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Notations

Some notations and preliminary definitions used throughout the thesis are as follows:

e N - the set of nonnegative integers from 0 to infinity.

e R - the set of reals.

RY - the set of non-negative reals.

e R, - the set of positive reals.

CY - the space of continuous functions.

C! - the space of continuously differentiable functions.

e (C? - the space of twice continuously differentiable functions.

Cipw - the set of all piecewise left continuous functions.

e X - the set of left continuous and piecewise C' functions.

e R”™ - the set of n-dimensional Euclidean space with the norm |- |.

| - | - the absolute value in R.

e M > 0 - the matrix M is symmetric and positive semidefinite.

M > 0 - the matrix M is symmetric and positive definite.

Vil
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Notation

M =<0 - the matrix M is symmetric and negative semidefinite.
M < 0 - the matrix M is symmetric and negative definite.
M - the transpose of the matrix M.

L*(0, L) - the Hilbert space of square integrable scalar functions on (0, L) with the

. [ L
corresponding norm || - || 12(0,1.), defined by |y | 2(0,0) = fo ly (x)|2dx.

lg()II - for every q(t) := q(-,t) € L*((0,L);;R"), la@®)I4 = [y ¢ (t,2)Aq(t, x)dx
for a positive definite matrix A.

H"™(0,L) - the Sobolev space of absolutely continuous functions y : (0,L) — R"
whose spatial derivatives up to n'* order are square integrable, defined by

Hyummu=¢A (ly @F + 1y @F + -+ ly (@)]*) da.

1

L, - the temporal norm ||f|z, = (f0+°°|f(t)|pdt)5, for p < +o0, and ||fllz, =

supys | £ (1), for p = +oo.

I - the identity matrix (of appropriate dimension).

M,,« - for a matrix M with n rows and m columns, we use the notation M,,,, to
specify the dimension of M (when relevant).

(A+AT).

Sym(A) - the symmetric part of matrix A, defined by Sym(A4) = 1

Amin(©) - the minimum eigenvalue of the matrix ©.

Amax(©) - the maximum eigenvalue of the matrix ©.



Notation ix

[-] - the ceiling function: for x € R, [z] = min{n € N | n > x}.

x - the elements that can be inferred by symmetry in a matrix.

0. f = f. - the partial derivative of a function f with respect to the variable x.
O.f = f; - the partial derivative of a function f with respect to the variable ¢.

Outf = [ur = gf—ai = a% (g-f) - the partial derivative of a function a—f with respect to

the variable t.

O | = fiz = % = % (%—{) - the partial derivative of a function %—{ with respect to

the variable z.






Résumé

Dans les systémes d’ingénierie, la commande mise est généralement en ceuvre sous la forme
d’un algorithme informatique et une attention particuliére doit étre portée a la gestion
rigoureuse de la mise en ceuvre numérique. Pour les systémes décrits par des Equations aux
Dérivées Partielles (en anglais Partial Differential Equations-PDESs), ce probléme est trés
difficile car la dynamique se produit dans un espace de dimension infinie et I’échantillonnage
induit des discontinuités difficiles & gérer d’un point de vue théorique.

Le probléme de l'analyse de stabilité pour une classe de systémes hyperboliques
linéaires avec des lois de contrdle distribuées a données échantillonnées est étudié dans
cette thése. Les PDESs hyperboliques considérées sont dotées de lois d’équilibre qui sont
utilisées pour représenter la dynamique fondamentale de nombreux systémes physiques.
Les questions suivantes se posent naturellement lorsque 1’on pense a la stabilité de tels
systémes dynamiques :

1. Est-il possible de garantir la stabilité d’un systéme hyperbolique linéaire des lois
d’équilibre avec des correcteurs échantillonnés spatio-temporels 7

2. Quelles sont les conditions a vérifier pour garantir la stabilité du systéme 7

Cette these vise a répondre aux questions ci-dessus. Nous proposons des méthodes
pour I'étude du systéme hyperbolique 1-D des lois d’équilibre basées sur les techniques
de Lyapunov. En utilisant la technique de Lyapunov-Razumikhin, un cas générique
dans lequel le controleur est discrétisé a la fois dans le temps et dans ’espace peut étre
abordé. De plus, nous utilisons une méthode de modélisation impulsive pour obtenir des
conditions de stabilité exponentielle globale pour une classe de systémes hyperboliques
linéaires échantillonnés.

Présentons brievement les principales contributions de cette thése.

Contributions et structure de la thése

Ce manuscrit comprend quatre chapitres, ainsi qu'une conclusion avec des perspectives.

1. Une introduction au domaine des systémes hyperboliques & données échantillonnées
est présentée dans le Chapitre 1. Dans ce chapitre, nous présentons le contexte de
notre travail, la motivation ainsi que plusieurs résultats liés au controle continu aux
bords et dans le domaine pour les systémes hyperboliques. Une revue de la littérature
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pour le controle & données échantillonnées des systémes paraboliques et hyperboliques
est également fournie. Enfin, nous formalisons les principaux objectifs de la thése.

2. Dans le Chapitre 2, nous proposons des méthodes pour analyser la stabilité
d'une classe de systémes hyperboliques linéaires avec des correcteurs a données
échantillonnées distribuées. On obtient des conditions suffisantes basées sur les
techniques de Lyapunov pour la stabilité pratique locale (Re-stabilité) du systéme,
exprimée sous forme d’inégalités matricielles linéaires (en anglais Linear Matrix
Inequalities-LMIs).

3. Dans le Chapitre 3, nous étendons les résultats du Chapitre 2 pour les correcteurs
qui présentent a la fois la discrétisation temporelle et spatiale, en utilisant une
approche basée sur la méthode de Lyapunov-Razumikhin. Nous proposons des
conditions suffisantes pour la stabilité pratique locale (Re-stabilité) pour les systémes
hyperboliques linéaires de lois d’équilibre proposés en reformulant le systéme original
sous une forme entrée-sortie équivalente avec une boucle de controle en temps continu
et des opérateurs représentant les erreurs de discrétisation (erreurs d’échantillonnage
spatio-temporelles). De plus, le cas particulier ou l'espace n’est pas discrétisé est
également considéré.

4. Dans le Chapitre 4, nous traitons le probléme global de stabilité exponentielle pour
une classe de systémes hyperboliques linéaires échantillonnés. En utilisant ’approche
impulsive, la relation entre 'intervalle d’échantillonnage, 'état du systéme et son
vecteur échantillonné est caractérisée par une Contrainte Quadratique Intégrale (en
anglais Integral Quadratic Constraint-IQC). L’IQC obtenue est utilisée pour déduire
des critéres de stabilité numériquement tractable.

Tout au long de la thése, nous utilisons la méthode des représentations entrées-sorties et
la méthode impulsive pour analyser les conditions de stabilité des systémes hyperboliques
avec commande & données échantillonnées. De plus, la méthode de Lyapunov-Razumikhin
peut réduire la conservation de ’analyse. La stabilité exponentielle globale peut également
étre considérée en utilisant un systéme impulsive augmenté.
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In engineering systems, the control is usually implemented as a computer algorithm and
attention has to be paid to rigorously handle the digital implementation. For systems
described by Partial Differential Equations (PDESs), this problem is very challenging since
the dynamics occur in an infinite dimensional space and sampling induces discontinuities
which are difficult to handle from a theoretical point of view.

The problem of stability analysis for a class of linear hyperbolic systems with distributed
sampled-data control laws is investigated in this thesis. The considered PDEs are
hyperbolic systems of balance laws which are used to represent the fundamental dynamics
of many systems in physics. The following questions arise naturally when thinking about
the stability of such dynamical systems:

1. Is it possible to guarantee the stability of linear hyperbolic systems of balance laws
with spatio-temporal sampled controllers?

2. What are the conditions that have to be checked to guarantee the stability of such
systems?

This thesis aims at answering the above questions. We propose methods for the study
of 1-D hyperbolic system of balance laws based on Lyapunov techniques. By using the
Lyapunov-Razumikhin technique, a generic case in which the controller is discretized both
in time and space can be addressed. Moreover, we employ an impulsive modeling method
to derive global exponential stability conditions for a class of sampled linear hyperbolic
systems.

This manuscript includes four chapters, as well as a conclusion and perspectives.

An introduction to the domain of sampled-data hyperbolic system is presented in
Chapter 1. In this chapter, we introduce the context of our work, the motivations as well as
several results related to continuous time boundary and in-domain control for hyperbolic
systems. A literature review for sampled-data control of parabolic and hyperbolic systems
is also given. At last, we formalize the main objectives of the thesis.

In Chapter 2, we provide methods for analysing the stability of a class of linear
hyperbolic systems of balance laws with distributed sampled-data controllers. Sufficient
conditions based on Lyapunov techniques for the local practical stability (Re-stability) of
the system expressed as Linear Matriz Inequalities (LMIs) are obtained.

3



4 Summary

In Chapter 3, we extend the results from Chapter 2 for controllers with both time and
space discretization based on the Lyapunov-Razumikhin method. We introduce sufficient
conditions for the local practical stability (Re-stability) of the proposed linear hyperbolic
systems of balance laws by recasting the original system into an equivalent input-output
form with a continuous time control loop and operators representing the discretization
errors (spatio-temporal sampling errors). In addition, the special case where the space is
not discretized is also considered.

In Chapter 4, we deal with the global exponential stability problem for a class of sampled
linear hyperbolic systems. By employing the impulsive approach, the relation between the
sampling interval, the system state and its sampled vector is characterized by an Integral
Quadratic Constraint (IQC). The acquired IQC is utilized to derive numerically tractable
stability criteria.

Throughout the thesis, we use the input-output and the impulsive modeling methods
to provide stability conditions for the hyperbolic systems with sampled-data control. In
addition, the Lyapunov-Razumikhin method can reduce the conservatism of the analysis
methods. The global exponential stability can also be considered by using an augmented
impulsive system.
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6 State of the art and objectives

General introduction

This thesis is devoted to the stability analysis for a class of linear hyperbolic system with
distributed sampled-data control. We propose methods for the study of 1-D hyperbolic
system with balance laws based on Lyapunov techniques. A generic case in which the
controller is discretized both in time and space can be addressed by using the Lyapunov-
Razumikhin technique. Furthermore, we employ an impulsive modelling method to derive
global exponential stability conditions for a class of sampled linear hyperbolic systems.
This chapter is dedicated to an introduction to the domain of sampled-data hyperbolic
system. In the following sections, we introduce the context of our work, the motivation as
well as a literature review for sampled-data control of parabolic and hyperbolic systems,
respectively. At last, we formalize the main objectives of the thesis.

1.1 Context and motivation

In real life, due to the increasing complexity of controlled engineering systems, Large-Scale
Systems (LSS) are frequently encountered in many fields, such as cyber-physical systems,
power engineering, biology systems, micro-electro mechanics and so on. Modelling of these
phenomena often leads to very high-order systems consisting of sets of interconnected
dynamics. Such systems are widely distributed in space and the subsystems are
interdependent, which poses huge challenges to analysis, design, and control problems.
The study of such systems is very important because even small improvements in LSS
operation can bring substantial savings and significant economic effects.

PDEs provide a stylish way to handle LSS in various domains [82, 131, 70, 4, 89]: the
flow of rivers [82], the vibrations of beams [131], the road traffic [4], etc. When controlling
such systems, the use of communications and computational resources is ubiquitous. The
control is usually implemented as a computer algorithm and attention has to be paid to
rigorously handle the digital implementation. Sensor and actuator data is communicated
over digital channels with finite communication capacity. It is important to take into
account such limitations. Therefore, extending the Sampled-Data Control Theory to PDEs
is nowadays a very active topic [79, 65]. An important problem in this context is to
provide methods for estimating the Mazximum Allowable Sampling Interval (MASI) for
which the sampled-data implementation preserves the characteristics of the continuous-
time controller. For PDEs, this problem is very challenging since the dynamics occur in
an infinite dimensional space and sampling induces discontinuities which are difficult to
handle from a theoretical point of view.

Roughly speaking, the study of sampled-data systems can be carried out using four
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basic types of models (see [51] for a survey): discrete-time [61], time-delay [109], input-
output [42] and hybrid [99] models. A large number of results are available in the case of
sampled-data Ordinary Differential Equations (ODESs) [57]. Compared to the ODE case,
fewer results are suitable for the case of PDEs. For PDEs with distributed sampled-data
control, we can mention the results in [105, 107, 37] and [60] where the case of parabolic
systems was studied using the time-delay method.

For hyperbolic systems, results for sampled-data control are rare. Event-triggered
control was studied in [31] for linear conservation laws and in [32] for systems with
quantization. A backstepping approach for event-triggered control was developed in
[30]. In [22] the stability analysis problem was investigated for hyperbolic PDEs via
a looped-functional method. See also [63] for linear transport PDEs with non-local
terms. Nevertheless, most of the existing papers address cases of boundary sampled-
data control. Despite the frequent occurrence of distributed sampled-data controllers in
practical applications, the results in this context are sparse and only particular cases of
hyperbolic system have been addressed in the literature [121, 119]. In [121] a sampled-data
observer was studied for a one-dimensional semi-linear wave equation. Therein, sufficient
conditions for the stability of the estimation error are derived by using the time-delay
approach. A network-based distributed controller was designed for the damped semi-linear
beam equation in [119].

As follows, before presenting more details in several existing recent works on sampled-
data control of PDEs, we first introduce some results concerning the continuous time
(boundary and in-domain) control of hyperbolic systems (Section 1.2). The remaining
presentation consists of 4 sections. Section 1.3 presents some results concerning the
distributed sampled-data control of parabolic systems, which have impact for the study of
hyperbolic systems. Section 1.4 is concerned with the description of sampled-data control
analysis methods for hyperbolic systems, including boundary sampled-data control, event-
triggered boundary control and distributed sampled-data control. We mainly give the
problem formulation and stability conditions in the existing papers. Then in Section 1.5
we present our main goal as a result of the literature review.

1.2 Continuous-time control for hyperbolic systems

In this section, we will present several results related to continuous time boundary and in-
domain control for hyperbolic systems. We first introduce briefly the hyperbolic systems
under study.
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1.2.1 Hyperbolic systems

Among various classes of systems described by infinite dimensional systems and PDEs,
hyperbolic PDEs stand out as relevant in various domains. They have been widely used
to model the dynamics of physical systems: hydrodynamical models for semiconductors
[1], shallow waters [93], traffic flows [17], age-dependent epidemic models [66], etc. In all
of these applications described above, although natural dynamics are three-dimensional,
dynamics can be effectively expressed by the one-dimensional hyperbolic balance laws,
since the main phenomena evolve in a privileged coordinate dimension and the phenomena
in other directions are negligible. This motivates the kernel of this thesis to be the 1-D
hyperbolic systems with balance laws. Referring to [4] and the references therein, we give
a brief mathematical background to hyperbolic systems in the sequel. In this thesis, we
focus on a class of linear hyperbolic systems of balance laws described by the following
PDE:

0, 1) + Mg, £) + Yy, 1) = 0,2 € [0, ], £ € [0, +00), (11)
where y : [0, L] X [0, +00) — R", T is a constant matrix in R™*", A is a diagonal matrix in

R™ "™ and defined as
A= AT 0
o 0 —A"

AT =diag{\i, ..., A\l
A~ =diag { a1, -5 An ),

The boundary condition is defined as

( zfg%jt% ) _a ( Zt(éf)) ) ,t € [0, +00) (1.2)

where G is a constant matrix in R™*™ and the initial condition is defined as

with
AN>0Vi=1,...,n.

y(@,0) = yo(x),z € [0, L]. (1.3)
System (1.1)-(1.2) can be related to system
yr(z,t) + Ay (2, t) + My(x,t) +u(x,t) =0,z € [0, L], t € [0, +00) (1.4)
with boundary condition (1.2) and in-domain control
u(z,t) = Ky(x,t), (1.5)

or to system (1.1) subject to boundary condition

( ztg%,tt)) ) =5 ( Ztigf)) ) +u(z,t),t € [0, +00) (1.6)
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with boundary control

(e, t) = K ( y+<§’? ) , (1.7)

where M, B, K are constant matrices in R™*".

Controlling and stabilizing these systems is an important and fundamental issue in the
field of control theory.

1.2.2 Basic stability conditons

In the following, we present the definition of exponential stability in L2-norm, which is
useful in the subsequent theorems.

Definition 1.1 (Bastin 2016 [4])
System (1.1)-(1.2) is exponentially stable in L*-norm if there exist v > 0 and C > 0 such
that, for every yo € L? ((0, L); R™), the L?-solution of the system (1.1)-(1.3) satisfies

1y (s Ol 20.ymny < Ce™ Nlyoll p2(o.nymmy -Vt € [0, +00).

