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Abstract

This work investigates the boundary stabilization of flows in star-shaped and tree-shaped networks of
open channels governed by the Saint-Venant equations with a friction term. Due to the existence of the
friction term, the steady-states are non-uniform. We show that any such network can be stabilized with
only controls at the terminal nodes of the network, even when there are no controls at the nodes inside
the network. The number of control is optimal. The main tool we use is the Lyapunov approach, and
the main challenge is that the state-of-the-art Lyapunov functions developped for Saint-Venant equations
with source terms cannot be used. In this work, we manage to construct a new efficient and explicit
Lyapunov function and, in turn, we give explicit ranges of the control tuning parameters that depend
only on the values of the given non-uniform steady-states at the ends of the branches. Moreover, this
Lyapunov function also improves the existing conditions found in the last decade for a single channel
modelled by Saint-Venant equations.

Keywords: Saint-Venant equations, Lyapunov approach, Stabilization, Feedback control, Networks, Star-
shaped, Tree-shaped

1 Introduction

1.1 Context

Saint-Venant equations are prototypical one-dimensional hyperbolic systems that describe the flow of shal-
low water in open channels. These equations consist of the conservation of mass equations and momentum
equations, which are both extensively studied in mathematics and widely utilized in hydraulic engineering
for rivers, canals, and other waterways (see [I7]). The initial research on the exponential stability of the
Saint-Venant equations using boundary feedback control starting in the 1980 and focused on a simplified
single-channel model, which did not account for friction or slope. In the earliest work [I8] by Greenberg and
Li, the authors obtained the stabilization of 2 x 2 system in the framework of C'' solutions by characteristic
method. This was later generalized in [12], 44] [50] and then in [7, 24] 25]. Later on, in the years 2000, Coron
et al. identified in [8, 9] a general H2-Lyapunov function which provided sufficient conditions for boundary
stabilization, still for the simplified model. This approach was improved in [I] to more general systems
and, in 2017, Bastin and Coron introduced a new explicit Lyapunov function for ensuring the exponential
stability of some physical 2 x 2 hyperbolic systems with nonuniform steady-states including the Saint-Venant
equations, this time with a friction term (but no slope) [3]. In 2019-2021, Hayat and Shang constructed yet
another explicit quadratic Lyapunov function which could handle the general Saint-Venant equations (with
arbitrary slope and friction terms) in [27] and generalized the results to density-velocity equations in [28]. A
remarkable feature compared to the Lyapunov function of [3] is that it corresponds to the optimal Lyapunov
function for a single channel in the sense of [I]. Another approach, the backstepping method, was also used
to solve the stabilization problems, see for example [I1], 13} [15], 31} [32]. While very powerful, this approach
often give rise to full-state feedback control that require an observer to be applied in real-life applications.
Recent studies have also investigated the stabilization of two-dimensional Saint-Venant equations [14} [30] [49],
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a problem that also has significant practical value.

All the previous examples deal with single-channel flows, as a logical first step, while most applications
real-world applications are inherently networked in nature. In the past two decades, networks of hyperbolic
systems have been studied, for instance, in [16, 21, [43]. In the last years, based on the practical applica-
tions, the controllability and stability of open channel networks modeled by the Saint-Venant equations have
increasingly garnered the attention of researchers, with a particular focus on boundary controllability and
boundary stabilization, given the physical nature of the problem. In [36] 37, [38], Li et al. studied the exact
controllability of Saint-Venant equations in various networks. We also refer to [39] and the references therein
for a comprehensive review of controllability of nodal profile for the networks without loop. Recently, Li
et al. have considered the exact boundary controllability of nodal profile for Saint-Venant systems on the
networks with loops in [41) 5I]. For the stabilization problem, the current state of the art is still limited.
When there is no source term, the exponential stabilization is obtained in [I0L 12}, [35] 47, 48] for various
networks. When the source term arises, in [4], the authors considered a network in cascade where the slope
and friction “compensate” each other, thus resulted in constant equilibria. A more recent work is [26],
there the authors addressed the boundary Input-to-State Stability of a network of channels in cascade, using
proportional integral controllers and considering arbitrary cross sections, slope and friction. Nevertheless, a
cascade system is the most simple example of network and is very far from covering networks in all generality.

In reality, there are numerous examples of river systems that exhibit star-shaped divergent patterns. When
rivers flow into lakes or seas, sediment is deposited, forming deltas [42]. Consequently, the rivers naturally
bifurcate, creating a star-shaped pattern (see Figure or a tree-shape pattern (see Figure . Typical
examples of deltas include the Fraser Delta and the Yellow River Delta and many delta regions are densely
populated and serve as commercial and transportation hubs. The instability of the bifurcated water systems
can lead to land erosion in deltas, resulting in significant economic losses (see [6]). In [34], bifurcations are
also found in alluvial fans, braided rivers, lowland rivers with meandering or anastomosing patterns. In
these naturally formed river landforms, star-shaped structures can also be observed. According to [45] 46],
artificial bifurcations have been constructed to prevent flooding and support agricultural irrigation. This
highlights the importance of star-shaped and tree-shaped structures in hydraulic engineering.

1.2 Contribution of this paper

In this paper, we address the boundary stabilization of the Saint-Venant equations for tree-shaped networks
taking into account the presence of the friction as a source term. Especially, in this case, the steady-states
are space-varying.

The difficulty in a network is that, in real applications (such as irrigation channel for instance) applying a
control at the internal node of the tree is, at best, challenging. Rather, the boundary conditions at these
nodes are imposed by the physics of the system. As a consequence, the relative number of available controls
in a network can be much lower than in a single channel. Our main contribution is to show that one can still
achieve exponential stabilization in the H2 norm of the whole tree-shaped networks with only one feedback
control at each terminal nodes of the tree (see Figure [[] and [2). This means, in particular, that we can
surprisingly achieve the exponential stabilization of the full network with a number of controls that can be
relatively small for large trees and no control at internal nodes of the network or at the root of the network.
Moreover, the conditions on the control tuning parameters are explicit and depend only on the values of the
target steady-states at the boundaries of the terminal branches.

To do so, we found a new Lyapunov function for the H?-norm, different from the ones in [3, 28] (which are
not compatible with the physical conditions imposed by the network) while still being fully explicit. Just
as the Lyapunov functions in [3, 28] this Lyapunov function has the remarkable property of being suitable
for any length of the channels, while this usually does not happen for hyperbolic systems in general (see [2]
Section 2.7] or [24, 25]). As a side product, it also improves the set of best known conditions for the single
channel geometry by providing explicit sufficient conditions that are not contained in the ones of [3], 28] (see



Theorem [2.3)).

On the other hand, since the Saint-Venant equations are a typical density-velocity system—a class of system
omnipresent in physics which encompass all systems that consist in a flux conservation and a momentum
equation [3| 28]. It is expected that our approach could be extended to other density-velocity systems in
networks. Among which, the most studied examples are the isentropic Euler equations for the gas motion
in pipelines, for which one can refer to the related works by Gugat et al [19, 20] and the references therein.

The organization of the paper is the following: we state the main results in Section [2] i.e. the stabilization
result of star-shaped model in Section [2.1] and tree-shaped network in Section 2:2} We show the result in
the case of a linearized system and introduce the main tools in Section [3] which contains the main proof. In
Section [4] we show that the results of Section [3] can be extended to the nonlinear system. In Section [5 we
generalize the result to the tree-shaped network and give the sketch of the proof for the linearized system.
Finally, we give conclusion in Section [f] and some useful computations can be found in the Appendix.

