists,
then it is essentially not possible to derive better boundary conditions, as illustrated from the two following
theorems [95]. We have in any case

Theorem 4.2. Let L > 0. There exists G4(0* (L)) satisfying (4.15) such that, if there exists a basic quadratic
Lyapunov function for the H? norm, then

Giwoye |

~9,P(¢*(0),0) _V*(O)} . (4.16)

V=) 7 e*(0)

And, when the steady-state (H*, V*) exists on (0, +00), we have

Theorem 4.3. For any € > 0, there exists L > 0 such that, if there exists a basic quadratic Lyapunov
function for the H? norm, then

(4.17)

Vi) o)

What is more, Lemma also allows to stabilize the system with only a single control. For instance,
if the boundary condition downstream remains a control but the upstream boundary condition is imposed,
we have at the boundaries

o(t,0)V (t,0) = Qo,
V(t,L) — V*(L) = Ga(o(t, L) — 0*(L)), (4.18)

where g is the constant imposed inflow and G5 is the single control. In this case, the following theorem
holds
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Theorem 4.4. The steady-state (H*,V*) is exponentially stable for the H? norm if the boundary control
satisfies

(4.19)

Gy er\ -2 T

In this case the optimality condition is clearer

Theorem 4.5. If there exists a basic quadratic Lyapunov function for the H? norm for system (4.1), ([4.18)),
then

By(o*(L)) € R\ {agpgf**((LL)),L)’V*(L)} |

(4.20)
Note that this theorem holds independently of (4.13).

Particular case V* = 0.. Theorem also hold in the particular case where V* = 0. In such a case,
—0,P(0*,-)/V* is replaced by —oo in the conditions (4.14), (4.15), (4.16), (4.17), (4.19), (4.20).

4.1. Perspective

While the Lyapunov function obtained from Lemma and used in Theorem opens many doors,
there are still many open questions

e Is there a physical meaning behind the condition (4.13)? Are there density-velocity systems in me-
chanics and physics such that the condition (4.13]) is not satisfied?

e [s it possible to consider more complicated geometries such as networks? In particular, would it be still
possible to control or stabilize a density-velocity system with less control than the number of vertices
in the network? This would represent for instance a junction of rivers where we can only control one
end of the rivers, or a traffic network where we can only control one red light.

e Would the results be preserved if a small viscosity was added to the density-velocity systems? The
nature of the system would change, but this is an interesting question as a small viscosity is likely to
occur in many areas.

e What about 2D density-velocity systems, where there are two space variables  and y? Is it still possible
in this framework to find a Lyapunov function that allows to stabilize density-velocity systems for any
length?

e The basic quadratic Lyapunov function we use has the form and could be seen as the linearization
of a more complicated function (see Section [3)). In the particular case of density-velocity systems, is
there such a Lyapunov function that would enable a global stabilization? In other words, is it possible
that the Lyapunov function we found is only the local approximation of a more powerful Lyapunov
function? The question is worth asking since the system has a global entropy when the system is
homogeneous.

e What can be done with these energy-like Lyapunov functions for coupled hyperbolic - parabolic sys-
tems, that typically represent interactions between fluid and nonrigid structure ? Several results exist
(e.g. [I56] [7, @8]), but, to our knowledge, no generic result exist when the system is nonlinear and
inhomogeneous, even in 1D.
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5. Stabilizing shock steady-states

Nonlinear hyperbolic systems have an important feature: they can make discontinuities appear naturally
even when the initial condition is smooth [104] 105, 29]. These discontinuities, called shocks, play an
important role in their behaviors and are the source of many difficulties in their analysis [55]. These shocks
also correspond to some physically significant phenomena such as the hydraulic jump in rivers, the morning
glory cloud in the atmosphere [39], or stop-and-go waves in traffic flows [134].

Shocks can prove complicated to handle to a point where even showing the well-posedness of a hyperbolic
system requires involved tools and relatively long proofs [II, 30] (see also [114}, 115, @3], [76]). No wonder that
stabilizing a system with shocks is a challenge. In the past, several works have considered this problem. In
[10T), 137], for instance, the authors consider regular solutions and regular steady-states but whose profiles
are close to a shock. Other works have addressed systems with potentially discontinuous solutions. In
[30], the authors study the controllability of a hyperbolic homogeneous system for BV class solutions (i.e.
functions with bounded variations), which is usually the most general class of functions with shocks for
hyperbolic systems [77} [34] (see also [45] for a proper definition). In [33], the authors looked at the optimal
control problem for the Burgers’ equation. The stabilization of a scalar equation is treated in [26] [129]. The
stabilization of a homogeneous hyperbolic system is studied in [30, 45]. But, in these articles, the steady-
state to stabilize is regular (and even constant). Ideally, one would like to be able to stabilize a steady-state
with a shock, such as for example a hydraulic jump. In this section we present a method to stabilize such a
steady-state when there is a single shock. Subsection illustrate this method on a scalar equation (such
as Burgers’ equation) and Subsection present the results when applied to an example of system, namely
Saint-Venant equations.