Based on the early stability results in [101, 103], the authors in [4] adopted a L?
Lyapunov function candidate:

V(y) = / yTQ()ydz
with
Q(z) £ diag {Q*(2),Q (2)},
Q* ec' ([0, L);R™™),
Q™ € C' ([0, L); Rirmx(n=m)) (1.8)

From the time derivative of function V' along the solutions of the system (1.1)-(1.3), the
following stability result is obtained.

Proposition 1.1 (Bastin 2016 [4])
The solution y(x,t) of the system (1.1)-(1.3) exponentially converges to 0 in L?-norm if
there exists a map Q satisfying (1.8) such that the following (LMIs) hold:

! <Q+(§)A+ Q(&A)‘GT(QWS)N @(gm)Gio
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2. —(Q@)AN), + Q)Y +YTQ(x) = 0,Vx € [0, L)].

In the special case where
m=n,A=A" € RV"

and
Q(z) £ P(uz) = diag {pie ™}, p>0fori=1,...,n, (1.9)

the following theorem is a particular case of Proposition 1.1 with an appropriate choice of
the weighting matrix Q(z) characterizing the Lyapunov function.

Theorem 1.1 (Bastin 2016 [4])
If there exists P € R™ " satisfying (1.9) such that

T'P+PY =0,
and
|AGA™| <1
with A = \/P|A|, then the system (1.1)-(1.3) is exponentially stable in L*-norm.

This result in [4] is an important stepping stone for various control design methods.

1.2.3 Boundary control

In this subsection, we present some results related to boundary control for 1-D hyperbolic
systems. The asymptotic stability of a class of time-varying hyperbolic PDEs was
studied in [100] by using Input-to-State-Stable (ISS)-Lyapunov functions. In [130],
the exponential stability for a class of linear hyperbolic systems with relaxation was
considered.  Proportional-Integral (PI) boundary feedback control was introduced for
hyperbolic systems in [137].

1.2.3.1 Time-varying hyperbolic PDEs

For time-varying hyperbolic PDEs, the authors in [100] have designed ISS-Lyapunov
functions through a strictification approach. They have ensured the asymptotic stability for
the general case, as well as robustness properties with respect to the additive perturbations.
The following linear PDEs was considered

%(2, t) + A(z,t)%(z,t) = F(z,t)y(z,t) + (z,1) (1.10)
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with boundary conditions
—(L,t) y-(0,1)
and the initial condition
y(Z,O) :yo(z),Vz € <O7L)7 (112>

where z € [0, L],t € [0,+00) and A(z,t) = diag{\1(z,t),..., \u(2,1)} is a diagonal matrix
in R™™™ whose m first diagonal terms are nonnegative and the n — m last diagonal terms
are nonpositive. y = [ y4, y_ |7, yy € R™ y_ € R ™ and K € R™*" is a constant matrix
representing a boundary control law. The function d is a disturbance of class C!, F is a
periodic function with respect to t of period T and of class C!, A is a function of class C*,

periodic with respect to t of period T. Xj is a function [0, L] :— R™ of class C*.

Since m < n, y(z,t) can be replaced by [y4(z,t), y—(L — z,t)]", then the boundary

conditions (1.11) becomes

y(0,t) = Ky(L,1).

(1.13)

The initial condition (1.12) satisfies the following zero-order compatibility condition:

( 1) ) -h ( o) )

and the following first-order compatibility condition:

~2(0,0053(0) + (F(0,0)X°(0) + 6(0,0)),

A (0,0) %2 (0) + (F.(O, 0)X°(0) + 6(0,0)),
+

At (L, 0) 25 (1) 4+ (F(L,0)X(L) + 6(L,0)),,.,,

(L, 0)25 (L) + (F(L,0)X°(L) + 8(L, 0)),,

z

d
A (L,0)22 (L) + (F(L,0)X°(L) 4 6(L,0)),

(L, 0)%@) + (F(L,0)X°(L) + §(L, 0))

_)‘erl (07 O) CZ-H (O) + <F<O7 O)XO(O) =+ 5(07 O))erl

m

— A (0,0)25(0) + (F(0,0)X°(0) + 6(0,0)),,

Based on [84], the authors introduced the following assumption.
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Assumption 1.1 (Prieur 2012 [100])

For all t > 0 and for all z € [0,L], all the entries of the diagonal matriz A(z,t) are
nonnegative. There exist a symmetric positive definite matriz @, a real number o € (0, 1),
a continuous real-valued function r, periodic of period T > 0 such that the constant

(" [max{r(m),0} = min{r(m),0} .
A e e

where \q s the smallest positive eigenvalue of (). Moreover, for all t > 0 and for all
z € [0, L], the following inequalities:

Sym (aQA(L,t) — KTQA(0, t)K) >0,
Sym(QA(z,1)) = r(t) 1,

Sym <Qg—2(2, t) +2QF(z, t)) <0

are satisfied.

In the light of the above assumption, the author constructed an ISS-Lyapunov function
to analyze the robustness of a linear time-varying hyperbolic PDE with uncertainty. The
results are summarized in the following theorem.

Theorem 1.2 (Prieur 2012 [100])
Assume the system (1.10) with the boundary conditions (1.13) satisfies Assumption 1.1.
Let o be any real number such that

1
0<p< —Eln(a).

Then the function U : L*(0, L) x R — R defined, for all ¢ € L*(0,L) and t € R, by

vty =ew (5 [ [ ammar) [ o7 qotrea:

where q is defined as

q(t) =1 [max{r(t),()} i min{r(t)’(]}} B @

1Q AQ 2T

is an ISS-Lyapunov function for the system (1.10) with the boundary conditions (1.13).

This is a very generic result with potential to several class of 1-D hyperbolic systems
of balance laws.
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In [100], the authors applied their result to two problems. The first one belongs to
a benchmark hyperbolic equation, the second one pertains Saint-Venant-Exner equations.
It will be interesting to experimentally verify the prediction of the offset inferred from
the proposed ISS-Lyapunov function. Recently, the authors in [130] studied a linear
hyperbolic system of balance laws with boundary disturbances in one dimension by using
an explicit ISS-Lyapunov function in L?norm. In addition, the numerical discretization
and stabilization of a balance law with boundary disturbance were also discussed in [130].

1.2.3.2 Hyperbolic systems with relaxation

Boundary stabilization for 1-D linear hyperbolic systems with relaxation was considered in
[50]. This seems to be the first place where the structure is explicitly used to demonstrate
exponential stability. Inspired by [24] and [133], the authors in [50] studied a 1-D linear
system

yi(t, ) + Ay, (t, ) + By(t,z) =0 (1.14)

where z € [0,1] and ¢t > 0, y = [u,q]", u : [0,00) x [0,1] = R*™", ¢q:[0,00) x [0,1] = R",

A::(“ b)eR"X",B::(O O)ER"X",eER"XT.
c d 0 e

With respect to system (1.14), the authors used the following two assumptions.

Assumption 1.2 (Herty 2016 [50])
There exists a symmetric positive definite matriz Ag € R™™ such that

a b . . . X1 0
Ay < . d ) is symmetric and Ag = ( 0 X, )

with X, € ROv=mx(=1) gnd X, € R™*",

Assumption 1.3 (Herty 2016 [50])
The matriz

XQ@ + GTXQ
is positive definite.

Assumptions 1.2 and 1.3 are exactly the structural stability conditions proposed in [134]
for the general system
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The coefficient matrix A can be diagonalized with a transformation matrix 7" € R™*" such
that

14 (AL 0O &\
TlAT_A,A._( 0+ A_)’(gj)_le’ (1.15)

where AL are diagonal and contain the positive and negative eigenvalues of A, the boundary
conditions are specified as

§+<t7 0) :K00£+<t7 1)7 £+ S Rm’
(1) =Kné_(£,0),6. € R™™, (1.16)

Further, equation (1.14) is accompanied by appropriate initial conditions
y(0, ) = yo(x). (1.17)
The main result of [50] on exponential stability was stated by the following theorem.

Theorem 1.3 (Herty 2016 [50])
Suppose the system (1.14) fulfills the assumptions 1.2 and 1.3. Then there exist Koy and
Ky such that the system (1.14) together with (1.16) and (1.17) is exponentially stable.

In order to prove Theorem 1.3, a suitable Lyapunov function was given below

V(t) = /01 YT (ado + () Yda
= a/(u, q) ()3, + 1w, 9) ()]
for some a > 0 and a family of matrices pu(x) € R™"™ given by
ule) 1= (T Teldor1
for z € [0,1] and T and A given by equation (1.15).

Instead of requiring the source term to be marginally diagonally stable as in [24], the
authors applied a different method to explore the relaxation construction. This result was
applied to the boundary stabilization problem for water flows in open canals.

1.2.3.3 Hyperbolic systems under PI boundary control

The PI boundary feedback control for the class of linear hyperbolic systems of balance
laws has been investigated in [137]|. The authors developed exponential stability conditions
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of closed-loop systems by means of a new weighted Lyapunov function. The work focused
on the 1-D n x n linear hyperbolic systems as shown below

Y+ Ay, = My, t €[0,00),z € (0,L) (1.18)
where y : (0,L) x [0,00) = R" A € R™™ and M € R™". A = diag{At,—A"}, AT =

diag{A\1, -, A}, A~ =diag{\i1,- -\, 1<m<nand \; >0, Vie {l,--- n}.

The input and the output of the system (1.18) on the left and the right boundaries

were defined by
{ y+ 522 } C dour(t) 2 { jgg”f)) }

where y* = [y, ... ,ym]T e R™and y = [Yma1,-- - ,yn]T e Rm .

<

lI>

yin<t>

In [137], the authors considered the following type PI feedback control

Yin(t) = KpYour (1) + KI/O Yout (7)dT (1.19)

where K, € R"*" and K; € R™™" are matrix gains.

The initial condition was considered of the following form
y(x, O) = yO<SL’), S <07 L)

Theorem 1.4 (Zhang 2019 [137])

The linear hyperbolic system (1.18)-(1.19) is exponentially stable in L*-norm if there exist
a diagonal matriz Py € R™ "™, a symmetric matriz Py, € R™"™ and a matrix P3 € R™", a
real constant p, such that the following matriz inequalities hold, for all x € [0, L],

P

:[Pl Ps -0

* P2

Qfi(z) Qf(z) P(x)
Q%(z) = * Q55 Q54 <0
* * Q54
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where
Ofy(x) = MTPy(x) + Py(x)M — 2u|A|Py(x),
Q5 () = M P3(z) — p|A|P3(x),
1
Qs = T (K[ |A|PLE K + K[ |A|PE3 + E3Py |A|Ky)
1
Qs = 7 (KIT|A|P1E1KP — |A|P3E, + E3P3T|A|Kp) + Py,
. 1
0, = 7 (KJ|A|P1E1KP — |A|PLE,)
with

Pi(z) = Py diag {€*" L, ™" I, }
Pi(z) = Pydiag {e " L, e I, }
A| = diag {AT, A"},
By = diag {Ln, e*" I, }
By =diag{e "L, I,_n},

By =+\/E1, Bi=+/Es.

In order to prove the exponential stabilization of system (1.18)-(1.19) with the
PI controller, the authors constructed the following candidate Lyapunov function V :
L*((0; L);R™) x R™ — R

L
V0 = [ b P+ o @)+ TP (] o+ L¢T PG
0
_ [ y]T{H(x) Pe,(as)} M
- { S AR
where ( : [0,00) — R is the integral of the output of the system (1.18), i.e.,

0= | s (i
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Their results were illustrated by the linearized Aw-Rascle-Zhang traffic flow model. The
issue of feedback stabilization and disturbance rejection under PI boundary control for a
class of density-flow systems has been addressed in [5|, which provided explicit necessary
and sufficient stability conditions in the frequency domain.

1.2.4 Examples of in-domain control problems

Most of the contributions of hyperbolic equation control design involve boundary control
rather than in-domain control. For quasi-linear first-order hyperbolic systems (such as
convective reaction processes) and parabolic systems (such as diffusion reaction processes),
control methods that directly consider the process distribution characteristics have
been developed [15]. Next, we will present two particular applications considering the
stabilization of hyperbolic systems with in-domain control.

1.2.4.1 Freeway traffic flow

For traffic consisting of both Adaptive Cruise Control-equipped (ACC-equipped) and
manual vehicles, the problem of feedback control design for stabilization of traffic flow
in congested regime by time-gap manipulation has been addressed in [6]. The following
2 x 2 nonlinear first-order hyperbolic PDEs with in-domain actuation was considered

pt(xv t) == px(xv t)U(ZL‘,t) - p(x,t)vgg(x, t)?
o 8Vmix (p(xvt)ahacc(xat))
wtet) == (ol,0) ot . )

X vz, 1) + Vinix (p(2, 1), hace (z, 1)) — v(ac,t)7

Tmix
Gin :;0(07 t)U(O, t)’
Vinixe (P(D; ), hace (D, 1)) — v(D, )

v (D,t) = (1.20)
Tmix
where .
(6] —
Vmix (Pa hacc) = Tmix < ‘/:Bmcc (Pa hacc) + - Vm (/)))

1 1 1
V;\cc (P, hacc) = h <_ - L) s Pmin < P < &

acc \ P L
1 /1 1
Vm(p):h_<;_ )7 pmin<p<z
1
Tmix = 4 + l1—a
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Here p is the traffic density, x € [0, D] is the spatial variable, D > 0 is the length of
a freeway, ¢ > 0 is the time, 0 < v < vy is the traffic speed, where vy is the free-flow
speed, L > 0 is the average effective length of each vehicle, a € [0, 1] is the percentage
of ACC-equipped vehicles with respect to total vehicles, ppi, > 0 is the lowest value for
density for which the model is accurate. g, > 0 is a constant external inflow, Tyee , Ty > 0
are the time constants of the ACC-equipped and manual vehicles, respectively, h,, > 0 is
the time-gap of manual vehicles and h,.. > 0 is the time-gap of ACC-equipped vehicles
(which is the control input).

By linearizing and diagonalizing the system, the authors designed the following in-
domain controller

— 1 cox
Pace(.1) = Pce + — (—ere™ ¥ 3w, 1) + ki(a, 1) )
C3
- 1
= hace + - (—e1p(z,t) + (B — o) 0(x, 1)) (1.21)
3
to get
Z(2,t) + 05, (0, 1) = cai(x, t) — ke hup0(x, 1), (1.22)
Oy, 1) — ey, t) = —k0(x, 1), (1.23)
2
20,t) = —LZ (0, 1), (1.24)
v
(D, t) = —ko(D,t) (1.25)
where h,.. and p are steady-state time-gap and steady density for ACC-equipped vehicles,
U = qu/p, k > 0 being arbitrary, ¢; = ———,c = ——,¢c3 = L L_1), ¢y =

ﬁ2 TmixPmix Tmix Tacc hgcc P

v_@aﬁ:p_ﬁ

cox

L, 2(@) = eF (p(@) + hunp*0(a)), §

System (1.22)-(1.23) has a form which is similar to (1.1). Applying an input-output
approach, the following result was established.

Theorem 1.5 (Bekiaris 2020 [6])
System (1.23), (1.25) is L,, p € [1,00], convectively stable in the sense that for any 0 <
xg < 21 < D such that 0(xq) € L, and U,(z1) € L, the following hold

10 (22)ll, < [0 (21)ll 2,
102 (22)l 2, < (102 (21)] 2,
The control design method proposed by the authors was used to stabilize traffic flow

in congested conditions. The closed-loop system has been proven to be convectively stable
under the developed control law. In the future, it will be interesting to consider the problem



1.2. Continuous-time control for hyperbolic systems 19

of nonlinear feedback control design. In addition, since the vehicles have decentralized
actuators and sampling phenomenon cannot be ignored. It would be interested to study
the sampling implementation of the controller (1.21).

1.2.4.2 Nonisothermal plug-flow reactor

In [16], the authors presented an output feedback control methodology which was
implemented on a nonisothermal plug-flow reactor through simulations. The nonisothermal
plug-flow reactor is modeled by three quasi-linear hyperbolic PDEs:

80 80 —E
B = Uy ke Ca,
oC oC -E -B
a—tB = — aZB + k3106 RTTI CA — k’goe RTTQ CB,
T, T, —AH B —AH —Ey
6T=—war+( ”meiarkL—Jﬁ@wﬁwh
ot 0z PmCpm PmCpm
Uy
T, —T. 1.26
+ mepm‘/;« ( J ) ( )

subject to the following boundary conditions:
Ca(0,t) = Cao, Cp(0,1) =0, T.(0,t) =Tao

where kg, koo, F1, F» denote the kinetic constants and the activation energies of the
reactions, v; is the superficial fluid velocity, R is the ideal gas constant, C'4,Cp denote
the concentrations of the species A and B in the reactor and 7T, denotes the temperature
of the reactor. AH, ,AH,, denote the enthalpies of the two reactions, p,, ¢,m denote the
density and heat capacity of the fluid in the reactor, V,. denotes the volume of the reactor,
U, denotes the heat transfer coefficient and 7} denotes the spatially uniform temperature
in the jacket.