2 Main Results

We start by presenting the main result for a star-shaped network with a single internal node in Section [2.1
and we state the main result in full generality in Section [2.2

2.1 The Star-shaped Model

In this section, we consider a star-shaped model of divergent flow composed of a main channel and n — 1
(n > 3) branches, the direction of the water is shown in Figure[l} Such a geometry can be seen as the basic
brick of a tree-shaped network. Consider the Saint-Venant equations with different friction while maintaining

Channel 1 Channel n-1

G
Y, 06]12

Figure 1: Star-shaped model of divergent flow.

horizontal orientation of each channels defined on [0,400) x [0, L;] (here and hereafter, unless specified, we
always assume that i € {1,2,--- ,n}) as follows

V2 2.1
1
where L; is the length of the channel i, H; = H;(t, x) is the height of the water, V; = V;(¢, x) is the horizontal
water velocity, C; is the friction coefficient, g is the gravitational acceleration. The model has n simple nodes
A, Dy, ---, D, and one multiple node B which serves as the junction between the main channel and the
n — 1 branches. To better approximate real-world scenarios and enhance the applicability when considering
boundary conditions, we consider a constant imposed inflow at the starting node A as in [28] and refrain from



implementing any control at multiple node B, as controlling at multiple node B is challenging in practical
situations. At nodes A, B, D; (here and hereafter, unless specified, we always assume that j € {2,3,--- ,n}),
the boundary conditions are given as

A: Hyi(t,0)Vi(t,0) = Qq,

B: Hl(t,L1)‘/i(t,L1) == iHJ‘(t,O)‘/}(f,O)7
=2
H,(t,L1) = H;(t,0),
D; - Vj(t, L) = #;(H;(t, Lj)),

(2.2)

where the control functions %;: R — R are of class C?, and the flux @; is a positive constant. The
boundary conditions at multiple node B are natural conditions, which are respectively the conservation of
mass and the continuity of the water pressure [29] or water level [37]. For the system ({2.1)), the steady-states

(H}(z), V*(x)) satisfy

(H;V;")
V*2 C.V*2 (23)
-+ gH}) iy,
(7 +ottz), +9 H;
The first equation can be rewritten as
Hi (Vi )e + (H]) V" =0, (2.4)

In this paper, we consider the physical steady-states: H}(z) > 0, V;*(x) > 0 which are in the subcritical
case for all z € [0, L;], i.e. the following conditions hold

gH; (x) = Vi*(z) > 0. (2.5)

Under condition and by - means that

. gOi‘/i*Q
H: = T
(H) (gH; = V;i*?)
5 (2.6)
e
YC T H(gHP - VR
Moreover, from (|2.2))
A H{(0)V1'(0) = Q1,
B Hi (L)V; (L) H:(0
(L)W Z (2.7)

Hi (L) = Hj(0),
Dj: Vi (L;) = %;(H; (Lj)).
From equations (2.6) and the subcritical condition (2.5)), it can be observed that H}(x) is a monotonically
decreasing function and V;*(x) is a monotonically increasing function. In fact, it can be shown that, if L; is
sufficiently large, these steady-states cease to exist. More precisely, there exists a series of critical points @},
where the solution to equations (2.6 will blow up (see [22] 25] for more details). For any given flux @; > 0
such that H} (x)V;*(z) = Q;, looking at (2.6]), z{ should satisfy

QQ

gii; (330) [ (.73 ) H*Q(Z‘O)

(2.8)

it follows that




Thus, in the following we always assume that the lengths L; are such that the steady-states exist on [0, L;],
iLe. L; < 1‘6
We first give the definition of local exponential stability of the steady-states in the H?-norm.
Definition 2.1. The steady-state (H; (z), V;*(z)) of the system (2.1]), is (locally) exponentially stable
for the H2-norm if there exist § > 0, v > 0 and C' > 0 such that, for any initial data (H?(z),V(z)) €
H?2((0, L;); R?) satisfying

I(HY = H V= VOl (0,1.:)82) < 6 (2.10)
and the first order compatibility conditions associated to the system (see [2, Section 4.5.2]), there
exists a unique solution (H;,V;) € C°([0,+00); H2((0, L;); R?)) to the Cauchy problem (2.1, with
H;(0,-) = H?, V;(0,-) = V¥ and, in addition, it satisfies

S IHit, ) = Hy Vit ) = Vi) lmzo,ome) < Ce™ > IIH? = HY, VY = VO)llmo.zyrey.  (2.11)
L =1

One of our two main theorems is the following
Theorem 2.1. For any boundary controls %;, j € {2,--- ,n} satisfying

Ay mid; LY (2.12)
/\+—m])\_’ )\+—|—m]

B(H;(Ly)) € R\ |-

where
* QJ
A7 =\/gH!(L;) + o5
U () + W)Y + 5% (7 (L) - i (0) o)
DL (Ly)E A ((H (L) + (H(0))Y) + 5% (Hy (Ly) — H; (0)) '

are all constants depending only on the values of H (x) at two ends v = 0 and x = L;j. The (steady-state
(H?, V) of the) nonlinear hyperbolic system [2.1)), [2.2)) is ezponentially stable for the H*-norm .

Remark 2.1. This theorem and its counterpart for the tree-shape network (Theorem [2.2]) are surprising for
two main reasons:

e [t shows that there is no need to have a control at the junction. This is particularly striking for a full
tree-shape network (see Theorem where there is no need to have controls inside the network to
stabilize the full network: one only needs to have controls at the ends of the network. This also implies
that for nonlinear hyperbolic system on the network, the controllability and the stabilization are quite
different, see [306] 37 [38].

e The (sufficient) boundary conditions for the stabilization are perfectly explicit and they only depends
on the target height H; of the branches at x = 0 and z = L;. This was already the case for a
single channel in [28], however there is still no simple explanation today as of why and the “magical”
Lyapunov function of [28] cannot be used in our case, precisely because of the boundary conditions
imposed by the junction.

Remark 2.2. In the special case where V' = 0 for some jo € {2,---,n}, the result still holds with the
condition on %} (H (Lj,)) being replaced by

B (H,(Ly,)) € (0,+00). (2.14)

Remark 2.3 (Number of controls). One can note that this is a 2n x 2n system with n — 1 boundary controls.
This number of control is optimal in the following sense: there are n — 1 components that are propagating
from D; to B. In the particular case where there is no friction, for any j € {2,---,n} there is no source
term for Channel j and the component propagating in the direction D; to B is not coupled to any other
component except at the node B. Hence, its behavior cannot be influenced if there is no boundary control
in Dj.



2.2 Tree-shaped Network

In this section, we consider a more general tree-shaped network. We intend to show that, in this framework
as well, the full network can be controlled using only controls at the terminal simple nodes. We consider
a network composed of n channels indexed by ¢ € Z = {1,--- ,n} and with length L;. Let A denote the
root node, that is the starting point of the network and label the trunk channel as i = 1. We assume that
the network has a tree-shape: all multiple nodes representing an internal junction in the network have only
one single incoming channel but possibly several outgoing channels (see Figure [2| for the illustration of a
typical graph). We adapt the notation in [51] and denote these multiple nodes by Ji, where i is the index
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Figure 2: Example diagram of a tree-shaped channels network model. In this example, 2,3,4 € Z..;,
deg(Ji;) =4,and 1,7 € M and 5 € S.

of the incoming channel (i.e. the channel that ends at this node), and we denote by Z , the set of indices
corresponding to outgoing channels at this multiple node (i.e. the channels connected with the incoming
i-th channel). The total number of channels connected with the multiple node J}, is called the degree of
this node, denoted by deg(J%,). Correspondingly, we denote the simple nodes at the ends of the network
(i.e. the terminal nodes of the network) by Ji where i is the index of the incoming channel (i.e. the channel
that ends at this node). We also denote by M the set of indices of channels that end at a multiple node and
by S the set of channels that end at a simple node. The boundary conditions are given as follows

A Hy(t,0)V1(t,0) = Qq,
Jhot Hi(t, L)Vi(t, Li) = > H;(t,0)V;(t,0), i€ M,
GETL (2.15)
H(t,L;) = H;(t,0), i€M, jeTIl,,
Jb:Vi(t, L) = B;(H;(t, L)), i€S,

where, as previously, the control functions %;: R — R are of class C? and are only applied to the end of the
branches, the flux Q; is a positive constant and the boundary conditions at the multiple node J}, are again
the conservation of mass and the continuity of the water pressure or water level.

We emphasize that in contrast to the star-shaped model, where Hy(¢,0)V1(¢,0) is a constant, the flux
H;(t,0)V;(t,0) (j € Z¢,,.i € M) (i.e. the beginning of each outgoing channel that is connected with the i-th
incoming channel) is not necessarily constant but depends on other channels and is subject to the natural
physical condition, i.e. the conservation of mass and the continuity of the water pressure or water level (see
(2.15))). Therefore the previous analysis for the star-shaped model does not directly transfer to this case.
However, and in particular thanks to Lemma below, we can still show the following result



Theorem 2.2. For any boundary controls %; (i € S) satisfying

AF 4+ miA
PB.(H} (L R : 2.16
il ) € RY { /\+ — mz)\_7 V H /\+ + m;A } (2.16)

where /\ and m; are defined by -D wz’th the index j being replaced by i, the (steady-state (H},V;*) of
the) nonlmear hyperbolic system (2.1), (2.15]) is exponentially stable for the H2 -norm .

Moreover, Remark [2:2] still holds for the tree-shaped network.