5.1. Method on a scalar equation

To illustrate this method we first start with Burgers’ equation. The system we consider is the following

2
Oy + Oa (%) =0 (5.1)

with the boundary controls

y(t,07) = uo(t)

y(t, L™) = ur(t). (5.2)

As announced, we are interested with states y that have a single shock. If we denote its location by x4 the
Rankine-Hugoniot conditions impose the following [105] 53]

y(t zs(t)") +y(t zs(t)”)

iy(t) = ! . (5.3)

For such a hyperbolic system we usually require an additional entropy condition for the system to be well-
posed (see [105], Section 3] for more details). In the simple case (5.1]), this condition is given by

y(t,os(6)7) < y(t,os(t)T). (5.4)

Our goal is to stabilize an entropic steady-state with a shock (see Definition below). Without loss of
generality, we can assume that this steady-state is

" . 1, ze [071'0),
y (@) = {—1, z € (0, L], (5.5)
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Clearly, if we only want to stabilize the amplitude y before and after the shock, we could choose the
constant controls ug(t) = —ur(t) = 1. The main difficulty is to stabilize completely the steady-state: both
the amplitude of y, and the shock location zs. To do so we choose the feedback

up(t) =1+ ki (y(t, zs(t)”) — 1) + bi(zo — 25(1)),
ur,(t) = =1+ ka(y(t, zs(H) ) + 1) + ba(o — 24(1)),

where ki, ko, b1, by are design parameters that can be chosen. Note that this is likely to be the simplest
possible control for such a task: assume that the system is close to the steady-state, then from ,
the propagation speed is positive before the shock and negative after the shock, so no information goes
through the shock. This means that, to stabilize both sides, we need to measure the state at least at one
point on each side, and this is what is used by the first feedback term of . On the other hand, since we
want to stabilize the location of the shock using a feedback, we need at least to know its locatiorﬂ zs. This
is what is used by the second feedback term of .

(5.6)

As shown in [I8, Appendix] by a (somehow lengthy) characteristic method, the system is well-posed
when starting with a single shock. More importantly, it keeps only a single shock.

Theorem 5.1. For all T > 0, there exists §(T') > 0 such that, for every initial condition xso € (0,L) and
Yo € H%((0,240);R) N H?((w40, L); R) satisfying the first-order compatibility conditions associated to (5.1))
with
190 = Ul m2(0,0.0)iR) + W0 + Ll 52((000,L)m) <6,
|zs0 — wo| <6,
the system (5.1)~(5.3), (5.6) has a unique piecewise continuously differentiable entropy solutiony € C°([0,T]; H2((0,z(t));1

H?((xs(t), L); R)) satisfying (5.4) with x5 € C1([0,T];R) its single shock. Moreover, there exists C(T) such
that the following estimate holds for all t € [0,T)

(5.7)

ly(t, ) = Ulz2(0,2.0))r) + 1Y) + Ulm2 (2. 0),0)ir) + [7s(t) — To
< C(T) (Ilyo — Ula2(0,00.0)®) + 190 + Ul H2((04 0,0)R) + [Ts,0 — T0]) . (5.8)

This allows to give the following definition for the exponential stability we would like to achieve:
Definition 5.1. The steady-state (y*,x¢) € (H2((0,z0); R)NH?((x, L); R)) x (0, L) is exponentially stable
for the H? norm with decay rate v, if there exists § > 0 and C' > 0 such that, for any T > 0, any initial
condition yo € H2((0,z4); R) N H?((z50, L); R), and any initial shock location x4 o € (0, L) satisfying

1Yo — 45 (0, M E2((0,20,0)®) + W0 — ¥3(0, )| 2 (0 0,1)i%) < 6,
|xs,0 - x0| é 57

and the first order compatibility conditions associated to ([5.1), the system (5.1, (5.3), (5.2) has a unique
solution (y,zs) € C°([0,T]; H?((0,z5(t)); R) N H?((xs(t), L); R)) x C1([0,T]; R) and

(5.9)

ly(t,-) —vi ()l 20w 0))r) + 1WE ) = y5 (& ) E2((@o ), L)) + 25 (E) — 0]
< Ce™ (llyo — v3 (0, ) 20,20 0)m) + 190 = Y30, )2 (2 0,L):) + 250 — x0l) , V2 €[0,T). (5.10)

where

vi(to) =y (xj(t))
i) = (C527).

"In fact, we could also have indirect measurements, in this case the system would also be coupled with another quantity.

23

(5.11)




This definition might seem a little complicated but it says exactly what we would expect intuitively: the
solution has to converge exponentially to the steady-state value before and after the shock and the shock
location has to converge exponentially to the shock location of the steady-state. In the following we will
still refer to this as “exponential stability for the H? norm”, given that the solutions are H? except at the
shock. The main difficulties in showing such a stability are:

e The solutions are not regular.

e We have a direct control on the amplitude of y at each boundary, but we have no direct control on
the shock location x5 whose dynamic is imposed by the Rankine-Hugoniot condition (5.3]).