The control objective is the regulation of the concentration of the product species B
throughout the reactor by manipulating the jacket temperature 7;. In practice, Tj is
usually operated indirectly through control of the jacket inlet flow rate. Setting:

'U/:CZ—_‘]‘_CZ}N .I'1:CA, .TQICB, x3:TT’7 y:CB

where T}, is the steady-state profile for 7;. The process model of (1.26) can be expressed
in the following form:
0 0
5 = A@)5- + @) + gl
y=h(z), q=p) (1.27)
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with the boundary condition:
Ciz(a,t) + Cox(b,t) = R(t) (1.28)
and the initial condition:
x(2,0) = xo(2) (1.29)

where x(z,t) € H" ([a, b]; R™) is the vector of state variables, z € [a,b] C R is the position
and ¢t € [0,00) is the time, u(z,t) denotes the manipulated variable, y(z,¢) denotes the
controlled variable and ¢(z,t) denotes the measured variable. A(z) is a sufficiently smooth
matrix, f(x) and g(z) are sufficiently smooth vector functions, h(x), p(z) are sufficiently
smooth scalar functions, R(t) is a column vector that is assumed to be a sufficiently smooth
function of time, zo(2) € H ([a,b]; R™) and Cy, Cy are constant matrices of dimension n X n.

It is important to remark that, linearizing system (1.27) around the equilibrium, we
obtain a system of the form (1.1). By introducing a concept of characteristic index for the
synthesis of distributed state feedback laws, the output tracking in distributed parameter
system (1.27)-(1.29) was guaranteed by combining the theory of PDEs with methods of
geometric control. A distributed control law was obtained. In [16], the conditions to ensure
the exponential stability of the closed-loop system were derived.

It is significant to highlight the fact that for chemical reactors, networked control [110,
138, 58| implementations are usual used. The impact of data communication can not
be ignored, especially when wireless networks are being used [7]. In this context, it is of
interest to study the impact of the sampled-data control implementation on the overall
system behaviour.

1.3 Sampled-data control for parabolic systems

In this section, we present several results considering the stability of sampled-time parabolic
PDEs. This results are of interest since the proposed techniques could also be relevant in
the case of sampled-time hyperbolic PDEs.

Parabolic PDEs are used to describe a wide variety of time-dependent phenomena
[71, 40, 33| including heat conduction [34], particle diffusion [115] and pricing of derivative
investment instruments [52|. The theory of the heat equation was first developed in [34]
for the purpose of modeling how a quantity such as heat diffuses through a given region.
In modern science, the first systematic experimental study of diffusion was performed
by Thomas Graham in [115]. He studied diffusion in gases and the main mathematical
description of the phenomenon was described by him in 1829. Motivations can also be
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found in other domains. In [52], the authors briefly discussed the logic behind the method
of pricing securities that leads to the use of parabolic PDEs. Few results are allowable
for the study of sampled-data parabolic systems. The study of parabolic systems with
distributed sampled-data control has been developed in [37, 107, 60]. In the following, the
main contributions in three mentioned papers will be presented in detail.

1.3.1 Semilinear diffusion equations

For parabolic systems governed by uncertain semilinear diffusion equations with distributed
control on a finite interval, the sampled-data controllers have been investigated in [37]. The
authors considered the following semilinear scalar diffusion equation

z(x, 1) :% [a(x)ze (2, )] + d(2(x, t), 2, t)2(x, t) + u(x,t), t>to,x€0,1],l>0 (1.30)

with Dirichlet boundary conditions
2(0,t) = z(I,t) =0, (1.31)

or with mixed boundary conditions
2:(0,t) = ~v2(0,t), =z(l,t)=0, ~>0, (1.32)

where v may be unknown. In (1.30), u(x,t) is the control input. The functions a and ¢
are of class C! and may be unknown. These functions satisfy the inequalities a > ag >
0, O < @ < Ppr, Where ag, @, and ¢y are known bounds.

The open-loop system under the above boundary conditions may become unstable if ¢,
is too big (see [21] for ¢ = ¢yy). It is assumed that there exists a linear infinite-dimensional
state feedback u(x,t) = —Kz(z,t) with big enough K > 0 which exponentially stabilizes
the system.

Then a sampled-data controller implementation is carried out for the case when the
sampled (in time) measurements of the state are taken in a finite number of fixed sampling
points in the spatial domain. It was assumed that both the sampling intervals in time
and in space are bounded. The sampled-data static output feedback enters the equation
through a finite number of shape functions (which are localized in the space) multiplied by
the corresponding state measurements. It is piecewise-constant in time and it may possess
an additional time-delay.

The space variable x = [0, L] has been divided into N on space sampling intervals as

OISL’(]<SL’1<"'<SL’N:L, (133)
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and the time sampling intervals have been considered as follows
O=tog<ty < - - <t <---, kllmtk:OO (134)
— 00

The sampling intervals in time and in space are assumed to be variable but bounded,
0§tk+1—tk§h,0<xj—xj_1:AjSA (135)

where h and A are the corresponding upper bounds. Sensors provide discrete measurements
of the state:

Tj+1 + X
)

) j€{0,...,N =1}t € [ty, tps1) , k =N, (1.36)

Yik = 2 (T, ty) , T =
The following sampled-data controller is obtained:
w(z,t) = =Kz (z),t;) ,x € [zj,2j41),7 €{0,....,N =1}t € [ty, tp1) , k=N (1.37)

with the gain K > 0. This controller presents both time and space discretization.

To check the stability of the closed-loop system (1.30) and (1.37), a direct Lyapunov
method for the stability analysis of the resulting closed-loop system was developed, which
was based on the application of Wirtinger’s [46] (see Theorem A.4 in Appendix A) and
Halanay’s inequalities [45] (see Lemma A.3 in Appendix A). The following Lyapunov
function was used

V(z(x,t)):/O 22(z,t)dz. (1.38)

An extension to the case of sampled-data control with delay is also presented, in which a
more general controller was obtained

u(z,t) = —Kz2(Zj, t, — i)

where 7, € [0,1)] is an additional delay. The Lyapunov function was modified as follows:

l

V(z(z,t)) :p1/0 22(z,t)dx +p3/ a(x)22(z, t)dx

0
l 0yt
+/ [TMT/ / X 22 (1, 5)dsdb
0 —7p Jt+0

t
+g/ eX(=D 2, s)ds] dz + q2*(0,1) (1.39)
¢

—T™

where p3 > 0,p;1 > 0,7>0,9 > 0,77/ = h + 1.
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The result was also applicable to the convection-diffusion equation

2z, t) = agzee(z,t) — Bzg(z,t) + o(2(z, 1), x, t)2(2, t) + u(z, t),
t>to,x€0,0,0>0 (1.40)

with constant and known 3 € R, ay > 0 and unknown ¢,, < ¢ < ¢, of class C! under the
Dirichlet boundary conditions (1.31) or under the mixed boundary conditions

2:(0,1) = 702(0,t), =z2(l,t) =0, ~>-—, (1.41)
where the measurements are given by (1.36).

This method in [37] gives a general framework for robust control of parabolic systems:
being formulated in terms of LMIs. The conditions can be further adapted to systems
with saturated actuators and to the ISS stabilization problem. It gives tools for network-
based control, where data packet dropouts (resulting in variable in time sampling) and
network-induced delays are taken into account. Extension of the method to various classes
of parabolic systems, as well as its improvement may be topics for the future research.

1.3.2 Reaction-advection-diffusion equation

Reaction-advection-diffusion equations are PDE models that are used to represent the
evolution of a substance (e.g., a drug) in a medium described by spatial coordinates
involving privileged transport (or advection) according to a physical or chemical force
represented by a velocity vector, diffusion, that is, random motion of the substance
molecules in the medium, and reaction (e.g., chemical) with other constituents present
in the medium represented by source or loss terms in the equations [27, 87]. In
biology, the reaction-advection-diffusion equation is used to model chemotaxis observed
in bacteria, population migration, evolutionary adaptation to changing environments and
the spatiotemporal dynamics of molecular species including morphogenesis [11]. For the
sampled-data control case, a vector reaction-advection-diffusion equation on a hypercube
was considered in [107]. The measurements were weighted averages of the state over
different subdomains. These measurements were asynchronously sampled in time. The
discrete control signals were applied through shape functions and Zero-Order Hold (ZOH)
and where subject to matched disturbances. In this work, the authors have focused on a
generalized relay control, that is, the control signals take their values in a finite set. The
following semilinear parabolic system was considered:

zi(z,t) =Apz(x,t) + Vz(x,t) + Az(x,t) + f(z,t, 2)

+stbj(x) [u;(t) +w;(t)], x€Q (1.42)
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with the space domain = [0, 1]V, state z : Qx [tg,00) — RM  matched disturbances
w;(t) and matrices § € RM*MN A € RM*M B € RM*E The diffusion term is defined as

Apz = (Abzl, e A]\D/IZM)T ,
where
A" (x,t) = div (D™ (2) V2" (2, 1))

with
D™(z) = (D™(x))" € C* (Q, RN for m € {1,..., M}.

The space domain 2 was divided into N, rectangular subdomains €2;, where the control

signals were applied through shape functions b;(x) € H'(0,1) such that

bj(x) =0,  x¢Qy,
bj(x) =1, r € Qf (1.43)
bi(x) € 0,1], 2 € Q\Q

with €% being subsets of (2.

Each control signal u; is applied through ZOH changing its value at asynchronous
sampling instants. It was assumed that the measurements of the system (1.42), (1.43)
were given by

Yjp = / bj(z)z (z,s;,)dx, je{l,...,Ns},peN,
i
where s, presents the sampling time of the ;% sensor. In addition, it was assumed that
sjo =to,Vj € {1,...,Ns} and s;,41 — 8, € (0,h]. Let V = {vy,...,v,} C RF be a set of
control values. The following generalized sampled-data relay control was considered:

u;(t) = argmin, ., ijpPle, t€[SjpSjpt1),J €{1,....,Ns},peN (1.44)

with
Py = diag {py,...,p{"} > 0.
For instance, if V = {—v, v} with 0 < v € R, the minimum in (1.44) is delivered by

ui(t) = —vsign {(PiB) iy}, € {1, N}
which is consistent with the classical relay control.

The goal was to provide a switching control law (1.44) that ensures semi-global practical
stability, that is, for any arbitrarily large domain of initial conditions the trajectories
converge to a set whose size does not depend on the domain size. The control design
procedure was based on Lyapunov-Krasovskii functional

V=Vi+V+Vy
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with

Vi :/ZT(x,t)Plz(:p,t)dx,
Q
M
S / I (V2 (2, 1)) D™ (2)V " (2, 1) d,
m=1 Q
N t
Viv :he%‘hZ// e 2= 5 T (2, §)W zs(, 5)dsda
j=1 8% Ttk

2h Ns t
- % Z/ / e 2= T (2, s\Wn(x, s)dsdr, t€E [ty try1), k€N, (1.45)
j=1 7% Ytk

where .
1) = 3 [5(2,0) = = (2,15
and the notation
N,
tin =max {sj, | sjp <t} [t tesr) = [ ) [k tins)
peN i1

were adopted.

This work is an extension of the preliminary results given in [108|, that is, generalizing
the preliminary results to a vector system with multi-dimensional domain, convection term,
reaction term and asynchronous sampling. For disturbance-free systems the constructive
switching procedure in [107] guarantees exponential convergence to the origin.

1.3.3 1-D Kuramoto-Sivashinsky equation

Kuramoto-Siwashinsky Equation (KSE) is a fourth-order nonlinear PDE. It was derived
in the late 1970s to model the diffusive instabilities in a laminar flame front [112, 72, 113].
The KSE is known for its chaotic behavior [95]. Applications of the KSE extend beyond
its original context of flame propagation and reaction-diffusion systems. These additional
applications include flows in pipes and at interfaces, plasmas, chemical reaction dynamics
and models of ion-sputtered surfaces [20, 59]. In the context of sampled-data systems, the
case of distributed sampled-data control of nonlinear PDE system governed by 1-D KSE
has been addressed in [60]. A standard 1-D KSE is shown as follows

N
Ut(2, 1) + Upe (T, 1) + VUggan (2, 1) + ul(x, t)uy(x,t) = ij(x)Uj(t), O<z<L,t>0.
=1

(1.46)
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In [60], the authors considered both the case of systems subject to Dirichlet boundary
conditions:
u(0,t) = u(L,t) = 0,u,(0,t) = uy(L,t) =0

or to periodic boundary conditions:

0mu 0™u

—(0,%) = =—(L,1 0,1,2,3}.

S0 = gLt m € {0,1,2,3)
Here v is a positive constant, u(z,t) is the state of KSE and U;(t) € R,j € {1,..., N} are
the control inputs.

It was assumed that N sensors provide sampled in time spatially distributed (either
point or averaged) measurements of the state. In terms of (1.33)-(1.35), the control inputs
U,(t) enter (1.46) through the shape functions

bj(ZL') =1l,ze€ Qj .
’ Q= [, 1,...,N}.
{bj(x)ZO,x¢Qj, 3= @ 2i) g € 4L N

Sensors provide either point as shown in (1.36) or averaged measurements of the state

f;’ u(x,ty) de
Y = —— A je{l,...,N},keN. (1.47)

J

An exponentially stabilizing sampled-data controller for (1.46) was designed and imple-
mented by ZOH:

Ui(t) = —pyje, T € [ti, tora) (1.48)

where p is a positive controller gain and y;j is given by (1.36) or (1.47).

Given upper bounds on the sampling intervals in time and in space, sufficient conditions
for regional exponential stability were established by applying the time-delay approach |78,
36]. The results were obtained by employing the following Lyapunov-Krasovskii functional

L L L t
Vi) =i [ et b [ e tde e -0 [ [ @0 s,
0 0 o Ji,
t e [tkatk-i-l) ,p1 > 0,p3 > 0,r > 0. (149)

Here p; and ps3 terms are extensions of the corresponding terms of [37] to KSE, whereas
r-term treats sampled-data control as introduced in [35]. The parameter § > 0 stands for
the decay rate.

Distributed control of KSE under the point or averaged state measurements was
initiated in [80]. However, for practical use of such controllers, their sampled-data
implementation was missing. The method in [60] gives efficient tools for sampled-data
observer design. An interesting, yet technically challenging, open question regarding this
approach is how to extend it to the case of observer-based sampled-data controllers.
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1.4 Sampled-data control for hyperbolic systems

Some physical systems are described by hyperbolic PDEs, such as those used to model
the flow of a river and the vibrations of beams, the road traffic [82, 131, 4], etc. Therefore,
the study of hyperbolic equations is of substantial contemporary interest [47, 75]. For
hyperbolic PDEs, we focus on results concerning both sampled-data control and event-
triggered control.

1.4.1 Periodic and aperiodic boundary control
1.4.1.1 1-D linear transport PDEs with non-local terms

The application of boundary feedback control with ZOH to 1-D inhomogeneous, linear,
transport partial differential equations on bounded domains with constant velocity and
non-local terms was provided in [63]. The authors considered the following control system

%(t, z) + %(t, 2) =g(2)y(t,1) +/Z f(z,9)y(t, s)ds, (1.50)
y(t,0) = u(t) — /Olp(s)y(t, s)ds, fort >0 (1.51)

where (¢,2) € RY x [0,1], g € C°([0,1];R),p € C*([0,1;R), f € C°([0,1]*;R) are given
functions, y[t] denotes the profile of the state y at certain t > 0, i.e., (y[t])(z) = y(t, 2)
for all z € [0,1] and u(t) is the control input. More specifically, the solution of the
initial-boundary value problem (1.50), (1.51) was considered under boundary sampled-
data control with ZOH:

u(t) = uy, for t € [tg,tx41) andforall ke N (1.52)

where {t; > 0,k € N} is an increasing sequence (the sequence of sampling times) with
to = 0,limg_, o (tx) = +oo and {uy € R,k € N} is the sequence of applied inputs and
initial condition

y(0,2) = yo(2), for all z € [0, 1], (1.53)

where 1o : [0,1] — R is a given function. The authors adapt the backstepping design
approach from [69] to the sampled-data case. The following sampled-data controller is
considered

u; = /1(p(3) + k(0, 8))y (tg, s)ds, for all i € N. (1.54)
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The function k in (1.54) corresponds to the kernel function in backstepping approach (see
Theorem 1 in [69]).