2.3 A side result for a single channel

Theorems [2.1] and [2:2] are obtained thanks to an analysis of the network and a Lyapunov approach. As
it turns out, the new Lyapunov function we derive can also improve the best known conditions for the
stabilization of a single channel currently given in [3, 27, 28] by providing sufficient conditions that are not
included in the sufficient conditions of [3| 28]. Indeed, consider the system

O H + 0,(HV) =0,

2 (2.17)
oV +Vo,V+go.H+ gCI‘{/ =0,
on [0, L] with boundary conditions
V(t,0) = Gi(H(t,0)), V(t,L)=Ga(H(L, L)), (2.18)

where the control functions G; and Ga: R — R are of class C? and consider a steady-state (H*(z), V*(z))
with gH*(x) — V*2(x) > 0. We have the following theorem

Theorem 2.3. For any boundary controls G1 and Go such that

GL(H*(0)) € (—00,0], Gy(H* (L)) € R\ [ ii LN o ;Zi_} (2.19)

where At and m is given by (2.13) with H* instead of H, the (steady-state (H*,V*) of the) nonlinear
system ([2.17)), (2.18)) is exponentially stable for the H*-norm.

Remark 2.4. Note that the condition on the left Gi (H*(0)) € (—o0,0] is very permissive and much weaker
than the conditions known so far.

The proof of Theorem [2:3]is shown in Appendix [C]

3 A Lyapunov Function for the Linearized System of the Star-
shaped Model

To linearize the system (2.1))—(2.2)), we introduce the disturbances (h;(t, z),v;(t,z)) as
hi(t,x) = Hi(t,x) — Hf (x), vi(t,x) =V(t,z) — V*(x), (3.1)
then the linearized system of (2.1)) is

V*2 3.2
Owv; + g0z hi + V00, — gC; (32)

H*2 <8V*—|—2gCV)vl—O



and the boundary conditions (2.2]) become

A: h1<t,0) = —I‘ﬁ((oo))vl(tao)7
B:ui(t, L) Zvj (t,0), (3.3)

hl(tle) = hj(t’o)’
Dj : ’Uj(t,Lj) = kjhj(taLj)v

here, k; = Bj(H;(L;)) represent the tuning parameters to be adjusted. For any initial condition

(RY(x),v9(z)) € j(( L;); R?), the Cauchy problem (3.2)—-(3.3) with
hi(0,2) = hY(z), v;(0,7) = v) () (3.4)

is well-posed and has a unique solution (in C°([0, +00); H 2((0, L;),R?))) (see [2, Appendix A-B]). More-

i=1
over, we have

Theorem 3.1. If the control parameters kj, j € {2,3,--- ,n} satisfy the condition

Hi(Lj) i (Ly) —ni(Ly)" \ Hi(Lj) i(L;) +m;(L;)

where @; and 7j; are defined explicitly by (3.15)) and (3.58) below, then the system (3.2))(3.3)) is exponentially
stable for the L%-norm.

kjER\

9 ¢i(Ly) +15(L;) g ‘Pj(Lj)_ﬁj(Lj)] (3.5)

To prove Theorem we further simplify the linearized system ([3.2)) by introducing Riemann invariants

yri(t,x) = vi(t,z) + hi(t, ) HL@
(3.6)
yoi(t, ) = vilt, x) — hy(t, ) HL@)
Then system can be written in the characteristic form as follows
Oyri + Mi(2)0zy1i + 716 (2)y1i + 014(2)y2i = 0, (37)

Oryai — Aoi (@) OzY2i + Va2i(2)y1i + 02i(x)y2: = 0,

Mi(2) = Vi (@) + 1/ gH (2) > Mgy (2) = —Vi* (z) + /gH} (2) > 0, (3.8)

where

and

i) = g S B ’ +1—1]
' HY | 4(gH; +Vy) Vi 2y/gH |’
) =SV 1 +1+11,
N o RN o)
GV 1 1 1
Y2i(T) =g i _4(\/973—‘6*)+W_2\/97?‘1’
) = g O N S ]
HE |4a(gH; = V) Vi 2y/gH;



These expressions can also be found for instance in [I]. Simple calculations using the subcritical condition

(2.5) lead to

Y1i > 0, §1; > 0, v2; > 0 and do; > 0. (3.10)

In the following computations, for the sake of simplicity, we still keep the expression of the physical boundary
conditions for nodes A and B as in (3.3]) rather than re-expressing them in the new variables in (3.6)). For
nodes D;, the boundary conditions become

Dj . ylj(ta LJ) = ijgj(t,Lj), (311)
where
1+ k& Hi(Lj)
cj = —— . (3.12)
W D4
g

In order to prove Theorem we first introduce a useful lemma, the proof of which can be found in [27]
Appendix A.1].

Lemma 3.1. Fori € {1,2,--- ,n}, denote by
/\Qi(l‘)

i = i(T), 3.13
then for any x € [0, L;],
5150i Yo;
’ 1Y 7 2
= . 3.14
Noi )\li )\% ©i Noi| > ( )
where (2)
p1i(T
() = 3.15
pile) = 20 (3.15)
with
i 114 (s) 4 @ 524(s )d
() = @B () = e o 3 (3.16)

Next, we prove the following key lemma

Lemma 3.2. Fori € {1,2,---,n}, let x} be the critical point defined by ([2.8)), then

g _ow() o u) -
/ ‘ A2i(8)pi(s) ° = A1i(0) — A24(0) (3.17)

holds for any z € [0, z}).

Proof. In order to simplify the left-hand side of the inequality (3.17), we use the dynamics (2.6) of the
steady-state. Firstly, from (2.6, we have

gCiVi? = (V72 — gH ) (H] e = =M Ao (H} ). (3.18)

Substituting (3.18]) into (3.9)), we can rewrite 71,72, 01; and dg; in the form that depends on the dynamics
of H; as follows

(H?), 3 1 1
(z) = — Aidgi |— o b =
() Hy U Ay - Vi 2\/gH;
C(HD)a 1 1
bril) = Midai | =5 + o + e |
1i(®) Hr e 4\, Vo 2\/gH?
o (3.19)
(H)q 11 1
(@) = — S e | o o — e |-
72i(T) Hr H AN + Vi 2\/gH}
(H?), 3 1
Sai(z) = — A1idai =
ile) = =T Mt gy Ng?:




Using the definition of ¢;(x) in (3.15), we can simplify the integrand in the left-hand side of (3.17) as

v2i(8)

olo 232k dg
A2i(8)wi(s)

272§ =714
A4

%24

A2 )dE L%(S)

Noi(5) (3.20)

Here and hereafter, we will omit the integration variables for the sake of simplicity. From (3.19)), the

exponential function part in (3.20]) can be rewritten as

efo (272§\1 s —i;) '3 —¢ Iy ﬁ(>\2i(2721_'71'i)_)\1i621')d€
53 s (1 )+ s
—e 1i22i ? 7
i 8 s
5 VIHT | vy 3\/gH?
— (HZ*(S)>Z exp /S (H*) ( 2H* i H* (H*) + 2H:l ( *) dé-
H;(0) 0 gH; — T eET v e
11 12
(3.21)
From (3.8) and using (2.4]), we can obtain
[ = Qaide (3.22)
Agi
On the other hand,
/ * * )2
= = . . .
f( >%+Ql VI(H)? + Qs
Combining (3.21)—(3.23)), one has
7
o ()i (TN Jal) VIUTHO) 46
H:(0) A2:(0) \/g(H;(s))% +Q;
7
B (H:@))a ai(s)  VI(H;(0)2 + H(0)V;(0)
 \H(0 A2; (0 *(5))3 ()
_ (Hf(s))z A2i(s)  H7(0)A1(0)
H(0) A2i(0)  H7(s)Ai(s)
_ (HE(S))g Aails) M1i(0)
H7(0))  X2i(0) Aui(s)’
which together with
L gy, Y ey Oy, o VI, (3.25)
Azi 4H} Qi 2\/gH;H;? 2H (\/gH} — V)
gives
f(S) f“ (2’Y2L1;le _%)dsﬁ
2
5
([ HP(s)\? A2uls) Aui(0) X 1 Hz'* Q; gH;
— : . . C(H)s |~ — _
H0))  X2(0) Auis) 4H; Qi 2«/gH*H*2 2H; (\/gH — Vi)
(3.26)

10



Firstly, we focus on i E 3) i‘\i ES;, since

A2i(8)A14(0) — )\21() 0)A1i(s)
= (o) - v @) (Vo0 + v ) = (Vo0 - ve)) (Va0 + v 0)

~2va (i v 0) - 10V ) (3.27)
:u@@<vﬁ*H*()VT)H* ).