We describe now how to tackle these difficulties. Since at any time there is only one shock to deal with, we
can divide the problem in two: before and after the shock. We set

&t x) =y(t,z) —1 on [0,z5(t)), &(t,x) =y(t,x)+1 on (zs(¢), L] (5.12)

extended with & (¢, 2,(t)) = lim - y(t,-) and & (¢ @s(t)) = lim+,y y(t,-). Now &i(t,2) and £(¢,x) are
regular functions but defined on diﬁ)erent moving domains whose dynamics is given by Rankine-Hugoniot
conditions ([5.3). To remedy this, we rescale the system and define now

¢ zam £ Ty ]
z(t,x) = (52(51[1(+;°z10L)> = (y(t,yL(+;0)L) n 1) , for x € [0, z0]. (5.13)

Ts—
Zo

Now, z still represent the system before the shock and z5 the system after the shock, but they are defined
on the same fixed domain. Of course, they are still coupled with zs and ([5.3)), and the system is now

Opz1 + <1 + 21— $x€> 3;821@ =0,
X

0 Ts
Orzo + (1 — 29+ 33%) Op 29 o _ 0, (5.14)
To L—x,
. 21(t, xo) + 22(t, o)
xS(t) = 2 9

with the boundary feedback laws

zZ1 (t, 0) = klzl (t,l‘o) + bl(xo — ms(t)),

Zg(t, 0) = k2z2(t7 1'0) + bQ(CC() — xs(t)), (5'15)

This system is now more complicated than the original system, but, at least, it is regular. We still have
the problem of having no direct control on x,. Indeed the feedback laws only act on z; and 2z at
x = 0. Instead, we have a coupling between a system of two PDEs and an ODE. Therefore, we need to use
the coupling between the state of the system and the shock location to stabilize the latter, and this should
reflect in the Lyapunov function. Such a Lyapunov function is defined in [I§] and for a solution of ,
(5.15) it reduces to

V(z,xs) = Vi(z) + Va(z,25) + Va(z, 25) + Va(z, 25) + Vs(2,25) + Vs (2, x5) (5.16)

where the components Vy, Vs, V3, Vi, V5, Vi are defined by

xo —HxT — QT
Vite) = [ e 4 e
0
o —uw 9 —uz 9
Vg(z,ms):/ pire 1 (Opz1)* + poe 2 (Opze)“dux, (5.17)
0

Zo —px —px
V(z,2s) = / e (0221)? + pae T (0F20)2d,
0
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—px —px

xo o
Vi(z,xs) = / prem z(xs — x9) dx —l—/ Poe 2 za(xs — x0) dx + K(zs — z0)?,
0 0

o o o o
Vi(z,25) = / ﬁleﬁatzljts dm+/ ﬁgeﬁatzﬂs dr + k(i) (5.18)
0 0

xo o o —px
Ve(z, xs) :/ pre " Bftzlfts dm+/ poe na 8t2tz25ts dx+n(9'és)2.
0 0

where Kk > 1, p1, p2, P1, P2 and u are positives constants, and we denoted

Zo

m=1 m= 7 (5.19)

— X9 !
Designing carefully &, p1, p2, p1, P2 and u leads to the following theorem [I8]

Theorem 5.2. For any v > 0, if the following conditions are satisfied :

—yzo —v(L—20)
b € (%—m’ W) by e (W—m-zo) 76) 7 (5.200)

T— e P
by [, 1—e @ 1 (Lw0)
2 —vyx _ 71
k2 < =20 (1 . <b1 L e )) (5.20b)
by [ 1—eo™ 1ot
2 —y(L—zo) [ 1 _ 22
k}Q <e 0 <1 5 (b1 p— + by 76—’)’(11—960) >> s (520C)

then the steady-state (y*, o) is exponentially stable for the H? norm with a decay rate -y /4.

This is a rapid stabilization result: it holds for any decay rate v > 0. The conditions of this theorem
might seem complicated, but recall that we are using on purpose the simplest possible feedback laws and

we also explicit the dependency in 7. Also, it can be shown that for any v > 0 there exist parameters ki,
ka2, b1, be such that the condition (5.20) hold [I8].

We can make an interesting remark on the conditions given by : it may seem counter intuitive
that b; and by should tend to 0 when v goes to 4+oco. Indeed, if by = by = 0, then there is no more
feedback on the location of the shock and one cannot stabilize the location of the shock. In other words,
for all v > 0 the feedback law we define with works and the decay rate increase with v, but the
limit feedback law we would get by making v tend to +oco does not even ensure the asymptotic stability
of the system. In fact, the explanation behind this apparent paradox is that when « goes to infinity, the
Lyapunov function — is no longer equivalent to the norm of the solution. Therefore, it can no
longer guarantee its exponential decay. More details are given in [I8] where this remark was originally made.

Finally this result can in fact be extended exactly similarly to any scalar conservation law of the form

Oy + ax(f(y)) =0, (521)
where f is convex of class C? and such that f(1) = f(—1) and
min(f'(1), |f'(=1)[) = 1. (5.22)

We see that Burgers equation is in fact a critical case for (5.22)). The question of whether the same type of
result could be shown with f convex without the requirement (5.22)) is an open question.
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5.2. Saint-Venant equations and hydraulic jump

Can the previous method be applied to a more complicated system, such as the homogeneous Saint-
Venant equations? The answer is essentially yes, even though there are some new difficulties [17].

The system we consider is the following

Ol + 0,Q =0,

0,Q + 0, (92H2 + g) =0, (5:23)

where @@ = HV is the flow. Note that the second equation is a balance of momentum rather than a balance
of energy. The two would be equivalent when there is no shock, but they differ when a shock occurs and
this is logical: an entropic shock is likely to dissipate energy (see [55] for more details). In this framework
a steady-state (H*, Q*) with a single entropic shock should satisfy [17]:

1. @ is a positive constant and
H*=H{ >0, forzel0,z), H5 >0, forxze (a}, L] (5.24)

2. Supercritical regime before the shock and subcritical after the shock (entropy condition) :

Q : Q" ;
o V9HT >0, o VgH3 < 0. (5.25)

1 2

3. Condition at the interface (dynamics of the shock)

(@)
Hy  ~l 1480
i 5 . (5.26)

The third condition is called Bélanger equation [35] and is a consequence of the Rankine-Hugoniot condition,
while the second condition is a consequence of the entropy condition in this case.