Theorem 1.6 (Karafyllis 2017 [63])

For every o > 0 there exist constants T, G > 0 with the following property: for everyy, € X
and for every increasing sequence {t, > 0,k =0,1,2,...} with to = 0,supy>q (tpr1 — k) <
T and limy_, ;o0 (t,) = 400 the initial-boundary value problem (1.50)-(1.54) satisfies the
following estimate:

ly[t]]leo < Gexp(—0ot)||yolly,, forall t>0. (1.55)

It was shown in [63] that the closed-loop system is exponentially stable with the
proposed sampled-data controller for sufficiently small sampling period. Moreover, it was
also shown that, contrary to the parabolic case [64], a smaller sampling period implies a
faster convergence rate with no upper bound for the achieved convergence rate.

1.4.1.2 2 x 2 linear hyperbolic systems

The global exponential stability of a 2 x 2 linear hyperbolic system with a sampled-data
boundary feedback control designed by means of the backstepping method was studied in
[22]. The work focused on the following linear hyperbolic system:

u(t, ) + Mug(t, x) = oy (z)v(t, x)
v (t, ) — Mg (t, ) = oo(z)u(t, x) (1.56)

with boundary conditions
u(t,0) = qu(t,0), o(t, 1) = put, 1) + U (1 (1.57)

where u,v : R} x [0,1] — R are the system states, A, A2 € Ry, 01, 02 € C°([0,1],R), p,q €
R are such that |pg| <1 and U : RY — R is the control signal.

In this paper, the authors investigated the effect of sampling the control signal on the
exponential convergence of the solution to (1.56)-(1.57) with a backstepping controller. It
is assumed that there exists a strictly increasing sequence of instants {#;},.y satisfying

to =0, Tk:thrl—tkE(O,h], lim ¢, = o0

k—o0

with h > 0. The following control signal was considered

U@ = (0t o)), € ftin). (1.58)
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where
1

K ((u(t, ), u(t, ))T) = — kopu(t, 1) + /

) ke [ u(t,z) } dz (1.59)

where K"(z) and K"(z) are kernel functions derived as in [125].

Two theorems were given to show that there exists a sufficiently small inter sampling
time (that encompasses both periodic and aperiodic sampling) for which the global
exponential stability of the closed-loop system is guaranteed.

The first result considers the case of systems with boundary reflection (i.e., p # 0).

Theorem 1.7 (Davo 2018 [22])
Consider the set T = {T' € Ry : 3m € N,T, =mT'} with T, = % There exist constants
n,C >0 and

" R,, ifkg=0
g e{ T, ifkye(01] (1.60)

such that for all constant T < T and for all initial conditions (uO,UO)T e C'([0,1],R?),
the solution to system (1.56)-(1.57) satisfies

(0,0, 00) ||

Y YY) Ya

(2, ')||%2([0,1],R4) < Ce™™

L2([0,1],R%)
with

s(t,) = (ult,-), 0(t,-), 8 ult, ), 0 o(t, )
when the control law (1.58) is applied with the following:
1) Ty € (0,T],k € N for kg =0 (aperiodic sampling);
2) T, =T €T,k eN for kg = (0,1] (periodic sampling).

The following theorem considers the case of system without boundary reflection (i.e.,
p=0).

Theorem 1.8 (Davo 2018 [22])

There exist constants T*,n,C > 0 such that for all (u°,v°) € C! ([0,1],R?) the solution to
system (1.56)-(1.57) with p = 0 and control law (1.58) with T}, € (0,T*] for all k € N,
satisfies

(u0)]

[ty ), vt ) | ooy ey < CE™ (1.61)

L2([0,1],R2)

The controller under study is the modified version, proposed in [2], of the full state
boundary feedback controller propounded in [125] by means of the backstepping method.
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Two different cases depending on the boundary conditions were analyzed. It could be
interesting to generalize the obtained results to a more general class of systems such as
n X n linear hyperbolic systems and also to relax equation (1.60) for kg # 0. In addition,
the proposed method might be combined with an event-triggering mechanism, in order to
design an event-triggering strategy with a greater dwell-time, or a periodic event-triggered
controller following the ideas in [48].

1.4.2 Event-based boundary control

During the last decade, event-triggered control has received increasing attention in real-
time control systems [83, 48, 26, 111, 116]. One distinguished characteristic is that
event-triggered control provides a strategy under which the control task is executed
only when necessary. Compared with traditional time-triggered control, event-triggered
control can efficiently reduce the number of execution of control tasks while preserving the
desired closed-loop performance [81]. Under an event-triggering scheme, extra hardware is
commonly used to monitor the instantaneous system state so that the next event time can
be calculated.

1.4.2.1 An event-based boundary control strategy

Event-based boundary controls for 1-D linear hyperbolic systems of conservation laws was
introduced in [31]. The system was given in Riemann coordinates:

dy(t,x) + Aoyy(t,x) =0 =z €[0,1],t € RS (1.62)

where y : RY x [0,1] — R™, A is a diagonal matrix in R™*" such that A = diag (A1, ..., \,)
with 0 < A\ < Ay < -+ < \,. The following boundary condition was considered:

y(t,0) = Hy(t,1) + Bu(t), teRY) (1.63)
where H € R™™, B € R™™ and u : RY — R™. The initial condition was given by
y(0,7) =y°(x), x€]0,1] (1.64)
where y° € Cpp ([0,1],R™). The output function was defined as follows:
2(t) =y(t, 1) (1.65)

The following assumption was considered to guarantee that the system (1.62), (1.64) and
(1.65) with boundary condition

y(t,0) = Gz(t), teRY (1.66)
where G = H + BK, K € R™*" is globally exponentially stable.
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Assumption 1.4 (Coron 2008 [18])
The following inequality holds:

p1(G) = Inf {||[aGA™!

AeD, ) <1 (1.67)

where || - || denotes the usual 2-norm of matrices in R™™ and D, denotes the set of
diagonal matrices whose elements on the diagonal are strictly positive.

Proposition 1.2 (Diagne 2012 [24])
Under Assumption 1.4, there exist u > 0 and a diagonal positive definite matriz () € R™*"
(with Q = A*A?%) such that the following matriz inequality holds

GTQAG < e *QA. (1.68)
Then, the linear hyperbolic system (1.62), (1.64)-(1.66) is Globally Exponentially Stable
(GES).

In regard of (1.68), the Lyapunov function was defined, for all y(-) € L? ([0, 1], R™), by

Viy) = / y(2) T Qy(x)e 2 da. (1.69)

Then an event-based control scheme relying on both the ISS property with respect to
deviations to sampling and Lyapunov techniques was introduced for hyperbolic systems of
conservation laws.

Definition 1.2 (Espitia 2016 [31])
(Definition of p1): 1 is defined as an operator which maps z to u as follows:

The control function, z — p1(2)(t) = u(t), is defined as

)= 0, Vteltyty)
P ult) = Kz(ty), Vee ) k>1,

where (t}!) denotes the sampling instants. More precisely, the sampling instants are defined
by the following event-triggered law

te, =inf {t € RY |t >t} A ||BK (—z(t) + 2 (t))]]> > sWi(t) +1(t)} (1.70)

W, G) - i@ /01 (Hiz (t - Aﬁ))z =2 (1.71)

where
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and, for all t > %, by

Wy (t) = zn:Q /O1 (Hiz (t . ;) + Byu (t _ 1))26—%%% (1.72)

7

>

1 1
e1(t) =W (X) e "t > 3

where A = minj<;<, {\;}, K in R™" Q is a diagonal positive matriz in R™™ and
1, K5, 1, > 0 are design parameters.

The following theorem provides stability condition for the event-triggered control
system (1.62), (1.65), (1.70), (1.71), (1.72).

Theorem 1.9 (Espitia 2016 [31])
Let K be in R™"™ such that Assumption 1./ holds for G = H+ BK. Let u > 0, Q) a diagonal
positive matriz in R™™ and v = pX be as in Proposition 1.2. Let o be in (0,1) and a > 0
such that

(1+a)GTQAG < e™QA.

Let p be the largest eigenvalue of (1 + 1) QA,

«

2
R:E,?]>2U(1—O')
p

and €1 and p1 be given in Definition 1.2. Let V be given by (1.69). Then the system
(1.62)-(1.65) with the controller (1.70) has a unique solution and is globally exponentially
stable.

Highly inspired by [118]| and [31], an extension to a more general case was given in [32].
Therein the approach is extended to the case of space-quantized measurements. A sampling
algorithm was designed so that L*-norm of y(t,-) converges to a bound parameterized by
the quantization error. Then the boundary controller was given by u = ¢4(z) where the
operator @4(z) enclosed the triggering condition, the quantizer and the control function
characterized as follows:

Definition 1.3 (Espitia 2017 [32])
(Definition of ps ): Let o € (0,1),7s,&,0, p,v >0 and K € R™*". Let

1

61(t) = 51(0)6_&, Vit Z X,

with
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The static control function, z — @4(2)(t) = u(t), is described by:

S u(t)=0 Vte [t t1),
o { u(t) = Kq(z(ty)) YVt € [ty tyr), k>1, (1.73)

where q : R™ — Q is the quantizer having the property that
|Q<x> - SL’| < Aqv

for some countable set Q and a scalar A, > 0. The sampling instants are defined by the
following event-triggered law

topr = inf {t € RY [+ > tpA 7, [|BK (—2(t) + 2 (t))|> > 200Wi(t) + e2(8)} . (1.74)

[f{7 (%) =0, the time instants are ty = 0,t; =

For each ¢ > 1, the boundary condition (1.63), with (1.65), under static boundary
control, (1.73) as

u(t) = Kq(z (k) L € [th, tera)

was rewritten as a nominal continuous time control loop

y(t,0) = (H + BK)z(t) + d,(t) + ds() (1.75)
with perturbations
dg(t) := BK (q (2 (tx)) — 2 (tx))
) = B o0 € ot (170

that can be seen as errors related to the quantization (d,) and to the sampling (d;)
respectively.

A condition for the stability in the presence of event-based sampling and quantization
errors is provided in the following theorem.

Theorem 1.10 (Espitia 2017 [32])

(L*-stability): Let K € R™™ be such that Assumption 1.4 holds. Let p > 0,Q € D, y,v =
pA, o € (0,1) and 6 > 2v(1 — o). Let 4(t) be the decreasing function as in Definition 1.3
and assume that there exist v, and s > 0 such that

GTQAG — QAe™?  GTQA GTQA
M, = * QA — v, I QA <0 (1.77)
* QA QAN — 1

Then the closed-loop system (1.62)-(1.65), (1.75) with controller v in (1.73) is ISS in L?
-norm with respect to d,.
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The paper [31] might be considered as the first contribution to event-based control of
hyperbolic PDEs and complements the work of [37] and [106] on sampled data control of
parabolic PDEs and on event-based control of parabolic PDEs, respectively. However,
the event-based stabilization approaches may be applied to a linear hyperbolic system of
balance laws. In [32], the authors studied ISS in L?*— and H!'— norms. It could be fruitful
to consider also sampling algorithms for the control input in order to keep it constant until
an update is necessary.

1.4.2.2 2 x 2 coupled linear hyperbolic system

A well-established backstepping controller was used to stabilize a 2 x 2 coupled linear
hyperbolic system along with a dynamic triggering condition in [30]. The linear hyperbolic
system under consideration was
u(t, ) + Mug(t, x) = cru(t, x) (1.78)
vi(t, ) — Mg (t, ) = cou(t, x) (1.79)

along with the following boundary conditions:

u(t,0) = qu(t,0) (1.80)
v(t,1) =Ul(t) (1.81)
where u,v : RY x [0,1] — R are the system states with = € [0,1], ¢ > 0,U(t) is the

control input and A; > 0, Ay > 0. In addition, for technical issues related to the existence
of solutions, it was assumed that ci,cy # 0,q # 0,

A
cos(w) — ¢=wsin(w) £ 0, if c1ep >0

&1
and )
cos h(w) + ¢=wsin h(w) # 0, if ¢yey <0,
&1
where

w — |c1ca]
Ay

As it can be seen in [19], U(t) is a continuous full-state feedback control which is
designed to ensure that the closed-loop system is GES in L? norm. The backstepping
Volterra transformation

alt, 7) =u(t, z) - / "R, €)ut, €)dE — / "R, )l €)de
8(t.) =v(t.) - [ "R (o, €)ult, €)de — /0 KM@t ode (182)

0
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K(z,8) K*(z,€)

with the kernel K =
(K””(w,f) K" (z,§)

) is used to get U(t) under the form

U@%:/'Kwafmufme+lK”ﬂ@ﬁ@@ﬂé (1.83)

0

Since the system transformation (1.82) is invertible, when applying the continuous control
(1.83), the original is GES. In addition, the definition of an event-based controller under
which global exponential stability of the system is achieved and, furthermore, the existence
of a minimal dwell-time between two triggering times was guaranteed in [30].

The event-triggered approach was extended to output feedback where the design makes
use of observers in [29]. The system under consideration was the same as (1.78)-(1.80), but
(1.81) was changed to

v(t, 1) = pu(t, 1) + U(t), (1.84)

where p is the proximal reflection terms. It was assumed that |pg| < % and the initial

2
conditions

(w(0,2),0(0,2))T = (u°,0°) " € L* ((0,1),R?).

In [125] and [74] an observer was proposed by using a collocated output, i.e. having
u(t, 1) available as a measurement output. The observer represents a copy of the system
(1.78)-(1.80) and (1.84) with output injections terms. It was stated as follows:

Ug(t, ) + Mty (t, z) = cr(x)0(t, ) + pr(x)(u(t, 1) — a(t, 1))
Bl 2) — Do (t, ) = ex(@)i(t, ) + pale) (ult, 1) — (1, 1)

u(t,0) = qo(t,0)

0(t, 1) = pu(t, 1) + U(1) (1.85)

where 4,0 : R(}r x [0,1] — R are the states of the observer. Furthermore, the output
injections terms of the observer (1.85) were given as follows:

p(z) = =\ P*"(z,1)
pa() = =\ P™(2,1) (1.86)

where P** and P"* are obtained from the solutions of the linear hyperbolic kernel equations
in [29].

As a part of the perspectives in [30], an observer-based event-triggered boundary control
to stabilize a 2 x 2 coupled linear hyperbolic system subject to reflection terms at the
boundaries was proposed in this work. The results in this paper may be extended to m+n
hyperbolic equations and coupled PDE-ODEs (inspired by e.g. [54]). Applications to
hydraulic networks and to traffic congestion control (inspired e.g. by [73, 136]) using ramp
metering strategies are expected.
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1.4.3 Distributed sampled-data control

In the past, sampled-data observers/controllers under the sampled in space and time
measurements were suggested for parabolic systems. In the following sections, we present
some recent results that consider this problem for the case of hyperbolic systems.

1.4.3.1 A semilinear damped wave equation

Many applications are arisen from semilinear damped wave equation, including nonlinear
elasticity as a model of a vibrating string in a viscous medium, where the semilinear term
corresponds to the elastic force [94]. In [121], a sampled-data observer was constructed
for a hyperbolic system governed by 1-D semilinear wave equation with either viscous
or boundary damping. The considered class of systems includes damped sine-Gordon
equations that model the dynamics of a current driven coupled Josephson junctions with
applications in superconducting single-electron transistors [25, 76]. The semilinear damped
wave equation under consideration was given by:

2i(x,t) = 2ge(m,t) — Bz, t) + f(2(x,t),2,t), € (0,7), t>tg (1.87)

under the Dirichlet

2(0,t) = 2z(m,t) =0 (1.88)
or Neumann
2,(0,t) = z,(m,t) =0 (1.89)
or mixed
2(0,t) = z,(m,t) =0, or 2,(0,t)=z2(m,t)=0 (1.90)

boundary conditions. Here z(z,t) € R is the state, 5 > 0 is the damping coefficient and f
is a function of class C!. It was assumed that the derivative f, is uniformly bounded by a
constant g; > 0 :

|fo(z,2,t)] < g1 Y(z,2,t) € R x[0,7] X [tg,0). (1.91)
The initial conditions were given by

z(z,t0) = z0(x), 2z (x,t0) = 21(2). (1.92)
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Similar to [37], an observer for (1.87) under the appropriate boundary conditions (1.88)
based on sampled in space and in time measurements (1.36) was considered:

N-1
2tt(x>t) :émw(l‘at) - Bét(xat) + f(ZA’,l‘, t) + L Z Xj(x) [yjk —Z (jﬁtk)]
=0
x € (0,7m),t € [tg,trs1),k=0,1,2,... (1.93)
under the boundary conditions
2(0,t) = 2(m,t) =0 (1.94)

and the initial conditions
[’% ('7t0) ) ét ('7t0)]—r € H7

where
H = Hj x L*(0,7)
and

Hy ={z € H'(0,7) | 20(0) = zo(m) =0} .