From (2.6), H; is a monotonically decreasing function, it follows immediately that
)\21‘ (0) )\M(S)

Next, we focus on g* Eg; 22:(0 (5) and obtain that “ =, /% + (}?—:)2 is an increasing function since H} is

decreasing. As a consequence

<1 (3.28)

Hi(s) A1(0)
H(0) Aiils)
By using the relationship (3.29), and recalling that (H;), < 0, we know that

<1 (3.29)

(H?‘(S)>2 A2i(s)  A1(0) gH; (s) (H)
Hx(0) A2i(0)  Aqi(s) 2H? (s)(\/gH}(s) — Vi*(s)) e
_ H:(S) 2 . >‘2i(5) V ng*(S) * 3.30
= (HZ‘(O)> A2i(0) 2H*(s)(/gH; (s) — v;(s))(HZ )s (3.50)
(s)
(0)

>g 1 \/gH[(s)
)\21(0) QH;((S)

Again from ({2.6)), we know that H(z) is a decreasing function, therefore g ES; < 1, this together with (3.28)
gives

mx—“m@f 1@4@@f¢@m+cmﬂgl gm@%m%(wn

H7(0) A2i(0) 2H[(s)

As a consequence,

g H (zq) H: 2 1 § Hy (zb) He 2\/971_* .
of@“<_ﬂm>(m@)4m@ﬁl_ﬂm><m@> o
H{ (zq) * 0\ 3 H .
_/H;(o) (HI;EO)) Azzl(o) Qi{f o (3:32)
15 () (o0t - rzaan®) + 2 (2 ) (o* - ad)*)
+4giD(H§m)g« HO) — (1 (1)),

We denote d; = H} (z})/H;(0), then d; € (0,1), i € {1,2,--- ,n}. We now express the three terms in (3.32)
using d; as the following

B(#wfﬁm@ﬁ H:at)?) - L (1-a2). (333
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Since the critical points satisfy (2.9), we have

B () oy - e = (i) () o - e

i \Lo (3.34)
_ 1 g
=7 (a7 -af).
And using the definition of the critical points (2.9) again, we obtain
3
\/g 1 2 * 2 * 2
H(0))” — (H;
g * *
(B0 - (] (20)))
gH;(0) — Qi(H;(0))~1)(H[(0))>
1 ((HF (0)2 — (H; (20))?) Y
= - Hz* 0 — Z* i)
4((H;(0))2 — (H; ()% \/H; (0))
1 ( 1— d2 )
4\1-a?
One the other hand, we have
MO0) U0 + Qs
A1(0) = A2(0) 2Qi
1
3 (14 (o))
2 Qi (3.36)
1 * 3 * 0,0\ —2
=5 (1+ @)} ) H))
1
=5 (1+a7).
So overall, to show (3.17) it is sufficient to show that
1 s s\ 1 (1-d? 1 5 1 3
_ L2 ]2 _ —_J2 - 2
1 (4 dl>+4< d2>+10(1 a;) <5 (1+d %), (3.37)
which now only depends on d;. Multiplying di% to the both sides of the above inequality, we obtain
3
7, dF 1—d? 4 3 1
—%di + T 1—0dl + T (3.38)
1—d;
then multiply 1 — di% to the both sides of the above inequality, this is equivalent to
7 - 7 2 3 1 I 1
Since d; € (0,1), we have
7 4 7 2 4 3 3 4
QOdl 20dZ 10d2+10d d2<10d2+10d d . (3.40)
Thus, we only need to verify that
4 5 1 4, 1
Od 54 ﬁd 4d2 < 1 (3.41)
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To that end, define

1 s 4 1
p(z) = Eaxg + TOxS - 1304, (3.42)

then p(0) = 0 and p(1) = 1/4. Taking the derivative of p with respect to x, we have
p(z) = iﬁ—l— 93:2 —a®. (3.43)
20 5
Note that 2% > 23 on (0, 1), hence for any z € (0, 1)
3
p'(z) > %\/E > 0, (3.44)

which means that p is (strictly) increasing on [0,1] and that p(z) < 1/4 for z € (0,1). The proof of the
inequality (3.17)) is complete. O
Based on Lemmas [3.1] and we can prove the following

Lemma 3.3. Fori € {1,2,---,n}, let x} be the critical point defined by ([2.8)), the solution 7);(z) to

L |Oupi | 2

/ iPi i 9

i = + Ak

7 Mo Do (3.45)

exists on [0, ).
Proof. Tt can be shown from (3.15)) that A\1; > Ag; > 0. From (3.69), ¢; > 0 and thanks to (3.10)), we have

51i80i+ Yoi o

- > 0. 3.46
s )\21'901'77 ( )
Denote by
511‘%‘ Y2

G = I; = 3.47
@)= B2 L) = (3.47)

we rewrite the equation in (3.45)) as
7 = Gi(x) + ()} (3.48)

Note that (3.48)) is a Riccati equation. Since, from Lemma that no; is a special solution to (3.48]), thus
the general solution to (|3.48|) can be expressed as

i = Ui + 70i- (3.49)
Substituting to equation , one has that u; should satisfy
ui(z) = Li(x)ul(z) + 21;(2)nos (z)u; (x) (3.50)
which is a Bernoulli equation. Moreover, from ,

~ A2i(0)
)\12‘ (0)

By comparison principle (see [23]), one has u;(xz) > 0 as long as w;(z) exists (note that ng, is a positive
function). We now solve (3.50) as follows. Let

ui(0) = 7;(0)

> 0. (3.51)

u;
then wu; is a solution to (3.50)) if and only if z; satisfies

2i(x) + 2L;(x)noizi(z) = —I;(z). (3.53)

13



The solution to (3.53) is
zi(z) = e~ Jo 21 (€)mo: (§)dg <zz(0) _ / elo 2Ii(£)n0i(£)d51i(5)d5) ) (3.54)
0

Noticing (3.49) and (3.52)), this means that as long as
1

SEHIOUOLY AV F— (3.55)
/ g (0) 7701(0)
the solution to (3.48)) is
x ].
7ii(x) = noi(z) + elo 21i(Emoi(€)de . (3.56)

— fOI elo 21i(€)770i(5)d§[i(5)d3 4 m

We observe that — f edo 21i(©)noi (e 1, (s )ds is a monotonically decreasing function of x with zero as its
maximum value (note that v,; > 0 from , thus I; > 0 from ) Noticing the expression of 7y; in

, one has
1 B A1:(0)

7:(0) = m0i(0) — A1:(0) — A24(0)
Moreover, noticing the expressions of 7g; in (3.13)) and I; in (3.47)), we obtain that the solution to (3.45)), i.e.

(3.57)

z 6724 (8) de¢
_ Aoi() elo 230
ni(z) = wi(z) + (3.58)
Ai(x 23248 dE y34(s) A14(0)
1i() — oo 23 @ 2125);1 ds + 5135
exists on x € [0, z{) thanks to Lemma O

Remark 3.1. Using the equivalent expression (3.19)) of v1;, v2:, 01; and d;, and the fact that H'V;* = @Q);, a
key nontrivial observation is that the expression of (3.58|) can be further simplified as

m(a) = mi(0) 2N pia) = i o), (3.59)
where
Y(H; (2))% + 355 ((H7 ()" + (HF (0))*) + 535 (H; (x) — H;(0))
m;(x) == f . (3.60)
— 3 (H; (2))% + 37 (H; (2))* + (H; (0)4) + 3% (H; (2) — H;(0))

We leave the proof to Appendix

With the existence of 7j; on [0, ), we can show the following

Lemma 3.4. Fori € {1,2,--- ,n}, one has
i(z) > mi(x), Va e (0,xp), (3.61)

where 7; is the solution to (3.45) and ¢; is defined in (3.15)).

Proof. The proof of this lemma is based on a comparison argument. We will drop the index ¢ for clarity
given that 4 is fixed all along the proof. Note first that ¢(0) = 7(0) = 1. Note also that, from (3.15)),

’ 71 P
= _— —_— M 2
® <)\1+/\2>cp, (3.62)

_ 01 Yo N )
! + = . 3.63
0= < N 2 (3.63)
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Let us compare the two right-hand sides of (3.62) and (3.63)): from (3.9), we have

’71 52 61 Y2 gCV*2 1 1 1 1 1 1
%2 - Sl [ I S 0 3.64
N ()\1 * Ag) T 2\ )T \n N Y (3:64)
where we used (2.5). In particular, this means that 7/(0) < ¢'(0) and, as a consequence, there exists
x1 € (0,20) (recall that xg is defined in (2.9))) such that

f(z) < ¢(x), Yz € (0,21]. (3.65)

Assume by contradiction that there exists xo € (x1,x¢) such that 7(x2) = ¢(z2). Then, without loss of
generality we can assume that for any « € [z, z2), 77(z) < ¢(z). This implies in particular, using (3.10) and

ESD).