We can now understand the new difficulty: there are two positive propagation speeds before the shock
and one positive and one negative propagation speed after the shock. This means that there are only three
boundary conditions that can be imposed to the system: two in £ = 0 and one in x = L. Therefore, if we
divide again the system in two: before and after the shock, we will have a 4 x 4 system with only 3 controls,
whereas with Burgers’ equation we had 2 controls for 2 equations. This comes from the fact that only one
propagation speed changes sign. As a consequence there are even more quantities which are not directly
controlled. This is illustrated in Fig.

Nevertheless, the method still works: we select a steady-state (H*, Q*, z

(5-24) (5.26). We define

¥) such that (H*, Q*) satisfies

S

1 Hy V3iiy, A2 Hy + V9

O~ 0 (5.27)
/\3_—(H;—\/9H§>, >\4:H§+ gH}.
And we set the boundary control as
* t,l’s_ - *
Qt.0)-Q" | =G H(t’xi) |- 0 : (5.28)
Q(t7L) - Q* (7E g_ z* ! G4(H(taL) - H;)



S N T 7

>

—

b)

e_

(h,v)

—

(Zl: ZQ)
—
N —
H_
_%
(w1, w2, ug, uyg)

Figure 1: Change of variables to transform the problem into a regular system.a) Burgers equation. b) Saint-Venant equations.
In red, the component corresponding to the propagation speed which does not change sign and on which we have no boundary

control.
where G = (G1,Ga,G3)T : R* — R3 and G4 : R — R are of class C? and satisfy
G(0) =0, G4(0)=0, G}(0) =M. (5.29)
Defining
51‘(1*51‘%) A )
D(w,7) = diag| ———=t"emm """ i € {1,2,3}
D(v) = diag Ze ; <1slA') ef{1,2,3) ],
j=1 A
AoX Y 0 1 1 0
A2—A1 A2—A1 Aod g + As (530)
A2 A SVEREDY by
K= )\12—)12 - )\1—2kz 0 G/(O) j i 0 * 5
O 0 )\3 )\1 >\2
Aat A 0 0 0
A2 A1
bl )\22_/\1 - )\2—)\1 O (O)
N BPYSN A '
22 = 550 Taew 0 G'(0) ol
3 A
0 /\3-&?)\4 1

where s1 =9 =1, s3 =

—1l,zy =29 =1, 23 =2%/(L—x%), x4 = z¥/(a% — L), the following theorem holds

Theorem 5.3. For any v > 0, if, fort =1,2,3,

Y ol
—~ye mN T (HF — Hi —vye =N (HF — H. A
b; € e (H3 3) —. e ( 1 5) . if s (1 Si’) <0,
3 (1- st ) (1—e7mn7) s (1- i) A
(5.31)
—ye TN (H — Hy “EN T (HE — H A
P e o i 2)7 —me . " (Hi 7;1* . if s <1 Su)>0’
3s; (l—si/\—;) 3s; (1—51')\—;) (1 —e =x™) 4
and if the matriz
3 2 AL ya -
D(z*,v) — KTD(0,7)K — brsk(l — s =) (e7 r —1) | D 5.32
(75,7) (0,7) <; (I — )2 rSk( Sk)\4)(€ Ry )> (7) (5.32)
B 27



is positive definite, then the steady-state ((H*,Q*),x%) is exponentially stable for the H*> norm with decay
rate /4.

Once again, this is a rapid stabilization result and, for any « > 0, there exists G satisfying (5.31))—(5.32))
[17].

5.3. Perspective

Stabilizing shock steady-states —or more generally solutions with shocks— is a problem only recently
addressed. There are thus many open questions, which are all the more interesting as the solutions with
shocks are natural solutions of hyperbolic systems. Without being exhaustive, we can list the following;:

e Is it possible to prove a result similar to Theorem without the requirement ([5.22))?

e Concerning scalar equations, is it possible to obtain a global stabilization 7 Some encouraging results
about controllability were given in [68].

e Could this method works for generic n x n system (at least for homogeneous systems)?
e Could this be adapted to BV functions instead of (only) piecewise H? functions?

e Could Theorem still hold, maybe with different conditions, for inhomogeneous equations, starting
with the Saint-Venant equations?

e If we aim at stabilizing a regular steady-state, is it possible to adapt the methods and results of Section
to the BV norm ? Some results exist in this direction [45] [70] but, so far, they only deal with the
case where the propagation speeds have the same sign and the system is homogeneous.