Here L is a scalar observer gain. The measurements are applied after multiplication by the
characteristic functions y;(x), defined by

o L ifr e frg aal;
X; () —{ 0 else. (1.95)
Note that
N-1
Z XJ('T) [y (jjv t) —Z (jja t)] ~ [y(.ﬁlf,t) - 2(37, t)]u
7=0
when A — 0.

Sufficient conditions for the exponential stability of the estimation error e = z — 2
governed by

N-1
ew(x,t) = epp(,t) — Bey(x,t) + ge(x,t) — L Z x;j(x)e (z;,t,),
j=0
re (0,m),t € [ty tpr1), k€N (1.96)

with ge = f(z,z,t) — f(z — e, z,t) under the Dirichlet boundary conditions
e(0,t) =e(m,t) =0 (1.97)

were derived by using the time-delay approach to sampled-data control and appropriate
Lyapunov-Krasovskii functionals of the form

V() =Vo(t) + Vi(t), t€ [t thr) (1.98)
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where Vj(t) was given by

Va(t) = pa / 2d + / e e Pole e dr, (1.99)
0 0
with
P2 | PP ] >0, 1.100
0 [ *  P3 ( )
and

™ t
V.(t) = 7’/ (tgy1 — t)/ exp (209(s — 1)) €2(¢, 8)dsd¢, r >0, > 0. (1.101)
0 t
The global boundedness assumption (1.91) is restrictive. This assumption can be relaxed
to regional boundedness as considered in Section 4 of [38] that, for the case of control,
should lead to regional stabilization and should be applicable to Klein-Gordon equation.
Regional stabilization under regional boundedness in (1.91) may be a topic for future
research. Moreover, the presented method might be developed for event-triggered control
under discrete time measurements.

1.4.3.2 A damped semilinear beam equation

Vibration analysis of beam-like structures subjected to moving loads provides a wide
range of engineering applications, including railway bridges with crossing vehicles [41,
92]. Since the moving load has a significant impact on the dynamic response of the beam-
like structure, especially at high speeds, people are interested in effectively and reliably
solving the moving loads problem. Based on some initial studies on the vibration of
moving load beams [68, 124|, more complex beam models with general boundary conditions,
discontinuities, multiple spans and flexible connections are analyzed to consider for more
general structural categories [53, 8, 23, 28, 49, 114]|. In the case of sampled-data controllers,
distributed static output-feedback stabilization of a damped semilinear beam equation was
considered in [119]. The system under consideration was shown as follows:

N
2 (2,1) = —Zawaa (2, 1) — Bz, 1) + pla(z,t), 2,1) + > xj(2)u(t),
t>tg,x € (0,m), (1.102)

under the boundary conditions

z2(m,t) = z,(m,t) = 0, (1.103)



1.4. Sampled-data control for hyperbolic systems 39

or

2 (T, t) = Zpga(m, 1) =0, (1.104)

and the initial conditions
2(x,0) = z(x), (1.105)
2i(x,0) = z9(x). (1.106)

Here z(z,t) € R is the state (modeling the beam height position), w(¢) is the control input,
B > 0 is the damping coefficient (the damping is proportional to an angle of inclination of
the center of the beam). It was assumed that p is of class C* and satisfies

p(0,z,t) = 0.

The authors first considered the case of globally Lipschitz in z nonlinearity p. It was
assumed that

Om < p(z,x,t) < oy Vz,w,t. (1.107)
Then
p(z,x,t) = P(z,x,t)z, ¢ = /01 p-(0z, x,t)db. (1.108)
The later implies
Om < ¢ < du (1.109)

for all z,z,t, where ¢,, and ¢); are known bounds.

Distributed in space measurements were either point or pointlike, similar to the
distribution and boundedness of sampling points in (1.33)-(1.35). The sampling intervals
in time may be variable, but have a known bound

0< Skr1 — Sk < MATI,/{Z € N,

where MATTI is Mazimum Allowable Transmission Interval. The total round-trip
transmission time-varying delays from sensors to actuators is n, < MAD, where MAD
is the Mazimum Allowable Delay. The updating time of the actuators is ¢, = s + 7
and the authors assume that ¢, < t;41,k € N. For all j € {1,..., N}, k € N pointlike
measurements were described by:

ya:/ﬂ c;j(§)z (& sk) dE, (1.110)

J
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(1.111)

1 y
cj(:c):{ e, zed

0, elsewhere

where €Y is subinterval of §; of the length ¢; and ¢; < ¢ with some ¢ € (0,A). Point
measurements in the middle of €2; were given by:

_ o s J J
Y =2 (Tj,8), &= -

The network-based implementation of the control law which enters the PDE through shape
functions was studied. Variable sampling intervals and transmission delays were taken into

(1.112)

account. A static output-feedback controller was considered

ui(t) = =Ky, (tk — k), T € [tr, ths) (1.113)

based on the measurements y; given by (1.110) or (1.112). By using the time-delay approach
to networked control systems [39, 43|, the resulting control input was modeled as a delayed
one:

ujt) = Kyt —7(0)), 1> 1o

where
T(t) =t—t,+ T]k,t € [tk, f}k+1)

and
7(t) < gy — tp +me < MATI + MAD £ 7y,

For brevity, in what follows the time argument of 7 is omitted.

The control input was remodelled as:

Here

fi=z(xt)—z (a:jT,t) U = / | cj(x)[z(x, t) — 2(x,t — 7)]|dz

for the pointlike measurements (1.110) and
fi=z2z,t—71)—2(25,t—71),9; = 2(x,t) — z(x,t —7)
for the point measurements (1.112). Then the closed-loop system has the form
N
2= e — B+ [0z, 2, 0) = K2+ KDY X[+ 03], ¢ >t (1.115)
j=1

In order to derive stability conditions for (1.115) the following Lyapunov-Krasovskii
functional was used

V(t) = Volt) + Va(t) + Vi(t),t € [ty trsr) (1.116)
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where

Vo(t) = ps /07T 22 dr + /7r [22¢] P [zzt]T dx (1.117)

0
N t

Vi(t) = SZ/ / 0602 (1 5)dsdx
j=1 Qj t—Tm

0

N t
Vi(t) = r7u Z/ / / 0602 (g 5)dsdfdx (1.118)
j=1 Qj —7p Jt+H0

p1 P2

with some scalars py, pg, p3 >0,s>0,7r>0, P = [ £
3

] and k given by

' (1.119)
2(x, s), point measurements.

K(z, s) = { fﬂj cij(&)z(&, s)d§, pointlike measurements,

The results were derived and compared under both types of measurements in terms of the
upper bound on the delays and sampling intervals that preserve the stability for the same
(as small as possible) number of sensors/actuators. For locally Lipschitz nonlinearities,
regional stabilization was achieved. Numerical results have shown that the pointlike
measurements lead to larger delays and samplings, provided the subdomains where these
measurements are averaged, are not too small. Some preliminary results for network-based
control of damped beam equation with globally Lipschitz nonlinearities were presented in
[120].

1.5 Goal of the thesis

In summary, the analysis of sampled-data hyperbolic PDEs is still a wide open problem.
In this thesis we aim at studying the stability properties of sampled-data controlled linear
hyperbolic systems:

Owy(t,z) + Aoy y(t, ) + Yy(t,z) + u(t,x) =0,
y(t,0) = Gy(t, L), vt > 0,
y(07 SL’) = y(](l’),v.l’ S [07 L]7 (112())

where y : [0,400) X [0,L] — R", ¢t € Ry, x € [0,L], A =diag{A,..., A, -, A} With
Ay ooy Am > 0> A\piq, oo, Ay, G and T are real n x n matrices. u (¢, x) is the control law
which will be represented later. This class of systems is known to be relevant in several
practical problems [4, 6] related to fluid dynamics, road traffic control, etc. - see also |24,
104, 117] for some recent theoretical developments. Although distributed sampled-data
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Figure 1.1: Response of state y; for the open-loop system.

controllers often appear in practical applications, the results in this case are scarce and
only a few papers discussed the special case of hyperbolic systems [121, 119].

In the following, we use an example to motivate our study: an open-loop unstable
system is stabilized with a continuous time controller. However, the stability can be lost
under some sampled-data control implementations.

Example 1:

Consider a system of the form (1.120) with

1 0 —15 1 10
S EEY R R S |

The open-loop system is unstable. This is illustrated in Figures 1.1 and 1.2 where the time
evolution of states y; and ys for the open-loop system with the initial condition

Yo () = {

(1 — cosdmzx)sin 27z
(cos2mx — 1) sindnz

is presented.

For closed-loop system (1.120) with the following continuous-time controller

u(t,z) = Ky(t, x), (1.121)
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Y2

T 0 ¢

Figure 1.2: Response of state y, for the open-loop system.

w 0 ¢

Figure 1.3: Response of state y; for the closed-loop system with continuous-time controller.
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T 0 ¢

Figure 1.4: Response of state ys for the closed-loop system with continuous-time controller.

-5

-10

w 0 ¢

Figure 1.5: Response of state y; for the closed-loop system with sampled-data controller.
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Figure 1.6: Response of state y, for the closed-loop system with sampled-data controller.

the stabilizing control gain
9 0
K =
7 )
was designed using classical continuous-time methods for hyperbolic systems. Then, the

time evolution of states y; and y, for the closed-loop system with controller (1.121) are
shown in Figures 1.3 and 1.4.

However, the sampled-data implementation may lead to an unstable behavior. This
is the case for a sampling interval A = 0.5. In order to illustrate the response of the
sampled-data system with h = 0.5, we choose the following controller

u(t,x) = Ky (tg,x) ,Vt € [tg, tpr1), k € N, (1.122)
where the sampling sequence in (1.122) satisfies
to=0,tps1 — tx € (0, h]. (1.123)

We can see from Figures 1.5 and 1.6 that the system states are divergent with a sampling
interval h = 0.5 for controller (1.122). |

It can be concluded from the above example that, in practice, it is necessary to analyze
the stability of the hyperbolic system under sampled-data control. The following questions
arise naturally when thinking about the stability of such dynamical systems:

e [s it possible to guarantee the stability of the linear hyperbolic system of balance
laws with spatio-temporal sampled controllers?
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e What are the conditions that have to be checked to guarantee the stability of the

system?

This thesis aims at answering the above question. Let us present briefly the main

contributions of this thesis.

1.6 Contributions and structure of the thesis

The rest of the thesis is structured as follows:

e In Chapter 2, we provide methods for analysing the stability of a class of linear

hyperbolic systems with distributed sampled-data controllers. Sufficient conditions
based on Lyapunov techniques for the local practical stability (Re-stability) of the
system (expressed as LMIs) are obtained.

In Chapter 3, we extend the results from Chapter 2 for controllers with both time and
the space discretization based on the Lyapunov-Razumikhin method. We introduce
sufficient conditions for the local practical stability (Re-stability) for the proposed
linear hyperbolic systems of balance laws by recasting the original system into an
equivalent input-output form with a continuous time control loop and operators
representing the discretization errors (spatio-temporal sampling errors). In addition,
the special case where the space is not discretized is also considered.

In Chapter 4, we deal with the global exponential stability problem for a class
of sampled linear hyperbolic systems. By employing the impulsive approach, the
relation between the sampling interval, the system state and its sampled vector
is characterized by an IQC. The acquired IQC is utilized to derive numerically
tractable stability criteria.
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2.1 Introduction

In this chapter, we address the stability problem for sampled-data hyperbolic PDEs.
Differently from the existing works where boundary control has been considered, here
we study distributed sampled-data controllers. The problem is studied from an input-
output point of view, extending the approaches for finite dimensional systems (|42, 86, 90,
62]). The main idea is to represent the sampling induced error as a perturbation for a
continuous time hyperbolic system. By converting the original sampled-data system into
an interconnection of a continuous-time PDE and a reset-integral operator, we construct
an appropriate Lyapunov functional and obtain sufficient conditions for the Re - stability
of the system based on LMIs.

The remainder of this chapter is organized as follows. Section 2.2 is dedicated to
the system description and the problem formulation. In Section 2.3, we present the main
results which include two parts. The first part is the system remodeling where an equivalent
continuous hyperbolic PDE is introduced and the stability criteria based on the provided
model are given in the second part. A numerical example illustrating our results is shown
in 2.4. The conclusion of the whole chapter and a useful lemma are given in section 2.5
and section 2.6 respectively.

The main results of this chapter have been included in the accepted work [129].

2.2 System description and problem formulation

In this section, we first introduce the hyperbolic system and the sampled-data controller
under consideration. The existence and uniqueness of the solution are also discussed. Then
we state the stability property of the closed-loop system.

2.2.1 System description

We consider a class of 1-D hyperbolic systems with a control in domain. The system is
represented as follows:

Ow (t,x) + Aoy (t,z) + Yy (t,x) +u(t,x) =0, (2.1a)
y(t,0) = 0,Y¢ > 0, (2.1b)
y(0,x) =yo(x),Vz € [0, L], (2.1¢)

In system (2.1), the time variable ¢ € [0,+00), the space variable x € [0, L]. The state
of the system y : [0,400) x [0, L] — R™ depends on both time and space variables. The
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partial derivative with respect to time and with respect to space are presented respectively
by 0; and 0,. A = diag{A, A, ..., \p} with A, Ao, ..., A, > 0, T is a real n X n constant
matrix. u (¢, x) is the controller. Since the execution of control in practical applications is
usually a digital signal, we consider its sampled form as shown below:

u(t,r) = Ky (ty, z),Vt € [tg, trr1), k € N, (2.2)

where K is a real n x n constant matrix, the sampling sequence in (2.2) is defined as
v = {t; }reny Where
to = 0,tgr1 — tx € (0, A, (2.3)

and the maximum sampling interval A > 0. There is no lower bound of /& and it can be
any small positive number. The boundary condition and the initial condition are given by
(2.1b) and (2.1c) respectively.

We discuss the solution of the system (2.1) with the sampled-data control (2.2)
satisfying (2.3) in the following remarks.

Remark 2.1

The compatibility condition required for the well-posedness of the Cauchy problem depends
on the functional space to which the solution belongs [/]. In this chapter, the solution of the
closed-loop system (2.1)-(2.3) is considered in H'-norm and the compatibility condition:

%(0) =0 (2.4)
is guaranteed by (2.1b) and (2.1c).

Remark 2.2
Let us discuss the notion of the solution used in the present work. The system (2.1)-(2.3)
can be rewritten as a first order system

{ WO — 9y (¢) + f (y (tx)) .t € [t thsr)  k €N,

y(0) = %o,
where f(y(ty)) = —Ky(ty) and the operator A is defined by

with domain
D) ={ye H'(0,L;R")| y(0)=0. } (2.6)

The operator A generates a stable Cy semigroup (see the proof of theorem A.1. in [}]).
Moreover, we note that f;, : H(0,L) — H'0, L) is continuously differentiable for t €
[tk,ter1). If yo € D(RA), then according to Theorem 6.1.5 of [96], there exists a classical
solution for each t € [ty,tx11),k € N. Therefore, we can construct a solution by choosing
the last value of the previous sampling interval as the initial condition of the following
sampling interval such that it is continuous at each sampling instant.
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Figure 2.1: Schematic diagram of Re-stability under Lyapunov method.

2.2.2 Problem formulation

In this subsection, we first introduce the stability notion used in this chapter. It consists
of local practical stability notion [98]. Given a function V : H'([0, L];R") — R, and a
positive constant C', we use the notation £y <¢ to define the set

Lv<c ={y € H'([0,L;R") : V (y) < C}.

In the following definition, we introduce the Re-stability notion.

Definition 2.1 (adopted from Polyakov 2008 [98])

(Definition of Re-stability): Consider positive scalars R and €, such that ¢ < R and a
candidate Lyapunov function V : HY([0, L]; R"™) — R. If for all solutions of system (2.1)-
(2.8) with initial condition yo(z) € Lyv<g, the trajectory of the state y(t,x) converges to
Lyv<. ast goes to infinity and the set Ly<. is positive invariant, then, system (2.1)-(2.3)
15 said to be Re-stable from Ly<p to Ly<..

Remark 2.3

Intuitively, Definition 2.1 means that for a given controller (2.2) and an arbitrary initial
condition satisfying yo(0) = 0 in the domain where V- < R, the solution of the system (2.1)-
(2.3) converges from the attraction domain (R-neighborhood) to a steady motion domain
(e-neighborhood) and will never go out. A diagram of Re-stability under the Lyapunov
method can be found in Figure 2.1.

In this work, our main goal is to guarantee the Re-stability of the closed loop system
(2.1)-(2.3). We will use an input-output modeling approach which allow us to clearly
identify the perturbation induced by sampling.
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2.3 Main result

In order to achieve the goal for the previously proposed system and controller, we introduce
the input-output modeling method and the main steps of the stability analysis in this
section. The rest of this section is divided into two parts. First, we represent the sampled-
data system as an equivalent continuous hyperbolic PDE where the sampling induced
error appears in the input, as a disturbance. Secondly, based on the provided model,
constructive Re-stability criteria are provided.