_ o1 727 o1 | e Mo 02
1 < 3.66
U <A1+/\2(p Sl w R /\1+/\ p=¢' on [z1,22). (3.66)
As a consequence, ¢ — 7] is increasing on [z1, 22) and thus
0 = @(x2) —i(x2) > @(x1) —7(21) > 0, (3.67)
which is in contradiction with the definition of x5. O

With Lemma and Lemma in hand, we are now ready to prove Theorem

Proof. We construct the following Lyapunov function

n L;
t)= Z/O (fri(@)y?s(t,x) + fai(2)y3,(t, ) da, (3.68)
i=1
where ) |
fri(z) = Oéi@%im7 fai(x) = Oéi@gi)\%, (3.69)

where ¢1; and ¢9; are defined in (3.16)), c; > 0 are the weight coefficients to be chosen, and 7; is defined as
follows: 7); is the solution to

’ o111 Y21 o

1= A11 * A1 e (3.70)
m(0) = A21(0) L

A11(0)
and for j € {2,3,--- ,n}, n; is the solution to

PR L Y

a ﬁ i A2jpj 77] e (3.71)
n;(0) =1+c¢,

where £ > 0 is a constant to be chosen. Note from Lemma and Lemma that when ¢ = 0, these
functions are well-defined on [0, L;]. Therefore, there exists 9 > 0 such that for any € € (0,0), 1; exists on
[0,L;] for any i € {1,2,--- ,n} (see for instance [25, Lemma 4.1-4.2] or [23]). It is straightforward to verify
the existence of a constant C' > 0 depending only on the parameters of the system such that

Q \

Z N2 (0,0:ym2y < V(#) < CZ (A D72 (0,272 (3.72)
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for any ¢ € [0, +00).
Similarly to [27], the time derivative of V' along the trajectories of (3.7) is

= Z/ 2f1iy1:(=Mi0xy1i — Y1iY1i — 613Y2:) + 2f2:Y2i(A2iOxY2i — V2iy1i — O2iy2:)] dx
— Jo

n_ o Li
- Z/ (10, y20) Ni (@) (Y, y2i) T de,
i=170

(3.73)

where

=D AT La)yis(t Li) = failLa)Aai(La)ysi(t, Li) = Fri(0)Ari(0)yii(¢,0) + fai(0)A2i (0)y3;(t, 0)]
i=1

(3.74)
is the term that incorporates information regarding the boundary condition and
—(fridti)e +2f1iv1e f1i01 + faivei
Ni(w) = (U . 3.75
(z) ( fri01i + faiyoi (f2irei)s + 2f2i02; (3.75)
One can easily check thanks to (3.69)—(3.70) (see for instance [28]) that
det N; > 0, (3.76)
and N; is positive definite and therefore there exists v > 0 such that for any (wy;,ws;) € L?(0, L;),
Z / (w15, w31 )N () (s, w2e) e > v (wiiy w2220, (3.77)
Hence, the main challenge is to show that B(t) is positive definite. Denote by
M) fra(@) = Aai (@) fai (@) =: Zi(x) = i Zy(x), (3.78)
A1 () fri(@) + Xoi () fai(z) =: Wi(z) =: Oéiwi(iﬂ);
and .
r = (Uz(t, 0), Ug(t, 0), ey ’Un(t7 0), hl(t, Ll)) . (379)

Remark 3.2 (Dependency in ;). Note that, from (3.69), Z;(z) and Wl(x) defined in (3.78]) do not depend
on «;. This motivates the introduction of these notations.
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Substituting boundary conditions (3.3]) and (3.11]) into B(¢), we obtain

=2

2
Z g
_f21 Ll )\21 L1 ( ’U] t 0 h1 t Ll) H1 (L1)>

n

3

j=2

— f15(0) A1 ( )(Uj(t70)+h1(taL1) g )

+hMMM®GNM—MWM)Hf>]

ﬁﬂ»ﬂ)@wmﬁg H%ywm>

1(0) g
+f21(0)>\21(0) <U1 t 0 0 Hf(o > ‘|

+Z?J2J ) (15 (L) Ay (Ly)ef — faj(Lj)A2;(Ly))

=r" Mr + Fvi(t,0) +Zyzj ) (15 (L) A (L)l — fa; (L) A5 (Ly)) (3.80)
j=2
where
0 Zi(L1) Zy(Ly) -+ Zi(L1) wo
Z1(Ln) 03 Zi(Ly) -+ Zi(L1) w3
Zl(Ll) Zl(Ll) 94 cee Zl(Ll) Wy
M = : : : . : : € Rmxm (3.81)
Z1 (Ll) Z1 (Ll) Zl (Ll) ce en Wn,
w2 w3 w4 e Wn ¢
with

0; = Z1(L1) — Z;(0),

o = VIHT (L)) (Wi(Ly) — W;(0))
’ Hi (L) :

n 3.82
Hf?Ll) (Zl(Ll) - (j=2 Zj(o))) ; (3:52)

1 ) - ,
= Vvl*z(o) (>\21(0))\11(0)f21(0) )\11(0)/\21(0)f11(0)) .

Firstly, for the second term in (3.80) which corresponds to the beginning of the channel 1, from (3.69)), (3.70)

and (3.82)
= = (A%(O)n%(o) - Aél(O))
Vi2(0) 171(0)
A11(0)e? + 22X21(0)A11(0)) > 0.

(=

o (3.83)

=V 0m
Let us look at the last terms in ((3.80)) which correspond to the end of the channels 2 to n.
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Note that, from (3.5), k;,/H 3 /g is located outside the roots of the polynomial

-2 -2 -2
X2< —ZQ)HX(HZJQ)JF( —Zg). (3.84)
J J J

From Lemma and the observation on k;,/H} /g,

H* 72 | H* 72 72
gﬂﬁ( —Zg>+2 gﬂkj<1+zj2>+< —ZJQ>>0, (3.85)
J J J

and therefore

2 2
H* 72 H*
(R i 0 RS R i 0 I (3.86)
g @3 g
which gives from (3.12)) that
)
2 nj (LJ)
c; > . (3.87)
T pR(Ly)

Noticing (3.71)) and from the continuity of ¢ — n;, there exists €1 > 0 such that for any € € (0,¢1), one has
for j =2,3,--- ,n that

2
> ZJ?((Z)) (3.88)
Since from definition
(L) oy (L) (L) (3.89)
L) (L) (L)’ '
2

we obtain that the terms >-7_, Y3 (Lj) (frj(Ly)Aj(Lj)e3 — foj(Lj)Aa5(Ly)) of (3.80) are positive definite
(with respect to (yaz, -+ ,y2;)7).

From Lemma the definition (3.69)—(3.70) and (3.78)), and using the continuity of ¢ — 7, there exists
0 < &2 < €1 such that for any ¢ € (0,e2)

2 .2
Z1(Ly) = (Mafir — Ao for)(Ln) = <011<P%17711 - a1<P%1771> (L) = (0413051 (%mnl)> (L1) > 0. (3.90)

We are left to prove that by properly choosing the parameters «;, the matrix M can be made positive
definite. Noticing (3.78]), we now simplify the n x n matrix M by selecting the specific parameters «; as

= T 1(L1)
1 L, J "/V;(O) ) (391)
such that
Wi (L) = W;(0), (3.92)

which means w; = 0 from (3.82). Note that this is possible since the W; do not depend on the «; (see
Remark . Thus, the matrix M can be greatly simplified as

0o Zl(Ll) Zl(Ll) Zl(Ll) 0

2L 65 ZuLh) - Zi(Ly) O

_ Zi(Ly) Zi(Ly) 04 o Zi(Ly) O
M= , L . (3.93)

2L Z(L) ZiLy) - 6, 0

0 0 0 - 0 ¢
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Then we need to analyze the potential requirements for Z;(0) so that the matrix M is positive definite. To

that end, we focus on the k-th (k= 2,---,n — 1) order principal minor determinant. Thanks to the special
structure of the matrix M, we define the matrices My (k=2,--- ,n — 1) as follows
O Zi(L1) Zi(L1) -+ Zi(La)
Zy(Ly) 03 Zi(Ly) - Zi(Ln)
My = | 4(L) Z(Ly) O oo Zi(Ln) (3.94)
Zi(Lh) Zy(Ly) Zi(Li) -+ O

and make the following series of transformation for matrix M), that will not change its determinant.

e The 2-nd to the k-th row minus the first row respectively;

e Multiply the 2-nd to the k-th row by Zzl Lol)) (I1=3,---,k+1) respectively, then add these k — 1 rows

to the first row, and then restore the 2-nd to the k-th rows;

e Multiply the 2-nd to the k-th column by ?((8)) (1=3,---,k+1) respectively, add these k — 1 columns

to the first columns, and then restore the 2-nd to the k-th columns.