6. PI-controllers

This section starts by a question: in the results presented in Section what would happen if we
made a small error on the control? As seen in Section [3| in general when a disturbance occurs we cannot
ensure exponential stability anymore, and we have to look at ISS instead. However, when the disturbance
is constant, there is a way to recover exponential stability using a tool called Proportional-Integral (or PI)
controllers. The general principle is the following: if a unknown constant disturbance § is added at the
boundary control used in Section [4f and defined in , we obtain

V(t,L) — V*(L) = G1(o(t,L) — 0" (L)) + 6. (6.1)

Then the exponential stability will not hold anymore, simply because, if it could, the left-hand side would
be equal to 0 and, using G(0) = 0, we would deduce that § = 0 which means that there would be in fact no
disturbance at all. However, if one manages to show exponential stability with a control of the form

V(t, L) = V*(L) = Gi(e(t, L) — o*(L)) + kil

] (6.2)

I'=Gi(o(t, L) — 0"(L)),
where kj is a design parameter and I is only defined up to a constant, then adding a small constant
disturbance 6 would simply reduce to redefining I + ¢ as I, and the exponential stability would still hold,
thanks to this integral term added to the original proportional control. PI control is an old tool, its first
apparition seems to date back to the Perier brothers [61, Pages 50-51 and figure 231, Plate 26] (see also
[23]). Then Jenkins’ regulator working on the same principle was studied by Maxwell in his celebrated article
“On governors” [I21]. PI controls were then truly mathematized at the beginning of the XXth century by
Minorski [122]. They are used today as one of the main controller around the world [63]. To give just one
example among many others, the navigable rivers are usually regulated using PI controls [T19], [12], Chapitre
8]. Consequently, there exist many results for finite dimensional systems (see for instance [2, 4], B]). For
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linear infinite dimensional systems there exist some results thanks to spectral tools like the spectral mapping
theorems. For instance, for Saint-Venant equations —~which will be studied in Subsection necessary and
sufficient conditions for the linearized homogeneous equations were found in [I9]. Other results on these
linearized equations using a spectral approach can be found in [I18] [I17) 152} 153]. Other results also exist,
for instance, on parabolic equations [109] [106, [107].

For nonlinear infinite dimensional systems, however, very few results exist. This can be explained by
the loss of spectral tools together with the difficulty of handling PI controllers. However, being able to deal
directly with nonlinear systems has its importance: the stability of the linearized equations does not a priori
guarantee anything about the “real” non-linear systelrﬁ B3]

Among the nonlinear results one can refer to [142], in the case where the system without PI controller
generate an exponentially stable semigroup, [12], 2.2.4.2] where the authors derive sufficient conditions for
homogeneous 2 x 2 systems, [12], 5.4.4,5.5] where the authors find sufficient conditions for the nonlinear Saint-
Venant equations in the special case where the steady-state is constant and [14] where the steady-state does
not have to be constant, but the source term has to be dissipative. One can also cite [I0§] which looked at
semilinear wave equations. In this section, we first present a new tool called the extraction method, which
allows us to give necessary and sufficient conditions for scalar systems. Then we investigate the Saint-Venant
equations and give a general result without any restriction on the steady-state, the source term or the length
of the domain. We also show that it is possible to ensure the exponential stabilization of non-steady target
states using a feedforward approach, and to achieve ISS when there are constant disturbances. This second
part follows what was done in Section [4] using energy-like Lyapunov functions.

6.1. The extraction method

In order to illustrate this method, we look at the simplest nonlinear hyperbolic system, namely the
nonlinear transport equation. And we use the simplest possible PI control that features this robustness
behavior, namely the integral control:

Opu + AM(u)d,u =0, (6.3)
uw(0,t) = —krI(t), (6.4)
I =u(L,t), (6.5)

where A is a C! function such that A(0) > 0 and k; is the control coefficient to be designed. This system,
in appearance quite simple, is already very rich. When the system is linear (i.e. A(u) = A(0) = Ag) the
stability can be found using the spectral mapping theorem. The eigenvalues satisfy

oL
kr 4+ oe*o = 0. (6.6)
and one can show the following [143] (see also [22]):
e Solutions are conjugate: if p is a solution to then p is too

o If kg < 0 there always exists a solution p € Rxq

o If ko € (0, Qkf‘o + ’;—3‘;") there exist exactly 2k solutions p € C such that Re(p) > 0.
From this we can deduce the following stability result [143]
Proposition 6.1. The linear system (6.3)—(6.5) with A = X\ is exponentially stable if and only if

7T)\0
kr e (0, 2L> . (67)

8The fact that the “real” physical system was seldom studied while this control is used in practice can seem surprising.
However, this can in part be explained because many applicative studies prefer to approximate the Saint-Venant system by a
finite dimensional system, see for instance [145].
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While this result is quickly derived, the nonlinear system is harder, precisely because the spectral mapping
theorem cannot be used. As surprising as it may seem, the first stability result concerning this simple
nonlinear system is very recent [143]:

Theorem 6.2 (Trinh, Andrieu, Xu, 2016). If k; € (0, \(0)II(2 — v/2)/2L), then the nonlinear system
(6.3) —(6.5) is exponentially stable for the H? norm, where

M(z) = /z(2 — z)e /2 (6.8)

Here the exponential stability in H? norm is meant in the following sense

Definition 6.1. The system 7 is said exponentially stable if there exist n > 0, C > 0 and v > 0
such that for any T > 0 and initial condition (u°,I°) satisfying the first order compatibility condition
associated to and such that

el gz + 11°] <, (6.9)

the system has a unique solution (u, I) € C°([0,T]; H*(0, L)) x C*([0,7]) and
(lult, Mz + [1E)]) < Ce™ ([u’llm= + [1°]) - (6.10)

Theorem [6.2]is a sufficient condition, meaning that it could be too conservative and that the system could
be exponentially stable for value of kr larger than I1(2—+/2)A(0)/2L. On the other hand, for k; > 7\(0)/2L
it is likely that the system is not exponentially stable since even the linearized system is notﬂ Naturally,
it is therefore very tempting to investigate what happens between I1(2 — v/2)A(0)/2L ~ 0.34A\(0)/L and
wA(0)/2L. And, more generally, it is very tempting to see if we can get a necessary and sufficient condition.
This is the goal of the extraction method introduced in [47] and that we present now.