2.3.1 System remodeling

In order to remodel the system, we mainly divide it into four parts: the nominal closed-loop
system, the introduction of the sampling error, the properties of the sampling error and
the interconnection of the operators.

A. Nominal closed-loop system

We first consider the system represented in (2.1), the ideal continuous time control would
have been considered as

ue (t,x) = Ky (t,x). (2.7)

Under the above controller (2.7), the system (2.1) is represented as the following nominal
closed-loop system:

Oy (t,x) + Aoy (t, ) + (Y + K)y (t,x) =0,V € [ty trs1), k €N, (2.8a)
y(t,0) = 0,Vt >0, (2.8b)
y(0,2) = yo(x),Vz € [0, L]. (2.8¢)

Consider the following Lyapunov functional

L
Viy) = /0 y e e Qydr, (2.9)

with ¢ > 0 and the matrix ) € R™*" is symmetric positive. The system (2.8) is exponential
stable [4] if the following condition satisfies

(K+717)'Q+Q(K +1T) = 0. (2.10)
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B. Sampling error model

Almost all controllers are now implemented in the form of digital algorithms on a computer.
Hence the sampled version of the continuous signal (2.7) is obtained under the sampling
trigger signal at discrete sampling instants ¢

u(t,x) = Ky (ty,x) ,Vt € [tg, tpr1), k € N. (2.11)
Let us define the error between y (¢, x) and its sampled version y (¢, x) as follows:

w(t,x) =y (tk,z) —y(t,z). (2.12)

Then the system (2.1) can be equivalently re-expressed as a perturbed version of the
nominal system:

Oy (t,x) + Aoy (t,2) + (T + K)y (t,2) + Kw (t,2) = 0,Vt € [tg, trr1), k €N, (2.13a)
y(t,0) = 0,Y¢ >0, (2.13b)
y(0,2) = yo(x), Vo € [0, L]. (2.13¢)

where w is the (sampling induced) perturbation parameter.
C. Properties of the sampling error

In the light of the equation defined by the sampling induced error (2.12), we can realize
that the sampling error satisfies the following relation:

t
w(t,:c):—/ Md@,keN,xE [0,L1]. (2.14)

Counsider the notion:
e (t,x) = aygi’x),wzo,xe [0,L]. (2.15)

This parameter represents the derivative of the state between two sampling intervals.

According to (2.14) and (2.15), we have the following expression
¢
w(t ) = —/ o (6,2)d0, ¥t € [tetsr) k€ N,z € [0, L] (2.16)
tg
This can be captured by the following operator J,, :

) wta) = (L)t ) == [, ¢ (6,7)do,
o { YVt € [tk,tk+1),k eNxe [O,L] . <217>
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Q

Ju «

Figure 2.2: Alternative representation of the closed-loop system where G is a perturbed
nominal control loop, ¢ is an auxiliary output representing the time derivative of the state
between two sampling intervals, J, is an integral operator and w is the sampling error.

The operator J, can also be re-expressed as the following infinite dimensional reset
integrator:

% (t,l’) =y (t,l’) 7Vt € [tlmtk:JrI) )
Jv : w (t,.l’) = _(b <t7 .T), (218)
¢ (t,z) =0,k e N,z €[0,L].

D. Interconnection model

We consider system (2.13a) and define an auxiliary output ¢ (¢, z) as in (2.15). Then the
sampled closed-loop system can be regarded as the interconnection of two systems G and
J, shown in Figure 2.2, where the operator G is defined by

8ty <t7 .T}) = _Aazvy <t7 .T}) o (K + T)y<t7 .T}) — Kw (t,l’),

y(t,0) = 0,V > 0,

y(O,l‘) :yo(x)vvx < [OaL] )

p(t,r) =—=Noyy (t,x) — (K + 1)y (t,x) — Kw (t,x) = Oy (t, ).

(2.19)

Remark 2.4

Inspired by the existing works [42, 12, 91, 86, 123, 122] in the case of finite dimension
systems, in the remodeling system (2.18)-(2.19), the operator J,, captures the effect of the
sampling in the system. It has input (the derivative of the state p) and the output (the
sampling error w ).

This description is further used in the following subsection in order to derive our main
analysis result.



56 Chapter 2. Hyperbolic system of balance laws with sampled-data control

2.3.2 Stability analysis

In this subsection, we provide our main results. It proposes constructive conditions for
the analysis of Re-stability of sampled-data system (2.1)-(2.3) using the model (2.18) and
(2.19).

Theorem 2.1
Consider systems (2.18)-(2.19) with (2.3)(or equivalently (2.1)-(2.3)) and the initial
condition satisfying the compatibility condition (2.4):
(i) Let A = r{nin })\i. Assume that there exist pi,y > 0 and symmetric positive matrices
ie{l,...,n
Q1 € R™™ Qy € R™™ satisfying the commutativity conditions: A©, = 1A, A©y; = OA
and

M(0) =0, M(L) =0, (2.20)
with M (x) defined for all x € [0, L] as

Q(z) —e QK 0 0
. * —vI 0 0
M(x) = } . E(x) e QoK | (2.21)
* * * —~1
where
Qz) = = [(K+1) Qi+ Qi(K +7T)]
E(z) = —e 7 [TTQa + Q21 + Q2] - (2.22)
(ii) Let there existe € Ry; R € Ry such that e < R and
v3h (JAP Dy + (|77 + |K[*) 1) + 7Py < (20 — f)e, (2.23)
with
R
@ pu—
! )\min (Ql) 672‘uL ’
Py R (2.24)

- )\min (QQ) 672HL ’
where v = pA, 0 < B < 2v.

Then the considered system (2.18)-(2.19) with (2.3) (or equivalently (2.1)-(2.3)) is Re-
stable from Ly<p to Ly <. with a Lyapunov functional defined as

V(y) = Vily) + Va(y), (2.25)
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where
Lyer={ye H'(0,L;R") : V (y) < R},
Ly ={ye H'([0,L];R") : V (y) < e},
and
L
= [ 0
0
L
Valy) = / ul e Qo (2.27)
0

Proof of Theorem 2.1:

Before giving the proof of Theorem 2.1, we first state a temporary assumption that
the solutions y are of class C? (see Comment 4.6 in Bastin 2016 [4]). This assumption can
be relaxed as shown in the proof of Lemma 4.5 in [4]. Indeed, using a density argument
similar to Comment 4.6 in [4], the estimates of (V},i = 1,2) given below remain valid, in
the distribution sense with y € C°([0, +oc], H'([0, L]; R™)) (see the statement of Theorem
10.1 in [97]).

Consider the Lyapunov functional (2.25)-(2.27). It can be bounded as follows:

Oy (t, ')H?{l([O,L];Rn) <Vy(t-) <Ely(, ‘)”?{1([0@};[@”) 3 (2.28)
where
0= rnin()\min (Ql) ) )\min (QZ))B_QuLa
== maX<)\max (Ql) ) )\max (QQ))

The rest of the proof is divided into three steps. In step 1, we investigate the continuity of

the Lyapunov functional V' (y) by constructive method. In step 2, we intend to study the
time derivative of the Lyapunov functional V (y) defined in (2.25). The time derivative of
Vi(y) defined in (2.26) is first derived, then with the similar computation of V4, the time
derivative of V5 defined in (2.27) is obtained. Combining V1 and Vg, we get that the time
derivative of V(y) is bounded. In step 3, we discuss the negative properties of function
V(y) with the assumption (2.23), which proves the Re-stability.

Step 1: In this step we study the continuity of the function V' defined in (2.25).
1. Since y(t, x) is continuous with respect to ¢ for all t € [ty, tx11), k € N and continuous

at sampling instants by construction (see Remark 2.2) | then V] is continuous for all
t>0.
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2. From system (2.1), we can get
ya () = A7 (= (1) = Ty (8 2) = Ky (b, 7)), (2.29)

for all t € [tg,tr41), k € N. Since all the terms on the right of the equation (2.29) are
continuous in ¢ on (¢, tx4+1), Vk € N, then y, (¢, z) and thus V, are also continuous in
t for all (t,tr41), k € N.

Now we consider the time interval [tg,t;11), for some k& € N and an initial condition
yr(x). The solution of (2.1) is defined as y(¢, x) on the time interval [tx,tx1) and is
such that y and y, are both C® in t € [tg, tx 1)

Next, we prolong the solution to C! in ¢ on [t, {141]. We denote z(t, ) the solution
on [ty, try1] with initial condition yg(x). 2(t,z) and 2z,(t, ) are C° in t on [ty, tp1]-
We get the following properties on [ty, tj41)

y(t,z) = 2(t, z),
{ Y (t, ) = z,(t, ). (2.30)

Then the left limit can be calculated as

lim y, (t,2) = lim z, (¢, z) = 2, (tkt1, 7). (2.31)

tat;q tat;q

For the next time interval [tg11, tx+2), we set the initial condition yg1(x) = 2(tgt1, ).
Then the solution y(¢,z) of system (2.1) on [tgy1, tpy2) satisfies y,(¢,z) is C° in ¢ on
[tki1, tka2). Therefore, we have the right limit property

lim y, (t,2) = ys (tks1, ) = 24 (try1, ) - (2.32)

+
t%tk+1

According to (2.31) and (2.32), we can see that by construction, v, (¢, x) is continuous
in ¢t at time instant ty.;. Similarly, we can show that the function y.(¢,z) is
continuous at all sampling instants, which shows both the continuity of y, (¢, z) with
respect to time for all £ > 0 and the continuity of V5.

Step 2: In this step we study the time derivative of the function of V(y) defined
in (2.25). Thanks to commutativity condition: AQ; = @Q1A, we first compute the time
derivative of V;(y) along the solutions to (2.18)-(2.19),Vt € [tg,tr41),k € N,

L
Vily) = / (atyTe_MQly + yTe_QWCQlaty) dx
0

L

- / ((—Aé‘my — (K + )y — Kw) e Quy
0
+y e Q (—AGy — (K + 1)y — Kw)) dx
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L
= / —0, [y Ae ™ Quy|dx
0

b [ (0T T Ty T + Ty
—yge_leKw —2uy " Ae 2 Qy — wTKTe_Z’“CQly) dx
= — [y A Quy]
[ (e e 1)
—ngTe_Q’“Qly — yTe_Z’“”Qle) dx
—2u /L y Ae ™ Q ydz. (2.33)
0

Since we have the assumption that y is of class C? on [0, +00) x [0, L], then along the
solutions of the system (2.1)-(2.2), we can obtain

Oy (t,x) = Oy (t,x) = —AOppy (t,x) — YO,y (8, z) — KO,y (ty, ), (2.34)
Vt € (tk,tk+1), k € N.

For the next calculation of the time derivative of V5, we use Lemma 2.1 in the appendix.
According to (2.34) and Lemma 2.1, we have

8my(t, O) =0,Vt e [tk,thrl), keN, (235&)
%(0) =0, 9,y0(0) = 0. (2.35b)

Similarly to the computation of Vi, by using the commutativity condition: AQs = Q2A,
the time derivative of V5(y) along the solutions to (2.34)-(2.35), Vt € (tg,trs1),k € N is
shown as follows

Va(y) = — [0y T Ae™ 2 Qy8,y]
L
+ / (-&;:yT (TT€72“1Q2 + 672'uxQ2T) 8:1:y
0

— Oy (tr, ") K e ™ Q20,y
- myTe_QuwQZKamyT (tka )) dz

L
—2,u/ 0y Ae ™ Qq0, ydx. (2.36)
0

Recalling the definition of w in (2.12) and adding 7||w (¢, ')Hi?([O,L};R") —ljw (t, ')”iQ([QLLRn)
to (2.33) and

2 2
Y02y (L, ‘)HL?([O,L};Rn) = Y%y (L, ‘)||L2([0,L};Rn)>

L L
5/ Yy e Qoy,dr — 5/ Yl e Qyy,da
0 0
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to (2.36) for some v > 0,5 > 0, we have

V(y) =Vi(y) + Valy)
= — [yTAe 2w Qy]

L
+ / (yTQ(a:)y —w KTe Quy —y e Q1 Kw — fwaw)daz
0

—2p /OL y e Quydx + v ||w (¢, ')”i?([o,L];Rn)

— [&yTAe_Q’“Qz@xy]g

- /O " (0:y "E(2)0y — 0py " (t, ) K e 7 Q20,y

—0py e QK 0y (b, ) = 10uy” (k) Duy (1)) d

L
2 [ 0N Quyds
0
) L
1000 (Mo + 5 0] Qutnl (237
0

According to the boundary conditions (2.13b) and (2.35a), the two terms — [yTAe*Q“ley}g

and — [8xyTAe_2WQ28xy]§ in (2.37) are both negative. Then the following inequality can
be obtain:

L
V(y) S/ (yTQ(x)y —w KTe 22Qy —y e Q  Kw — vaw) dx
0
= 2vVi(y) + v [lw (¢, ')Hi?([O,L};R")
L
[ O B@Ry - 0 () K Quy
0

—0zy " e QoK Oy (b, ) = ¥0zy " (b, )0wy (b, ) dew
— 21/‘/2(:%6) + 7 ||aary (tka .)HiQ([O,L];Rn)

L
5 /O yT Qayad. (2.38)

with v = pA and Q(z), E(z) defined in (2.22).

In the light of M(z) defined in (2.21), the inequality (2.38) can be further written as
follows:

V(y) < — 2Vi(y) — (20 — B)Valy) + / 0" M(2)dz

2 2
+ 7 [|lw (2, ')HL?([Q,L};Rn) + 7 102y (tx, ‘)HL?([O,L};Rn) : (2.39)
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with

n= [yTa wTv (aaﬁy)—rv (aaﬁy)—r (tka )]T (240)

Since M (z) satisfies LMIs (2.20), by convexity we have n' M (x)n < 0, Vz € [0, L] and
thus

L
/ ' M(z)ndz <0, (2.41)
0
we deduce from (2.39)

V(y) < —2Vi(y) — 2v — B)Va(y) + vllw (4, )72 (0.0 )
+ 7102y (L, ')Hi?([O,L};R")' (2.42)

Step 3: The negative properties of function V (y) for t € [t, tii1), k € N will be discussed
in this step. Consider some k € N and let us first assume that y (¢, ) € Ly<g \ Lr<. and
VO € [tx,t], y (0,-) € Ly<gr, we have

L
/ y e Qydr < R,Vy(0,") € Ly<p,
0
L
/ Opy e Qe ydx < RVO,y (8, -) € Lv<r. (2.43)
0

Then the following inequalities are further derived

||y (07 ')”i%[o,L};R") < CI)l,V@ < [tkv t]v (2'44)

10,y (0, 1720, £ysmmy < P2, VO € [t 1]. (2.45)
with ®; and ®, defined in (2.24).

Recalling y (t, ) € 2V§R\2V§5 and V0 € [tk,t], Y (0, ) € 2V§Ra fort € [tk, tk+1), k € N.
The bound of |w (t, ')|’iz([07L];Rn) can be calculated under the definition of L?-norm

L
oo (8, )21y = / o (t, 2)da. (2.46)
0

Let us recall the definition of w in (2.12) as well as the operator J,, in (2.17), we have

L
o (8 Moy = / (Jup) (t,) 2. (2.47)
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By employing the definition of ¢ in (2.15) to (2.47), we have

/t t %derdx (2.48)

L
2
lw (& 2o, mmy = /0

According to (2.1) and (2.2), (2.48) is equivalent to the following form

k

2

/t (AOy (0,2) + Ty (0,x) + Ky (t, x))db| dx (2.49)

tg

L
2
lw (& 72 (o, kmy = /0

Using the absolute value inequality and the inequality of arithmetic and geometric means
for (2.49), it yields

L t
oo (8, )22 0 2y < 3 / [ AP0y 0.0 + [TPly (6.) | +]K Py (0. 2)]) dod
g
(2.50)

Considering the definition of L?-norm to (2.50), we obtain

¢
”w<t7'>HiQ([O,L];R") §3/tk <|A‘2 102y (97$)|’i2([0,L];Rn) +[T)? ”y<‘9755)Hi2([0,L];Rn)
K Ny (b @) o, ) 46 2.51)
Based on equation (2.3) and inequalities (2.44) and (2.45), we finally have
oo (&, M z2(0,3, ) < 30 (I @2 + (T + | K) @1) (2.52)
In addition, since y (¢,-), 0.y (t,-) ¢ Ly <., we have

—20Vi(y) — (2v — B)Valy) < —(2v — B)(Vi(y) + Va(y))
< —(2v — B)e. (2.53)

Therefore, introducing (2.52) and (2.53) into (2.42), we have that for all ¢ € [ty, tx41), k € N,
V(y) < — (2 — B)e + 930 (A Dy + (|T° + |K|?) ®1) + 1D, (2.54)

and since condition (2.23) satisfies, we have shown that if y(¢,-) € Ly<g \ Ly<. and
Vo € [tk,t], Yy (9, ) € £V§R for Vt € [tk,thrl), keN

V(y) <0, (2.55)

which means that since V' is continuous, that y will remain in £y<p during the whole
sampling interval [ty,tx11], and by recursion, we can see that it will always remains there.
As a consequence, L£y<p is positively invariant. Furthermore, since V < 0 wherever Kz
Ly <e, that means that £y <. is attractive, which ends the proof of the Re-stability. [ |
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Remark 2.5

Theorem 2.1 provides sufficient conditions for the analysis of the Re-stability of the system
(2.1)-(2.3). If the conditions are satisfied, then the system is Re-stable with respect to the
sampling interval h € (0, h]. Note that if the conditions are satisfied for some other h = h*,
then the system is Re-stable also for any other selection of sampling interval h € (0, h*].
Here the system is stable in the set where V € (0,¢].