Then we obtain the transformed matrix Mk as

b 0 0o - 0
0 —Z3(0) 0 0
M,=|0 0 —Z4(0) -+ 0 , (3.95)
0 0 0 - —Zi1(0)
where .
+
~ Z5(0)Z1(Ly)
0 = Z1(L1) — Z5(0 _ 3.96
2= Z1(L1) — Za( )+§ Z0) (3.96)
Next, we emphasize that all of Z;(0) (j = ,k + 1) being negative is a sufficient condition for the

determinant of the diagonal matrix Mk (k= 2, -+ ,n— 1) being positive. Indeed, it is easy to check that 05
is positive under Z;(0) < 0. Moreover, from and (3-78), one has

Z;(0) < 0 <= n,(0) > 1, (3.97)

which together with the equations (3.71)) satisfied by 7;, we get immediately that the determinant of the
diagonal matrix M, (k=2,--- ,n—1) is positive. Moreover, from , 0> and ¢ are also positive (using
that Z;(0) < 0), which together with the positive definiteness of M, shows that DM is positive definite. As a
consequence, B(t) is positive definite and therefore, combining this with and , there exists p > 0
such that

V(t) < —uV(t), (3.98)

which ends the proof of Theorem O

Remark 3.3. We point out that though it would seem a priori that condition required for the control
parameters depends on the value of (H LV ) for all € [0, L;], thanks to the key observation of Remark
, it only depends on the values of H; at two ends z = 0 and x = L;. More precisely, condition
1s equivalent to condition defined in Theorem for the nonlinear system. Indeed, one just need to
substitute the explicit expression of 7; in to the bounds of condition , direct computations will

lead to the result.
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4 A Lyapunov Function for the Original Nonlinear System of the
Star-shaped Model

We use the following change of variables
yii =Vi = V" + 2¢/gH; — 2\/gH}, yoi = Vi — V" —2/gH; + 2,/gH}. (4.1)

Note that the linearized version of this change of variable is exactly (3.6) with the definition of the distur-
bances (3.1). Denote by y; = (y1i,%2:)T, the nonlinear system (2.1)) becomes

where the diagonal matrices A;(y;, z) are

) _ Ali(Yiax) 0
with
A K3 Oa A 7 9
1(0,2) = hale (4.4)
Agl(O,.T) - )\21 x),
and B;(y,,z) satisfies
0B; Yi(z)  01i(w)
Bi 07 = 03 .. 07 = : 4.5
0.0) =0, S20.0) = (1) Gt (4.5)
The boundary condition can be rewritten as
y™(t) = H(y™ (1)), (4.6)
where
yln(t) = (yll(tv O)a y21(ta L1)7 yl?(tv O)a y22(ta L2)7 e 7y1n(t7 0)7 an(ta L’n))7 (4 7)
yOUt(t) - (yll(ta Ll)v y21(t7 0)7 le(ta L2)7 y22(t7 0)7 R yln(t7 L’n)a y2’n(t7 0))7 .
and
H(0) = 0. (4.8)

Since we use a combination of Riemman invariants and physical variables in the analysis of Lyapunov
function, we will not give the explicit expression H here for the sake of simplicity, which follows directly
from the boundary conditions , and the change of variables . Note that, despite the nonlinear
change of variables we still have an equivalence in the H2-norm between these variables and the physical
variables around the equilibrium, i.e.

Lemma 4.1. There exist positive constants 6, C such that for every
[(Hi(t, ) — H Vit ) = Vi) lm2(o,0.)m2) <9,
we have

(Hi(t,-) — HF, Vi(t, ) = Vi)l a2 0,0.:r2) <I(wra(t, ), y2i(ts )l a20,0.)5r2)
<C||(H;(t,) — H} , Vi(t,-) = Vi)l m2(0,1.)m2)- (4.9)

L
C

Inequality (4.9) follows directly from the definition (4.1) and straightforward computations, we omit the
details here.
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We consider an augmented system with state (y;, 0:y;, Ony,;) where the dynamics of d;y; and dyy, are simply
obtained by taking partial time derivatives of the equations (4.2) and the boundary conditions (4.6). Very
similar to dealing with the linearized system in Section [3] we use the following extended Lyapunov function

V=Y 3 [ )@, 0)? + o) @it (410)

to prove the exponential asymptotic stability of the nonlinear system:

Theorem 4.1. Under condition ,~the nonlinear system~ and is (locally) exponentially sta-
ble for the H?-norm, i.e. there exist & > 0, v > 0 and C > 0 such that for every initial condition
(yli(07x)7y2i(o>x)) € HQ((O7L1');R2)7 (S {17 n} satzsfymg || ylz 0 .’L‘ y2z 0 m))HHQ (0,L; )R2 < 6 and
the first-order compatibility conditions associated to , (14.6)) (see 12]) there exists a unique solution
(y1i,y2:) € C°(]0, +00); H2((0, L;); R?)) to the Cauchy problem (42) and (4.6) satisfying

ZII (Wit ), yailt, )l 2o, L0ym2) < Ce™* (Z ||(y1i(0’x)’y%(O»ff))||H2<<o,Li>;R2>> , Yt € [0,+00). (4.11)

i=1

Proof. For any T' > 0, there exists 6(7") such that for any initial condition ||(y1:(0, ), y2: (0, 2)) || 2((0,1,):r2) <
§(T) the well-posedness is guaranteed by [2, Theorem B.1] of which the proof is an adaption of [33] and [40].
We now prove the estimation on [0,T]. As usual, we temporarily assume that the solutions (y1;, y2:)
are of class C® in space (this is possible thanks to the well-posedness of the system in C3, see for instance
[24]). Differentiating V along the smooth solutions of (4.2), then we divide the result into boundary part

and internal part:

< B - 10), (4.12)

where

L;

D My @) fra(@) (08 y1a)* = Aoy s @) foil(@) (OF y20)*]

1=

Z/ Ofy; Ni(z)o}ydx + O (Z lly(t, ||H2 (0,L;);R? ))

=1

—

(4.13)

bdz
||
r EMM

k=01

where N;(z) is still defined in that is positive definite. Here and hereafter, O(z) refers to a function
such that O(z)/|x| is bounded when |z| — 0. Compared with the stabilization of the linearized system,
there are some higher order terms when dealing with nonlinear system. For the sake of simplicity, we drop
the argument ¢ in the following computations. We decompose B as B = Bys + Bg, where By corresponds
to the boundary terms involved at the multiple nodes, and Bg at the simple nodes where either a control or
an imposed flux applies, namely

ZZ —A15(y;(0),0) f1;(0)(9Fy1;(0))? + Az (y;(0), 0) f2;(0)(9F y2; (0))?]

k=0 j—2
2

+ Z [A11(y1(L1), L) f11(L1)(8F y11(L1))? = Aory: (L1), Ly) for (1) (0 y21 (L1))?] (4.14)
k=0

2 2 n

Z ofr" M(z)ofr + O <ZZ (10Fy:(0)* + |0fy1 (L1)1?) lly, (¢, CO(OL}]Rz))

k=0 =0 i=1
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Zz_: AlJ y] )flj( )( tZUlJ<L ))2_A2j(}’j(L) )f2]< )( ty2j(L ))2]

k=07

2
+ > [ (1(0),0) f11(0)(9Fy11(0))* + A1 (y1(0), 0) f21 (0) (921 (0))?]
k=0 (4.15)