Our approach starts by finding a good, but possibly conservative, Lyapunov function. Our Lyapunov

function will be slightly different from the one used in [I43] but the method may also work with their
Lyapunov function if we push the extraction far enough (this will become clearer later). We use

Viu, 1) = Vo(u(t, ), I(t)) + Vo(Bult, ), u(t, L)) + Vo(2u, yu(t, L)), (6.11)

where Vj is given by

L . L 2
Vo(U, I) ::/O f(z)exo*U? (x)dx + (/0 aU(x)d:chﬂI) , (6.12)

where f(z) = f(0) + (f(L) — f(0))z/L and f(0) > f(L) > 0 are two positive constants to be chosen. As in
the beginning of Section 3| the definition of this Lyapunov function can be extended to (U, I) € H?(0, L) x R
thanks to (6.3). One can show that there exists C' > 0 such that for any (u,I) € H?(0,L) x R

1
& (i + 111%) < Vi(w, 1) < C (lullfe + [1117) - (6.13)

With this Lyapunov function one can show the following result [47]

Proposition 6.3. If k; € (0, @), then the system (6.3)—(6.5) is ezponentially stable for the H? norm.

90f course, this is not obvious as counterexamples exist where the linearized system is not stable but the nonlinear system
is [54} (140, 21].
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This is closer, but not quite enough to conclude. Thus, we look again at the eigenvalue equation .
Recall that, if k; € (w)\o/2L, @ + mAo/2L), there exist exactly two eigenvalues that have a non-negative
real part and they are conjugate. Therefore we can denote them by p; and p;. This means that, in the
linear system, if we could extract from the solution the part that correspond to p; and p; then the solution
would be exponentially stable for k; € (0,27\g/L + w\o/2L). Therefore, even if our Lyapunov function V'
is conservative, there is a hope it might still allow us to show the exponential stability for kr € (0,7\g/2L)
because this is a much smaller interval than (0,27\g/L + wAo/2L). So, if we could define a projector p on
the eigenspace E,, 5, associated to p; and pi, we could separate any solution (u, ) in two parts:

e The part p(u, I), which belongs to a finite dimensional space. Therefore we might be able to find a
good Lyapunov function and to show its exponential stability for k; € (0, mAg/2L).

e The part (u,I) — p(u, I), which still belongs to an infinite dimensional space. This part is stable for
kr € (0,2wX\o/L + wAo/2L) and therefore even our conservative Lyapunov function V' might be able
to show the exponential stability for k; € (0,mAo/2L).

Overall, if our hopes are fulfilled, we are able to show the stability on k; € (0,7\g/2L) for the linear system
using a basic quadratic Lyapunov function of the form 7. And, as this proof relies only on a
basic quadratic Lyapunov function, there is a hope that it would also work for the nonlinear system. As
shown in [47], it turns out to be true. There are several difficulties to show this:

e Finding the projector p. In this example, finding the form of a potential projector p is not very hard,
but showing that it is a projector is more challenging. The expression of the projector is given by:

pi= (g;) , (6.14)

with

¢> 01 /L i—lx L1y, .
= z)e*o"dr + Age>o "1 | e o
n (I (01 L+ Xo) \ Jo o) 0

B . 7 ) 7 (6.15)
01 i—lw i—lLl —i—laj
faLi </ plejerdrd doc ) o
¢ 1 /L ag g\ _eiy
= I A
P2 (I) (QlL n )\0) ; (b(x)e 07 dx + Age>o e *o
(6.16)

1 L a1, a1y _oiy,
+ = z)erodr + Age*o "I | e Ao,
(01L + M) </0 #e) 0 >

where z refers for the conjugate of z.

e When using V on (u, I)—p(u, I), we need to find a way to exploit the fact that (ug, I := (u, I)—p(u, I)
is orthogonal to E,, 5,. To do this, we find a function € such that fOL O(z)ua(t, z)dx = 0 and we can

then add meL O(x)usa(t, z)dx to the expression of dV (u(t,-),I(t))/dt for a k that can be chosen and
optimized (see [47] for more details).

e When looking at the nonlinear system, (ui, 1) := p(u,I) and (ug,I2) are coupled and have to be
studied together.

Summary. We give here the different steps of the extraction method:

1. Find a good Lyapunov function candidate
2. Isolate the eigenvalues that limit the stability. These eigenvalues do not need to be explicit.
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0 - z
p(u) u — p(u)
finite dimension
limit of stability: 7 0 >

R4 <

Figure 2: Illustration of the strategy of the extraction method. In red, the stability domain that can be obtained using directly
a Lyapunov function. In blue, the total domain of stability for the linear system (obtained with spectral tools). Values are
normalized such that Ag/L = 1.

3. Find a projector p on the eigenspace generated by these eigenvalues.
4. Find a function 6 such that

/L O(z)us(t,x)dx =0 (6.17)
0

where (ug, I5) := (u,I) — p(u, I).
5. Find an optimal Lyapunov function for the finite dimensional quantity (u,I;) := p(u, I).
6. Use (6.17) in the expression of dV (u(t,-), I(t))/dt to improve the range of stability for the parameters.