Remark 2.6

The Lyapunov functional V(y) chosen in this chapter consists of two parts Vi and V. In
fact, if it is under continuous control, the function Vi is sufficient to find a upper bound
of y [4]. However, in our case, we study distributed sampled-data control, which increases
the complexity of the calculation. Due to the influence of sampling signal, the term y, is
introduced in the deriwative of Vi. In order to bound the term y, when calculating the upper
bound of the sampling error w, we have to introduce function V.

Remark 2.7

The selection of the parameters in Theorem 2.1 is interpreted as follows. For Re-stability, R
1s the domain of attraction for a given Lyapunov function, € specifies the positive invariant
level set of V.. They satisfy 0 < ¢ < R. In this work, we can fir R then compute € or vice
versa. ji is related to the decay rate of Vi, Vo. v and B are found by linear search to satisfy
the conditions given in Theorem 2.1. )1, Q2 can be found by solving the LMIs in (2.20).

2.4 Numerical simulation

In this section, we present a numerical example to illustrate the stability we proposed in
section 2.3. Consider the following system

Oy (t,x) + Aoy (t,x) + Yy (t,z) +u(t,x) =0,
u(t,z) = Ky (ty, z),Vt € [tg,trr1), k € N,
y(t,0) = 0,vt > 0,

y<07 SL’) :y(](l’),VSL’ S [07 L] s

where

1o 20 15 (20 B s a4
A‘{o 11]’ T_{zo 25]’ K‘{z 3}’ L=1h=10"

According to Remark 2.7, the parameters in Theorem 2.1 are as follows:
the constants # = 0.01, v = 0.001, the decay rates p = 0.18, the domain of attraction
R = 20, the positive invariant level set ¢ = 4.51 and the Lyapunov matrices

5.3 1.2 6.8 2.1
_ -3 _ -3
@ =10 X[* 2.8]’ @2 =10 Xl* 3.5}’
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Figure 2.3: Response of state y; with initial condition (2.56).

Figure 2.4: Response of state y, with initial condition (2.56).

which satisfy the conditions (2.20), (2.21) and (2.23).
The results of numerical simulations from the initial condition

4.8(1 — cos 2z sin 4ma

3(1 — cos4mx) sin 27z (2.56)

Yo (r) =
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-10 | | | |
0 0.2 0.4 0.6 0.8 1

X

Figure 2.5: Initial data of y; and y, represented by equation (2.56).

0.3

Ozy10

X

Figure 2.6: Initial data of 0,y and 0,¥s.

are presented in Figures 2.3-2.7. Figures 2.3-2.4 show that the states converge to the
vicinity of the origin with the sampled-data controller. The initial conditions satisfying the
compatibility condition are given in Figures 2.5-2.6. The time-evolution of the Lyapunov
functional V' is shown in Figure 2.7 and the corresponding semi-log plot is shown in Figure
2.8. One can see that the Lyapunov functional V' deceases when ¢ < V(y) < R.
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20 T T T -
—_V
-#-R=20
- =4.51
154
10+
5 L
0 \ I I I I
0 0.1 0.2 0.3 04 0.5
t

Figure 2.7: Time-evolution of function V for the initial condition (2.56) with a fixed
maximum sampling interval h = 1074,

0 002 004 006 008 01 012 014

Figure 2.8: Zoom of time-evolution of function V' in semi-log scale.

2.5 Conclusion

The main goal of this chapter was to provide methods for the analysis of linear hyperbolic
systems with distributed sampled-data control. The closed-loop system was reformulated
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from an input-output point of view. We provided methods for checking the local practical
stability of the system by means of the Lyapunov method. This result will be used next in
the following chapters as a stepping stone for a more complex analysis method. In Chapter
3, we will extend the proposed approach by the virtue of the Lyapunov-Razumikhin method
and provide a new result that is able to handle the controller discretized both in space and
time in a more efficient manner.

2.6 Appendix of Chapter 2

In this section, we give a lemma which is necessary in the proof of Theorem 2.1. More
precisely, it is needed when deriving the time derivative of V5, so as to prove the negative
definiteness of the Lyapunov functional V' (y).

Lemma 2.1
Consider the system (2.1)-(2.3) with initial condition yo satisfying the compatibility
condition (2.4). Then we have

@Cy(t,()) =0,Vt € [tk,tk+1), k € N.

Proof of Lemma 2.1: We recall system (2.1)-(2.3)

Oy (t,7) + Aduy (1, 7) + Ty (1,2) +u (t,2) = 0, (2.57a)
u(t,z) = Ky (ty, z) ,Vt € [y, trr1), k € N, (2.57b)
y(t,0) = 0,Vt > 0, (2.57¢)
y(0,x) =yo(x),Vz € [0, L], (2.57d)
The time derivative of the boundary condition leads to
Oy (t, O) =0,Vt e [tk, tk+1), k e N. (258)
Combining (2.57a) with (2.58), we obtain
0= By (1,0) = —Aduy (+,0) — Ty (£,0) — Ky (1, 0). (2.59)
Since y(t,0) = 0,Vt > 0, we have
8my(t, O) =0,Vt e [tk,thrl), k € N. (260)
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This chapter addresses the stability analysis problem for a class of linear hyperbolic
systems with distributed controllers sampled in both space and time. First, the considered
system is recast in an equivalent form with a continuous time control loop and operators
representing the discretization errors (spatio-temporal sampling errors). Then with the
help of the Lyapunov Razumikhin approach, Re-stability of the linear hyperbolic systems
of balance laws is guaranteed via sufficient conditions. At last, the proposed method is
illustrated numerically.

3.1 Introduction

In the present chapter, we aim at studying the stability properties of sampled-data
controlled linear hyperbolic systems with discrete-space measurements. More precisely,
we study the case of first-order hyperbolic system, which is different from the works
[121, 119]. In those works, higher-order systems have been studied. We consider that
the state-space is divided into several sub-domains, where sensors provide point state
measurements to the controller. By generalizing the input-output approach [90] used for
finite dimensional systems, an equivalent system with two sampling errors is deduced. We
derive sufficient LIMI conditions for the Re-stability by utilizing appropriate Lyapunov-
Razumikhin technique [67]. This chapter is a continuation of our preliminary results in
[129] and Chapter 2, in which we used a simplified version of the current method for the
case of hyperbolic systems where the controller is discretized only in time. Here we extend
the approach by using the Lyapunov-Razumikhin function and we also consider a more
general case of the controller with both time and space discretizations.

3.2 System description and problem formulation

3.2.1 System description

We consider the linear hyperbolic system (3.1) given below

Oy (t,x) + Aoy (t, ) + Ty (t,x) +u(t,x) =0, (3.1a)
y(t,0) = Gy(t,L),¥t > 0, (3.1b)
y(0,z) =yo(x),Vx € [0, L], (3.1c)

where y : [0,+00) X [0,L] — R" t € Ry, z € [0,L], A =diag{A1, A2, ..., \,} with
A, A2, oy Ay > 0, G and T are real n x n matrices. u (¢,x) is the control law represented
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as the following

N-1

u(t,z) =K di(x)y(te,2:) ,t € [thtr), (3.2)

1=0

where K is a real n X n matrix.

Following [37], we assume that N sensors are uniformly distributed over the space
interval [0, L]. The location of the sensors is denoted by

z,i€ {0, ,N—1},

such that
:E():O,:_L’Z-::Z’Z-,1+B,iE{l,...N—l}

where

Each sensor is in charge of an interval

Ei = |7, xip1),i€{0,--- N =1}

where - -
xi:%m,ie{l,---,zv—l}, (3.3a)
Ty = O,I‘N = L. (33b)
We consider the sampling time instants
O=tog<ti < - - <tgp---, limtk:oo,
k—o0

the sampling sequence is defined as
U = {ti}ren.
The sampling intervals in time is bounded as
tit1 — ti € [h, Rl

and h > h > 0 are the corresponding bounds. The control setup is schematically presented
in Figure 3.1. The plant is a linear hyperbolic system. Each sub-domain =; provides
discrete time point measurements of the state. Then the sampling state y (tx,Z;) is
transferred to the controller and the resulting feedback with some constant gains is further
implemented to the hyperbolic system through a ZOH. We consider that a ZOH control
is applied using the shape function

{ d; (z) = 0, otherwise, 1€{0,---, N —1}. (3.4)

The shape function is used to obtain a linear combination of controllers, each controller
is responsible for the control of a region.



72 Chapter 3. Hyperbolic system with spatially sampled state measurements

Plant
Elo E; .- Ena
—Q O O
0 L
s ! o
%o Xi N-1

(Comoes)  (Comoter] - [conioln]

Figure 3.1: The system control setup.
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Remark 3.1

To analyze the stability of the closed-loop system (3.1)-(5.2), the compatibility condition:
yo(0) = Gyo(L) is guaranteed by (3.1b) and (3.1c). In order to establish the existence and
uniqueness of solutions in this section, we use the notion of piecewise continuous solutions
as in Remark 2.2 of Chapter 2.

3.2.2 Problem formulation

In this chapter, we prove Re-stability defined as Definition 2.1 in Chapter 2. Our goal is
to provide numerical tools for analysis of the Re-stability of the system (3.1)-(3.2), while
ensuring some performances in terms of the convergence.

3.3 Main result

This section is divided into two parts. First, we represent the sampled-data system as
an continuous time hyperbolic PDE. In the equivalent system, spatio-temporal sampling
errors appear in the input as the disturbances. Secondly, based on the provided model,
constructive Re-stability criteria are proposed.
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3.3.1 System remodeling

1. We first define two parameters w and ¢ corresponding to the induced errors. The
time sampling error is

w(t,x) = y(tk,x) —y(t,ZL‘) ) (35)

and ¢ is the space discretization error

i

U (tg, x) =y (tg, x) — d; (z)y (ty, T;) - (3.6)

i

Il
o

Adding and substracting Ky (t,x) and Ky (ty,z) to (3.2), we can rewrite u (¢, x),
Vt € [tk, f}k+1) as

u (tv SL’) =Ky (tv SL’) + K (y (tka SL’) -y <t7 x))
- K (?/ (t, x) — Z di () y (tk,xz‘)> : (3.7)
Combining (3.5) and (3.6) with (3.7), we have
u(t,z) =Ky (t,x) + Kw (t,x) — KV (t, ). (3.8)

According to (3.8), the closed-loop system (3.1)-(3.2) can be equivalently re-expressed
as

Oy (t,z) + Aoy (t,z) + (T + Ky (t,z) + Kw (t,x) — KV (tg, ) = 0,

Vt € [tk, tk+1), keN, (39&)
y(t,0) = Gy(t, L),¥t > 0, (3.9b)
y(0,2) = yo(x), Vo € [0, L]. (3.9¢)
In (3.9) the parameter w, as a perturbation input, is the time sampling induced error

satisfying

Loy (6
w(t,x):—/ yée’x)de,k:eN,xe[O,L]. (3.10)
173

The function ¢ is an auxiliary output for system (3.9) defined as follows

gO(t, .T}) = %,Vt € (tkathrl) , T € [O,L] . (311)



74 Chapter 3. Hyperbolic system with spatially sampled state measurements

According to (3.5) and (3.11), we have the following expression
t
w(t,z) = —/ 0 (0,2)do,Vt € [ty, tpr1), k €N,z €[0,L]. (3.12)
123

Then the perturbation input w can be expressed by a sampling v-dependent operator
Jy:
o _ t
Vt € [tk‘7tk+1) keN,x e [O,L] .
The parameter 9 in (3.9) is another disturbance input, which is an error caused by
space discretization, satisfying

N-1

9 (g, ) = Y di (x) / %ﬁ’g)dg. (3.14)

i= i

We use the function ¢ as another auxiliary output for system (3.9), Vt > 0,z €
(.Ti,l’lurl) ,i € {0, ,N — 1},

dy (t, x) .

o(t,z) = B (3.15)
The space discretization error 1 can be handled by the operator E:
N-1

Vo€ 5, €{0,...,N —1}.

3.3.2 Stability analysis

In this subsection, before giving our main results and Re-stability conditions, we first
introduce the Lyapunov-Razumikhin approach which is adapted in the following theorems.

Compared with the case of ODE, it is much more difficult to find a functional whose
time derivative is non-positive or strictly negative for Retarded Functional Differential
Equations (RFDEs). In 1956, B.S. Razumikhin proposed a method to study the stability
of solutions of time-delay systems [102]. Razumikhin’s method essentially extends the
stability theorem in the sense of Lyapunov. His basic idea is to constrain the derivative
of the Lyapunov function only when the solution is about to exit the steady-state sphere.
The method proposed by B.S. Razumikhin can make the Lyapunov function applicable
in RFDE to a considerable extent. In some cases, this application is simpler and more
intuitive than the application of general functions [55]. Although this method is dedicated
to the stability analysis of time-delay system, we adapt it for the sampled-data hyperbolic
systems.
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V() 4

R

(a>1)
V(e )e ;

~ ¥V

t .. L., 4

Figure 3.2: Schematic diagram of Re-stability under Lyapunov-Razumikhin method.

Theorem 3.1
Consider systems (3.9)-(3.16) with (3.3)-(3.4) and a candidate Lyapunov functional

V:H'([0,L]; R") — R,

which is differentiable with respect to its arqgument and V(0) =0, V (0) > 0,Vp € O\ {0},
where O is the neighborhood of the region. Given constants « > 1, 6 > 0, 0 < ¢ < R,
suppose that along the trajectories of the system (3.9)-(3.16), the corresponding solution
y(t,-) satisfies

V(y) + 25V(y) <0,Vt e [tk‘7tk+1) keN

whenever

(i) R > V(y(t,-)) > max {g, Viy(ie) }

«

(ZZ) y<tk7 ) E £V<R, k E N

Then the system is Re-stable from £y g to Ly ..

The proof of Theorem 3.1 can be found in the appendix.

Remark 3.2

In the Lyapunov-Razumikhin approach, the main idea is that it is not necessary to ensure
the negative definiteness of V(y(t,-)) along all the trajectories of the system. In fact, it is
sufficient to guarantee its negative definiteness only for the solutions that tend to escape
the neighborhood of V (y(t,-)) < w of the equilibrium (see Figure 3.2). Furthermore,
the Razumikhin method is also adapted here to local, practical stability from one large open
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set, to a smaller one, with guaranteed exponential decay. Theorem 3.1 is a generic result
concerning the Re-stability properties of Lyapunov-Razumikhin functionals. It represents
a stepping stone for Theorem 3.2 which is our main theoretical result.

In the following theorem, we provide sufficient conditions for the Re-stability of systems
(3.9)-(3.16). In order to guarantee the negativeness of the time derivative of the Lyapunov
function, we give four LMIs in condition (i). (3.17) and (3.18) are related to boundary
control and (3.19) is derived by using Schur complement [10] (see Theorem A.5 in Appendix
A) to eliminate some other terms in the derivative. Condition (ii) is an inequality with
respect to the sampling interval h and positive invariant set . Combining condition (ii)
with condition (i), the stability of the systems can be proved.