=F (0fvi( +Zyzj ) (frj (L)AL (L)e; = fa5(Li)Aas(Ly))
2 n
<ZZ (10fy: (L) |* + |9fy,(0))]%) |Yi(ta')|00([0,Li];]R2)>7
k=0 1=1

where the definitions of the vector r, the matrix M and F} as well as the parameters c; are the same as
those in Section [3| for the linearized system. Thus, (4.12) becomes

dt = ZZ/ ayi N nyzda:+0<2|yl( Wiz 0L)R2)>

k=0 1=1 1=1
2
*Zatk?"TM(x)af — Fy (0fv1(0 Zyzj ) (1 (LA (Ly)e? = faj(Li)A2; (L)) (4.16)
k=0
2 n
(ZZ (10Fy;(0)* + [0Fy: (L)I?) lly:(t, )|C°(0L]R)>
k=0 1=1

We recover the quadratic formula of the linear case augmented with (at least) cubic terms. By means
of Sobolev inequalities, these higher order terms are negligible for sufficiently small ||y;(, )| #2(0,2,)r?),
and using the well-posedness of the system, there is v independent of 7' and §(7") such that if
| (y1:(0, %), y2:(0, 2)) || 52 ((0,L,);r2) < O(T'), then under condition (which is exactly condition by

Remark

% < —vV, for any ¢ € [0,T]. (4.17)

Using a density argument similar to [2 Comment 4.6], (4 still holds in the distribution sense y, €
C°([0,T]; H*((0, L;); R?)). Finally, since T is chosen arbltrarlly, one can choose Ty sufficiently large and
proceed by induction to show that there exists ) independent of T such that Theorem . holds (see [5,
Proof of Theorem 4.1] for more details). O

Remark 4.1. Theorem then follows from Theorem together with the equivalence of the norms given
by Lemma

5 A Lyapunov Function for the Linearized System of the Tree-
shaped Network

In this section, we show how to extend the proof of Theorems to the tree-shaped network. We only
give the sketch of the proof for the linearized system that captures the main spirit of the approach. The
adaptation to the stabilization for the nonlinear system is identical to the star-shaped model, so we omit it
here. After linearization around any given steady-states (H;(x), V;*(z)) and introducing the same Riemman

invariants as in (3.6)), the equations (3.7)—(3.9) and (3.10)) still holds for all ¢ € {1,--- ,n}.
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The difference lies in the boundary conditions, which (2.15) become

=

H*
A ha(t,0) = — 1O

U1 (t7 O)a

Vi (0)
JJZM :Ui(t,Li)— Z ’Uj(t,O), ie M, (5 1)
jeIout '
hi(t,Li) = hj(t, O), i €M, Iout?
Js i y1i(t, L) = ciyoi(t, Ly), i€ 57
Ci = —* g 5 Z E 8 (5'2)
i /H,i;Li) 1

Here, as in star-shaped model, we keep the expression of the physical boundary conditions for the starting
node A and the multiple nodes J}, for simplicity, rather than re-expressing them in Riemann invariants
We construct the following Lyapunov function

L;
t)= Z_;/o (fri(@)y?;(t, @) + fai(2)y5;(t, @) da

where f1i7 f2i7 ®1i and Y2; are still defined in

(5.3)
to be chosen, n; is defined as the solution to

3.69

3.70) and n; (j =2

,+++,n) is defined as the solution to (3.71]
with sufficiently small €. The time derivative of V along the trajectories of (3.7)) is

and (3.16)) respectively, a; > 0 are the weight coefficients

n

Z/ 2f1iy16(=A1i0eyri — Y1iy1i — 013Y2i) + 2f2i92i(A2i0zy2i — Y2iy1i — O2iy2i)] d
i=1"0

Li (54)
- B(t) - Z/o (Y16 y20) Nit, ) (y16, y20) T
i=1

where B(t) and N(t) are given in (3.74]) and (3.75|
B(t

o)) respectively. In order to deal with the boundary term
(t) for the tree-shaped network, we separate (3

3.74)) according to each local star-shaped model using ([5.1)

2
B(t) = Z Fri(Li) A (L) Z v;(t,0) + hy(t, L;) HT*?L')
ieEM JEIout ’ '
— fai(Li)A2i(Li) Z vj(£,0) — hi(t, L) H*?L‘) ]
VIS5 T
2
+> l f15(0)A1;(0 )('Uj(t,o)Jrhj(tvO) Hf(g))
JEM ’
. 2 (5.5)
+ f2;(0)A2;(0) (”j(tvo)hj(t’o) H;(O)> ]

>

€S

— s (0) A1 ( )<ui(t,0)+hi(t,0) Hif(o))

+ f2i(0)A24(0) (Uz‘(tao) — hy(t,0) z ) ]

H;(0)
+ ZQQ'L ) (f1( (Li)Ai(Li)ed — f2i(Li)A2i (L;))
€S
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Note that, from the definition of the tree-shaped network given in Section for any channel j € M\ {1}
and any j € S there exists a multiple node at the origin of this channel, and thus a unique ¢ € M such that
j € I¢.,;- Reciprocally, the branches in M \ {1} and S represent exactly all the branches that are outgoing
from all multiple nodes. More precisely,

M\{I}U‘S_ U out7 (56)
ieEM
together with ‘
M n S = (2)7 I(l)ut out = (2)7 Vj 7é i. (57)

As a consequence

> [ 11500 )Auu(vj(t,owhj(t,m H""(O)>

jeM\{1} J

>

€S

+ f2i(0)A2:(0) (vi(t,o)—hi(t,()) 9())) ]

flz )\11 ) <Ui(t7 O) + hi (tv O) H:g(0)>

(5.8)

Hi(

- % l f15(0 A1](><vj<t,0>+hi<tvLi> H*?M))

ieM ]61'1 . @

i

+ f2j(0)A2;(0) <Uj(t70) = hy(t, L) H*!(JLZ)> ]’

and therefore (5.5 becomes

B(t)=)

ieM

FuiLa)Ai(Ls) ( > vi(t,0)+hi(t, L) H*?L»)

JET! v

out

2
— f2i(Li)A2i(Li) ( Z v;(t,0) = hi(t, L;) HfiLi)> 1

DY

out
iEM jeT? .

— f15(0 )\1]()<Uj(t,0)+hi(t,Li) Hl*!(JLz)>

+ fo; (0)/\2j(0) (vj (t,0) — hi(t, L;) kag . )

* 2
A0 (0) (v1<t,o> Hi©O) [ v1<t,0>)

* 2
+ f21(0)A21(0) (111(1?70) + A1 (0) g vl(t,0)> 1
+ Zyzl flz i) A1 (Li) 12 - f2i(Li)>\2i(Li)) .

€S
We denote .
r; = (U’iz (t,O), UiB (t,o); T Uideg(JX{) (tao)a hz(taLl)) 5 (510)



where here and hereafter, we denote the indices in the set Z?,, as ia, i3, - s Ldeg( Ji)- For any i € M, we
also define as previously Z; and W; by (3.78), F; as in (3.82) and

0i,  Zi(Li) Zi(Li) -+ Zi(Ly) Wiy
Zi (Lz) 91‘3 Zz (Lz) e ZZ(LZ) wis
Zi(Li)  Zi(Li) O, Zi(Li) Wi A .
M; = : : : . : : e Rdee(Jir) xdeg(Jar) (5.11)
Zi(Li)  Zi(Li)  Zi(Ls) laegtatyy  “iden(sip)

Gi

Wi Wi Wigeg(rip)

with _
ail :ZI(L7)7Z7 (0)7 1:273a 7deg(‘]]l\/[)a

H(L;))(W;(L;) — Wy, (0 ,
s, = V9 By )(*( ) ())’ 1=2.3, - deg(Ji).
H (L) (5.12)
deg(JIiw)
g

G = (L)) Zi(Li) — ; Z;,(0)

With these notations, ([5.9) becomes:

B(t) =Y vl Myri+ Fyof(£,0) + Y 3i(La) (fri(Li)Mi(Li)e] — fai(Li)Aas(Li)) - (5.13)
ieEM €S

The key point is to prove the positiveness of the matrices M; (i € M) and this can be done exactly as in
Section |3} choosing ag, k =1,2,--- ,n as follows

Wi(L:) . ,
=1, a,=——=, 1M, 1=2,3,--- deg(Jy) (5.14)
’ BT .

we obtain as previously w;, =0, [ = 2,3,--- ,deg(J},) from (5.12).
Thus, the matrix M; can be simplified as

o Zi(Li) Zi(Li) -~ Zi(Li) O

Zi(Li) 0 Zi(Li) - Zi(Li) O

_ Zi(Li) Ziy(Li) O - Zy(Li) O
= . o . . (5.15)

Zi(Li)  Zi(Li) Zi(Li) -+ Oiqegsi,) O

0 0 0 .- 0" ¢

Since the structure of each matrix M is the same as the one of matrix M defined in (3.93)), if we denote
by M;, where k € {2,---,deg(J};) — 1}, the matrix corresponding to the k-th order principal minor

determinant of M, using the same transformation for matrix M;,. We obtain the transformed matrix M;,
as