If this is not enough, then we can go deeper in the extraction and extract not only the first eigenvalues that
limit the stability but also the following ones. The method is illustrated in Figure

Using this method, one can show [47]:
Theorem 6.4. The system (6.3))—(6.5) is exponentially stable for the H? norm if

k€ (0, ”;(LO)) . (6.18)

And, as expected, the result is optimal

Proposition 6.5.2 There exists ki > %(LO) such that for any W;‘(LO) < kr < ki, the system (6.3)—(6.5) is
instable for the H* norm.

We introduced this method on a simple system (6.3). In fact, this example is more general as it may
seem: every scalar quasilinear hyperbolic system can be reduced to this case. Indeed, let us consider:

Oy + My, )02y + g(y,z) =0,
y(t,0) = y*(0) — ki1, (6.19)
I=(y(t,L) —y"(L)),

where y* is the steady-state to be stabilized and A(y*(+),:) > 0. Then we have [91]

Theorem 6.6. The steady-state y* is exponentially stable for the H? norm if

L 9yg(y*,8)+yz0, A\ (y",
Texp (fo 9y S,\)(y'z,s)‘/ (v s)d8>

2-1(L)

kre |0, , (620)

where 171 is the inverse of the strictly increasing function given by

l(z) = /Ow Ay*(s), s)ds. (6.21)



and

Proposition 6.7. There exists ky > k. := Texp (fOL(ayg(y*, s) + yroy A (y*, 8)) /A (y*, s)ds) /217 Y(L), such
that for any kr € (ke, k1) the steady-state y* of the nonlinear system (6.19)) is unstable for the H? norm.

6.2. Saint-Venant equations and regulation of navigable rivers

In Section [, we have seen several results about the boundary stabilization of density-systems, which
include Saint-Venant equations. However, in real applications the Saint-Venant equations are actually
stabilized with PI controllers for robustness purpose. We deal with this system in this subsection. If we
consider a rectangular channel with a given friction model, the Saint-Venant system is

O H + 0,(HV) =0,

2 6.22
oV +Vo,V+go.H+ (ld}; —C(x)) =0. ( )

where k is the friction coefficient, C is the influence of the slope. When stabilizing a steady-state (H*, V™),
the PI control is given by

H(t, L)V (t, L) — H(L)"V(L)" =kp(H(t, L) — H*(L)) — k11, (6.23)

j:H(tvL)_H*(L)v .
while the other boundary condition is given by the upstream flow Q)¢ which is usually an unknown constant,
H(t,0)V(¢,0) = Qo. (6.24)

Until the results of [90], the most advanced results on this nonlinear system was the given in [14]

Theorem 6.8 (Bastin, Coron, 2018). If C = 0 (i.e. there is no slope), for any steady-state (H*,V*) €
H%([0, L],R?) of (6.22)(6.24)), if the following conditions are satisfied

kp>1, kr>0, (6.25)
then the system is exponentially stable for the H? norm.

Surprisingly, the condition do not depend on the steady-state to stabilize. Looking at (6.23)), (6.25), this
means that one does not need to know the entire steady-state to be able to stabilize the system, but only
its values at = L. The first result of [90] is to show that, in fact, the following holds

Theorem 6.9. For any steady-state (H*,V*) € H?([0, L],R?) of (6.22)(6.24)), if the following conditions
are satisfied,

kp >0 kr >0,
gH*(L) — V*3(L) (6.26)
ky < — k
or ky < V(L) , kr <0,

then the system is exponentially stable for the H? norm.

In addition to improving the conditions given in Theorem [6.8] this theorem also removes the restriction
on the slope. Note here that the second set of conditions in are quite counter-intuitive. Suppose that
H(t,L) is too large compared to the target value H*(L). The second set of conditions imply that it can
be a good strategy to reduce even further the flow leaving the system at x = L, although intuitively we
would expect this to increase even more H (¢, L). Note also that when the system is homogeneous, the con-
ditions are optimal [I9]. This result is shown using an energy-like Lyapunov function, like in Section [4]
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In fact, the results in [90] go further and allow to stabilize also a slowly time-varying target state by
adding a feedforward component to the PI controller. This is important in practice as the inflow Q¢ often
changes a lot during the day, but slowly. In this case, the goal is to keep a constant height at x = L, namely

H(t,L) = H,, (6.27)

where H, is the target height. The first step is to define this slowly time-varying target state that satisfies
(6.27)). We choose this target state as the solution to

8 Hy + 8,(H, Vi) = 0,
kVE
6tV1 + ‘/161‘/1 + g@acHl + ? — O(I) = O,
1
Hi(t,0)Vi(t,0) = Qo(?),
Hy(t,L) = H,

(6.28)

with H;(0,-) = H and V4(0,-) = Vi, where (H{, V) is what would be the steady-state of the system if
Qo was a constant equal to Qp(0). Under the assumption that ||Qo|/L~ < +o0, it is possible to show the
existence of (Hy, V1) by studying an intermediary family of functions: the family of functions (H;, V;*)i>0
which, for each t fixed, would be the steady-state of the system if )y was a constant equal to Qo(t). More
details can be found in [90, Proposition 1.1]. From this point we can define the new controller

H(t,L)V(t,L) = HyVi(t, L) + kp(H(t, L) — H,) + k11,

I=H(L) - H,, (6.29)
where H,V(t, L) is the additional feedforward components. And the following theorem holds
Theorem 6.10. There exists § > 0 such that if |0;Qol|c3([0,400)) < 0, and
kp >0 kr >0,
or k, < —gH*([{/)*zL‘)/*Q(L), kr <0, (6:30)

then the target state (Hy, V1) of the system (6.22), (6.24), (6.29)) is exponentially stable for the H? norm.

Since the target state in time-dependent, the definition of exponential stability in this theorem has to
change slightly to ensure that it does not depend on the initial time.

Definition 6.2 (Exponential stability). Let (Hy,V;) € C°([0,T], H2(0, L))NC([0,T], H*(0, L)) be a target
state of the system (6.22)), (6.24)), (6.29)). This state is said to be exponentially stable for the H? norm if there
exist C' > 0, n > 0 and v > 0 such that for any 7' > 0, ¢y > 0 and any ((H°, V), Iy) € H*((0,L);R?) x R
with

|HO — Hi(to, sz + [V° = Vilto, ) a2 + 1ol < m, (6.31)

the system (6.22)), (6.24)), (6.29) with initial condition ((H°, V?), I) at to has a unique solution ((H,V),I) €
CO([to, to + T], HQ(O, L)) X Ol([to, to + TD and

[1H(t,-) = Hilto, )l[mz + IV (£, ) = Vilto, )= + [1(2)]

(6.32)
< Ce =) (| HO — Hy(to, )| a2 + |V = Vilto, ) a2 + [ To]) » ¥t € [to, to + T

Finally it would be interesting to know what can happen if we have no knowledge of the inflow Qq(t).
In this case, it is not possible to compute H; and V; and to apply the control (6.29). However, it is still
possible to treat 9;Qy as a boundary disturbance and to get an ISS estimate
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Theorem 6.11. There exist 0 >0, C > 01 >0, and v > 0 such that if |0;Qollc2([0,4-00)) < 9, then for any
T >0 and ((H°,V°),Iy) € (H?(0,L); R?) x R such that

|H® = H* || g2 + |[V® = H* | g2 + |Lo| <, (6.33)

the system (6.22) —(6.23)) with initial condition ((H°,V°), Io) has a unique solution ((H,V),I) € C°([0,T], H*(0, L))x
CL([0,T)) which satisfies the following 1SS inequality

[H (L) = Ho(t: )20,y + IV () = Vot )l 20,y + (D))

< C —~t HO _ H* 0 _ * I ¢ a 82 83 ,st (634)
<Ce " (] 2 + V7 =V + Io + ; (10:Qo(5)] + 07 Qo(s)| + 1931, Qo(s)[)e™ds |

6.3. Perspective

This section brings several perspectives and open questions:
e Can the extraction method be successfully applied on a 2 x 2 system? And on an n X n system?

e The extraction method works well for a system where the difficulty comes from the PI control. Would
it be possible to apply it to the framework of Section |3| with a control of the form , assuming that
necessary and sufficient stability conditions for the linearized system are known? For instance, would
it be possible to deal with the example given in [12, Section 5.6]? The difficulty would be to find a
way to exploit the information one has on the solution once the limiting part is extracted, in other
words to adapt what is done in [47), (61)-(63)] without a PI control.

e Are the sufficient boundary conditions (6.26)) for the stabilization of the Saint-Venant equations with
PI controller optimal?

o If not, could we get other better conditions on the control parameters k, and k; using the extraction
method or another method? And what would be some necessary conditions on k; and k,?

e Could other methods like the sliding mode be applied in this case (see for instance the promising work
of [I13])?

7. Conclusion

In this paper we presented cutting-edge tools to stabilize nonlinear 1D hyperbolic systems with boundary
controls. We presented how the energy-like Lyapunov functions (or basic quadratic Lyapunov functions)
allow us to prove several generic results, and we investigated their limits. We presented how an important
class of physical equations —the density-velocity systems— have a particular structure that allows one to
always have an energy-like Lyapunov function. We presented a method to stabilize steady-states with a
shock in scalar equations and in 2 x 2 systems on the particular example of Saint-Venant equations. We
presented an extraction method applied to scalar systems with a PI control, which allows us to use the
spectral information of the linearized system in order to stabilize the nonlinear system. This is motivated
by the fact that the stability of the linearized system does not give any information on the stability of
the nonlinear system in general, but in many cases both still coincide. Finally, we presented a practical
result concerning the stabilization of Saint-Venant equations by PI controls. This framework has been
used in practice for the stabilization of navigable rivers and has been studied for many years. This result
allows stabilization of the Saint-Venant equations without restriction and works with minimal knowledge
of the river. Surprisingly, the only information required is the targeted height of the water. Despite the
growing number of results in the last decade, stabilization of nonlinear hyperbolic systems is still a very
open field. Even only in one space dimension, many problems still remain unsolved. The absence —so far— of
a generic link between the stability of a linearized system and the nonlinear system associated; the wide use
in practice of mathematically complicated controllers such as PI controllers; and the natural appearance of
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shocks in solutions of hyperbolic systems, are three reasons that make these systems both challenging and
very interesting to study. Systems in higher space dimensions, i.e. 2 — D or N — D systems, remain for
the most part inaccessible at present —with a few rare exceptions— but there is good hope that in the future
they will be within the reach of the tools and methods of the mathematical theory.
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