0;, 0 0 . 0
0 —Z,(0) 0 . 0
],\Zik = 0 0 _Zi4 (O) e 0 s (516)
0 0 0 o L (0)
where ,
de%(ﬁw)

(5.17)



Now, we would to show that for each i € M, Z;(L;) > 0, just as we showed that Z;(L;) > 0 for the
star-shaped case. However, this is not a priori obvious since 11 (0) = Aa1/A11 +& < 1 while n;(0) =14+ > 1
so it is not a priori clear that n; remains sufficiently small to ensure that Z;(L;) > 0. The crucial point to
conclude lies in Lemma Indeed,

Zi(Li) =Mi(Li) fri(Li) — M2i(Li) fai(Li)
_ (aiapgi (“012 _ 7712)) (L;) > 0. (5.18)

i

And we emphasize that all of Z;(0) (I = 2,---,deg(Ji,)) being negative is a sufficient condition for the
diagonal matrix Z\Zk being positive definite. Indeed, just like for the simple star-shaped case, it is easy to
check from (5.17)) that 6;, is positive under Z;,(0) < 0. To get the positiveness of the matrix M;, one needs
to check fro that ;2 and (; are all positive under Z;,(0) < 0, which is indeed the case by noticing

(5.18). On the other side, from (3.69) and (3.78), one has

This, together with the equations , satisfied by the n; (j = 2,--- ,n) imply that each ]\Z is positive
definite. As a consequence, B(t) is positive definite.

Extending these computations to the nonlinear system can be done exactly as in the star-shaped case (see
Section . We omit the details here.

6 Conclusion

In this paper, our main contribution is to investigate the exponential stability of star-shaped and tree-shaped
networks of flows modeled by Saint-Venant equations, where all channels are in the subcritical flow regime.
The network consists one main channel that separates into several tributaries (or subchannels) that can
separate themselves into several tributaries and so on, forming multi-node junctions inside the network.
In particular, we demonstrate that stability can be achieved without applying any control at the internal
junctions but instead by imposing controls only at the downstream ends of the network.

To establish this result, we construct a Lyapunov function with functional coefficients and rigorously verify
the stability of this nonlinear system in the H? norm. One interesting perspective that remains open would
be to deal with the incorporation of arbitrary slopes. While we expect that cases where the slope is smaller
than the friction can still be handled with our approach, the cases where the influence of slope is larger
than the influence of the friction have a completely different behaviors, and in particular would introduce
absolute values in the calculation of 7;, significantly impacting the subsequent analyses. In fact, it would
be surprising that in these cases if similar theorems held for arbitrarily large length of the domain. This
presents a promising direction for future research.
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A Computations for Lemma [3.2

In this section, we give technical but tedious computations used in the proof of Lemma [3.2]

Computation of Ag; (272, — v1i) — A1i02;
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We can obtain from the expressions of v1;, 614, ¥2; and d; in and (3.8)) that

A2i (272i — Y1) — Mibai
_ (H*) Aiha; <1+)\2i A2 3o 3A Au A1 )

R V2 3\/gH*V*
= (H; )x 5\9— 7= "
2 H; H
. Y21
Computation of N
2i
From (3.19) and using HV* = Q;, we have
2 H)ey 4 111
Aoi H} dhy; V7 2\/gH;
_ (H)a [ oH + \/gH* +VE Vel + VY
- Hp | A(gH? - V) Vi 2\/gH;
H5), [1 Vi VOIIHF 1 ;
_ Z*) it i VY PR ) (A2)
Hy |4 gH? — V) Qi 2 2,/gHH}
_ (Hl*)w \/gH*H* VH? 3 Q;
H; _4 Qi " a(Jel; - Vy)  2yelH;

\/gH* VoH; Qi
;T T (el V) o g |

B Proof of Remark [3.1]
From (3.20) and (3.24)), we can obtain that
= 9 2i df ( ) ‘fo (2"{2),5;’YU 7%)d§

_ H: @)\ ¥ dai) Aui(0)
el )(H*(O)> 'A;(O)'A;(x)' (B.1)

Moreover, from ((3.24) and (3.19)), we can compute

. .:efos(kail_:li_SZl)d6’y21(8) H;(S) %)\11(0) . ’722'(8)
OK Ao () (Hf(O)) A2i(0)  Agi(s)
(H;‘(s)f.ku(O),—(H;‘)sA_(S) L |
HA0)) M) Hi(s) 7 | Ahails) T V() 2y/gH;(s)
. 1 B )\17,(0) % % * _§ gH;(S) V;*(S)
(mm) e et |3+ 50 +2\/9H;‘(s)] -
B LONE MO s e |5 VAU (5)) Qi
_(HZ‘(O)> RO A R +2\/§(H;(s))3]
LN M) 5 s AHE)PHD)s  Qu(H)),
() aaw L3 et o, IR S
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As a consequence, for any z € [0,27), we have

/ " f(s)ds

(L NT AG0) [TT5 e VAT (HD)s  Qi(HS).
_(H;(0)> 'Azi(O)/o [4(}11( NE (HD), — o ey }ds (B.3)
(1 70 [1 . V9 . Qi .
_<H;(O)> R {QAgHi( )— 4Q1A HI@) - g A )}
where, to simplify the notation, we denote:
A H] (2) = (H] (z))" — (H;(0))", p € R. (B4)
Substituting (B.1)) and ( . ) into (| -, we get
I pito) (#57) 325 - 2
MO () 8 (38 @) + A )+ M 0]+
dule) pilx) (Hf (x))? - 2]
Mi(@) CIAH; (@) + L AH; (@) + S A H () + 22O O)7
_izg;%@) b S 2 0)(1:(0)
daila) o, (H; >>%
RICI A o A () o AL H (2) + 34 (H7 (0)) 4 (H (0)) F
dale) ) SE )4 () 4 O)) + 85 (7 @) - H0)
S >>%+4£ ((H7 () + (H; (0)%) + 125 (H; () — H(0))
mi(x)ijzgggoi(x). (B.5)

which completes the proof of Remark

C Proof of Theorem [2.3

The proof follows from the proof of Theorem [2.1] We only look here at the linearized system, the nonlinear
system can be treated exactly as in Section (4] I or as in [27] given that we have a single channel). Let us set

k=Gy(H"(L)), ko= Gi(H"(0)). (C.1)

Using the change of variables (3.6, the system becomes (3.7) where we drop the index ¢ and the boundary
conditions are

Y (t7 L) = CY2 (ta L)7 n (t7 0) = CoY2 (t7 0)7 (02)
where c is given by (3.12)) (with H*(L) and k instead of H7(L;) and k;) and co is given by
koH*(0) + +/gH*(0

koH*(0) = \/gH*(0)
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Now, we use the Lyapunov function

L
VO = [ (@) + fle)dto) d (C4)
0
with f; and fy given by
_ o L 2 1
fil@) = iy fala) = adhL. (€3)
where 7 is the solution to
i Y2 o
"=+ = e
YWY (C.6)
n(0) =1+e¢,
with ¢ = ¢1/¢2 and
z 71(8) g, x 92(s) 4.
d1(a) = e HTE, go(a) = eI RE, (c)

where v1,72, 91, d2, A1, A2 are defined by (3.19) and (3.8)) by dropping the index i. As previously (see
(3-73)—(3-80))

. L
V(t) = ~B(t) - / (51, 92)N () (1, 92) T, (8)

where N(x) is defined as (3.75)) by dropping the index @ and thus is still positive definite but, for a single
channel, B(t) is much simpler than in (3.80) and simply writes

B(t) = —y5(t,0)(f1(0)A1(0)cg — f2(0)A2(0)) + 3 (t, L) (fr(L)A(L)c® — fo(L)A2(L)). (C.9)

The second term is identical to the case of the star-shaped system and is positive thanks to the second

condition of (2.19)), (C.1), (3.86)(3.89). The only difference comes from the first term, but, using the
definition of f; and fa, together with (3.16]) we have

02 62
F1(O)A1(0)c2 — £2(0)A2(0) = « <n(((])) — (0)) =a (1 J‘: - (1 +5)) , (C.10)

From (2.19), (C.1)) and (C.3)), we deduce that ¢ < 1 and therefore from (C.10) and (C.9)), since o > 0, B(t)

is positive definite with respect to y3(¢,0) and y3(¢, L) and this concludes the proof.
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