Theorem 3.2
Consider systems (3.9)-(3.16) with (3.3)-(3.4) and an initial condition satisfying yo(0) =
Gyo(L):

(1) Let A = min })\i. Assume that there exist constants u,v,x > 0, a > 1 and

symmetric positive definite matrices ©1 € R™"™ Oy € R™"™ satisfying the commutativity
conditions: A©1 = ©1A, AOy = O3\ and

—Ae” 0, + GTAO,G <0, (3.17)
P:=U"AOU —x <0 (3.18)
with
U=[AGA, AT'GY — A7'TG, AT'GK — AT'KG
o A672}LL@2 ‘ 0n><2n
X * ‘ 02n><2n
and
M(0) =0, M(L) =0, (3.19)

with M(x) defined for all x € [0, L] as

M(z) = { N } =0, (3.20)
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where
[ (2) e 20 K+re 20, 0 0
B * yI+Kre 22O, 0 0
Q) = * * Qs () 0 ’ (3:21)
B * * O3(x)
—2px )T
Sy=| ¢ ] : (3.22)
03n><n
and
O (z) = e [(K +1)T0, +6,(K + 1) — kla— 1)@1} ,
Qo(z) = e [TTO, + 0, + O, — kaBs]
B2
Qs(z) = - K"K+ ke 20, (3.23)
(ii) Assume that there exist e, R € Ry s.t. 0 <e < R and
v3h ((JA)? + 2| K[PL?) @y + (| Y] + 2| K°LIG)?) 1) < (20 — B)e — 20R, (3.24)

where 0 = pu), 0 < < 20,6 >0 and

R R

DT A (O1) e 2T 2 T X (0) e 2L

Then the considered system is Re-stable from Ly g to Ly <. for any sampling sequence
satisfying tyy1 — ty € [h, h], with the Lyapunov functional defined as

V(y) =Vily) +Va(y), (3.25)
with
Lver={y € H'([0,L];R"): V (y) < R},
Cvee ={y € H'([0,LR") : V (y) < e},
and
Vily) = OLyTem@lydx, (3.26)

Va(y) = [y, e Oqy,da. (3.27)
0
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Proof of Theorem 3.2: Similar to the proof of Theorem 2.1, we assume that the
solutions y are of class C? (see Comment 4.6 in Bastin 2016 [4]).

Consider the Lyapunov functional (3.25)-(3.27). It can be bounded as follows:
Uy |y (¢, ')H?{l([O,L] Rr) S Vi(y(t-) <Pyt ')H?{l([O,L] ;R (3.28)
where U1 = min{Auin (©1) , Amin (02) }e 22 Wy = max{Amax (01) ; Amax (02)}.

Step 1: Adopt to Step 1 in the proof of Theorem 2.1, the Lyapunov functional defined
n (3.25) is continuous.

Step 2: In this step we study the time derivative of the function of V(y) defined in
(3.25) and its upper bound is defined by the following inequality:

. L
V(y) < —20Vi(y) — (20 — B)Va(y) +/0 n'W(@nde + 5 |w ) e orprn  (3:29)

with
o= p,
n=1[y", w', (@), Guyltr,")']",
A(z) = e [ (K +7) @1+@1(K+T)} ,
As(z) = 7287 [TTOy + O, + 56,]
As(x) = —Ai(z) + e 0] 6,
and
As(z) —e"22Q, K 0 0
W)= | 7 —AZ(:L«) 8
X % * PKTK

3

A detailed proof of (3.29) is given in the Appendix of Chapter 3.

Step 3: In this step, we show that under the conditions of Theorem 3.2, for each
sampling interval, V' is decaying with a decay rate 20 whenever it is greater than a target
level set W and a positive invariant level set . This can be more intuitively observed
through Figure 3.2 and can be expressed as

V(y) + 26V (y) <0,

whenever

(%

R> V(y(t,) > max {5, M} (3.30a)

y(@, ) € Ly.p, VO € [tk,t), k € N. (330b)
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Let us assume that conditions (3.30) hold. Since condition (3.19) holds, by convexity, we
have
M(z) = 0, for x € [0, L].

Moreover, by using Lemma 3.2 in the appendix, we have
W(z)+ kN(z) 20, for z € [0, L].

Therefore, we get

L
/ n"(W(z)+ xN(x))ndr <0, (3.31)
0
with N(z) defined as below

(a — 1)@1 —@1 0 0

_ ,—2px * _@1 0 0
N(z)=e } } 00, 0 (3.32)

* * * -0,

Now, consider ¢ € [t, tx+1) and a trajectory y satisfying (3.30). Since condition (3.30a) is
satisfied, we have

o

V(y(t,-)) > with some o > 1,

which can be rewritten as
aV(y(t,-)) = V(y(ts,-)) = 0.
According to (3.25)-(3.27), by simple manipulation we get
L
/ n" N(z)ndz > 0. (3.33)
0

By Integral S-procedure [126] (see Lemma A.2 in Appendix A), (3.31) and (3.33) implies
that

L
/ n"W(z)ndx < 0. (3.34)
0
And because condition (3.30b) is satisfied, we have

L
/ y' e O ydr < R,Vy(0,-) € Lyp,
0

L
/ Doy e 2050, yde < R,V0,y(0,-) € Sy-p.
0

The following inequalities are further derived
Iy (6, ')Hi?([O,L};R") < @y, |0z (6, ')Hi?([O,L];R") < 0, V0 € [ty 1]. (3.35)
Using the operator J, in (3.13) with (3.11), we can compute the upper bound

2
lw (&, )| z2(0,27:rm)
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:/OL|w(t,x)|2dx:/0 /tay(e Oy (6,) 1o

00

dx

2

L t N-1
:/ / (Adoy (0,2) + Ty (0,2) + K Y d; (:p)y(tk,xi)> do| dx
0 ty =0
N— 2
<3 / / AP0 (0.2) + TRy (0.2) [+ (KPS d () y (2| | doz, (3.36)
=0
According to (3.9b),
Y (te, Ti) =y (te, Ti) — y (tr, 0) + y (tx, 0)
— [ oyt o+ Gy 10, 1)
OL
< [ 10u (u,0) o + Gy (1, 1), (3.37)
0

This inequality corresponds to an upper bound on the control error due to space
discretization. Cauchy-Schwarz inequality [14] (see Theorem A.2 in Appendix A) yields

2

tlm xz

2
<L

/ By (14, ) |do + Gy (1, L)
0

<2L (1102 (b )20 1y + 1GI 1yt L)) (3.38)

Then by substituting (3.38) into (3.36) and by using (3.35) we have

2
”w <t7 ) HL2([O7L];R71)
t
ss/t (|A|2 10 (0, 2) 1 720, ymmy HI LTI 1y (05 2) 172 0. yim
k

+H K217 |0,y (t, x)Hi?([O,L};R") +2LIK? |G |ly (t, L) ||%2([0,L];R”)> do
<3h ((JA]> + 2| K|’ L?) @ +(|T° + 2L|K)*|G[)®,) = w. (3.39)

This upper bound corresponds to an estimate of the maximum time sampling error. In
addition, since condition (3.30a) is satisfied, we have

—20Vi(y) — (20 — B)Va(y) < —(20 — B)(Vi(y) + Va(y)) < —(20 — Pe. (3.40)

The inequality (3.40) corresponds to an estimate of the domain of attraction. Therefore,
instituting (3.34), (3.39) and (3.40) into (3.29), we have

V(y) < —(20’ — 6)8 + fyw,Vt € [tk, f}k+1).
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Since (3.24) holds, we have

Viy) < —26R < —25V ().

Therefore, we have shown that

V(y) + 20V (y) <0,

whenever conditions (3.30) are satisfied.
Step 4: In this step, we show that if

Y(te, ) € Lver,

then
y(t,-) € Lycr, VYt € [ty tps1)-
First, we consider y such that
Y(tr,-) € Lv<r,

assume that
3t° € (ty, tgr1) such that V(y(t°,-)) > R.

Let us then call 7° the minimum of such ¢°, then
V(y(ta )) < R7Vt € [tkaTo)'

Therefore conditions (3.30) are going to be satisfied for any t € [tx,T°). From step 3, we
know that V' is going to decrease during that time interval, either continuously, or until V'
V<y<tk,->>}

reaches below max {5 and when it reaches that region, it never gets back out.

Therefore, we have
Vi(y(T?,-) < V(ylte, ")) < R,

which contradicts the assumption that there exists t° € (4, tx41) such that V(y(t°,-)) > R.

Summary: From step 3 and step 4, it is clear that V(y) 4+ 20V (y) < 0 wherever

R > V(y(t,-)) > max {5, W}, (3.41a)

y(t, ) € Lver, (3.41Db)

and therefore, the conditions of Theorem 3.1 are satisfied, which concludes the proof of
Re-stablity. ]

Theorem 3.2 provides constructive conditions for the analysis of the sampled-data
hyperbolic system (3.9)-(3.16). On the premise of ensuring that V' is continuous, we first
calculate the time derivative of V' and then use the Lyapunov-Razumikhin technique to
prove that it is negative. Finally, it is proved that as long as the state at the sampling
instant is in the attraction domain, the state will not escape the domain £y g during the
entire time sampling interval.
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Remark 3.3

We explain as follows the selection of parameters in the previous theorem. For Re-stability,
R s the domain of attraction for a given Lyapunov function, € specifies the positive
mwvariant level set of V. They satisfy 0 < ¢ < R. In this chapter, we can fix R then
compute € or vice versa. « 1S a parameter introduced in the Lyapunov-Razumikhin method
to define level set in which the time derivative of V (y(t,-)) should be negative between two
sampling interval, we use a trial-and-error approach to choose it to be greater than 1 but
as small as possible to reduce the conservativeness of conditions. 2u is related to the decay
rate of Vi, Va and § is related to the decay rate of V.. v, k, h and b are found by linear
search to satisfy the conditions given in Theorem 3.1. ©1, Oy can be found by solving the
LMIs in (3.19) and (3.20). Due to (3.24), we adjust v, 3 to be the smallest possible and
1 to be the largest possible.

Theorem 3.2 is a general case. Next, we will give a special case in the following theorem
where only time sampling is considered. Their difference is also reflected in the boundary
condition. In Theorem 3.3, the boundary condition is also a special case, that is, y(¢,0) = 0.

Theorem 3.3
Consider systems (2.13)-(2.18) and an initial condition satisfying yo(0) = 0:
(i) Let A = ?}in })\Z-. Assume that there exist p,v,x > 0, a > 1 and symmetric
1€1,..., n

positive matrices ©1 € R™" Oy € R™™ satisfying the commutativity conditions: A©; =

@1/\, AC"‘)Q = @2A and
W(0) + kN(0) <0, W(L)+xN(L) <0, (3.42)

with W (x) and N(x) defined for all x € [0, L] as follows:

Bi(z) —e Q) K 0 0 1
B * —I 0 0
W(l‘) - * * 32 (l’) —672!”:@2]( 5 (343)
* * * —I i
(Oé — 1)@1 —@1 0 0 i
_ —2uz * —@1 0 0
N(z)=e . . 00, 0 (3.44)
* * * -0 |

where

By(z) = —e 2 [(K + T)T@l + 01 (K + T)} ,
By(x) = —e 21 [TT@Q + O, + ﬁ@ﬂ .
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(ii)) If e e Ry, RER, s.t. 0 <e< R and
v3h (JAP®y + (|T° + |K|°) @1) + 1@< (20 — B)e — 26R, (3.45)

where 0 = pA, 0 < < 20,0 >0 and

R R

@ = (I) =
P A (O1) e 27 T X (Og) e 2L

(3.46)

Then the considered system (2.1) is Re-stable from Ly.r to Ly<. for any sampling
sequence satisfying yo(0) = 0, with the Lyapunov functional defined by

V(y) = Vily) + Va(y), (3.47)
with
Lver ={y € H'([0,L];R") : V (y) < R},
Cvee ={y € H'([0,L];R") : V (y) < e},
and
L
Vily) = [ y'e O yydx, (3.48)
L
Valy) = / Yo € 2Oy di. (3.49)
0

Proof of Theorem 3.3:

The proof is obtained using similar arguments as in Theorem 2.1 and using an
appropriate Lyapunov-Razumikhin technique as in Theorem 3.2.

Step 1: The time derivative of V (y) defined in (3.47) is
V(y) = Vi(y) + Valy) < — 20Vi(y) — (20 — B)Va(y)
L
+ [ T Wnde 4yl (6o
+ 7 1100y (b, M 70,1157 (3.50)
with

o= p,
n=[" w' )", Oyt )T]"

and W (z) defined in (3.43).
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For detailed proof, please refer to (2.33)-(2.39) in Chapter 2.

Step 2: In this step, we show that

V(y) + 20V (y) <0,

whenever
R>V(y(t,) > max {g, W} | (3.51a)
y(@, ) € Ly.g, Vo € [tk,t), k e N. (351b)

Let us assume that conditions (3.51) hold. Since condition (3.42) is linear in e~ and
0 <z < L, by convexity, we have

W(x)+ kN(z) <0, for x € [0, L]

Therefore, we get
L
/ n"(W(z) + sN(x))ndr <0, (3.52)
0

with W (z) and N(z) given in (3.43) and (3.44).

Now, consider ¢ € [ty, tx+1) and a trajectory y satisfying (3.51). Since condition (3.51a)
is satisfied, we have

to
V(y(t,-)) > W with some o > 1,
which can be rewritten as
L
/ n' N(z)ndz > 0. (3.53)
0

In view of (3.52), (3.53) and x > 0, it implies

L
/ n" W (x)ndx < 0. (3.54)
0
According to conditions (3.51) and the upper bound of ||w (¢, ')”iz([o,L];Rn) defined as (2.52):
leo (8, Mz2 om0y < 3R (AP @2+ (|71 + |K?) @1) =, (3.55)
we have

—20V1(y) — (20 — B)Va(y) < —(20 — B)(Vi(y) + Va(v))
< —(20 = P)e. (3.56)
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Therefore, substituting (3.54), (3.55) and (3.56) into (3.50), we have for all ¢t € [ty, tx11),k €
N,

V(y) < — (20 — B)e + yw + 7P,. (3.57)

Since (3.45) holds, we deduce from (3.57),

V(y) < —26R < —26V (y). (3.58)

Therefore, we have shown that V (y)+20V (y) < 0, whenever conditions (3.51) are satisfied.
|

3.4 Numerical examples

In this section, we use two examples to verify Theorem 3.2 and Theorem 3.3. First,
Example 1 corresponds to Theorem 3.2, which illustrates that the reaching time of the
closed-loop system is less than the open-loop system case.

Example 1:

Consider system (3.1)-(3.2) with

14 0 2 05 9 —0.1
e ] B P e B P |

0.1 0.02
L=106= { ~0.1 —0.01 } '

The system is open-loop stable, however, the use of control is required in practice to ensure
some performances (reaching time, peak response, disturbance rejection, etc.). For example
in [Section 5.1, [4]] the control is used for a stable chemical plug flow reactor to avoid the
risk of peaks in the temperature profile. In our context, the use of control can improve
some convergence performances.

In the following, we first provide the comparison of the state responses of the open-loop
and closed-loop system. We can see from Figures 3.3-3.6 that the system states practically
converge much faster in closed-loop. Figure 3.7 illustrates the time-evolutions of || y || g
for open-loop and closed-loop systems. From Figure 3.7 we can see that the reaching
time is t; = 0.55s for the state with the sampled-data controller (|| Yeose ||z1) to the 5%
neighborhood of the origin (A = 0.62), which is smaller than ¢, = 0.85s in open-loop
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Figure 3.3: Response of state y; for the closed-loop system.

system case. The figures clearly demonstrate that the sampled-data controller improves
system’s performance in terms of reaching time.

We apply Theorem 3.2 in order to verify the Re-stability of the closed-loop system
with a sampled-data control for several values of the maximum sampling interval A with
a fixed decay rate 20 = 0.002 and a fixed space discretization step b = 0.1. Table 3.1
summarizes the results obtained based on the same Lyapunov-Razumikhin functional V'
defined in (3.47)-(3.49) with a fixed R = 30 and

_3 4.7 0.24 1.24 0.74
1 =10 X[ 4.8]’@2:{ * 0.91]'

The parameters § = 0.01, p = 0.7, kK = 1, v = 0.02, « = 1.3 are selected according to
Remark 3.3. The system can be shown to be Re-stable up to h = 0.0035. It can be seen
that ¢ linearly depends on h which is consistent with condition (ii) of Theorem 3.2. Fig. 3.8
illustrates the time evolution of V' in open-loop and closed-loop for A = 0.0001 respectively
with

(1 — cos 2mx) sin 27

bo(w) = (cos2mz — 1) sin 27

The closed-loop dynamics (Vs in Fig. 3.8) has a reaching time of ¢ = 0.17s
(convergence time to the level set ¢ = 0.87), while the reaching time in open-loop is
t = 0.43s.
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Figure 3.4: Response of state y; for the open-loop system.

Figure 3.5: Response of state ys for the closed-loop system.

Table 3.1: Evaluation of ¢ for different values of h when R = 30.

hls_o. 0.0001 0.0005 0.0015 0.0025 0.0035
€ 0.87 4.23 12.64 21.04 29.45
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Figure 3.6: Response of state ys for the open-loop system.

14 T T T T T T T T T

| Yetose Il
= = |l Yopen Il
ke A= 0.62 |

t

Figure 3.7: Time-evolutions of || ¥ || g1 in open-loop system (green) and closed-loop system
under sampled-data control (blue) with A = 0.0001 and b = 0.1.
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05

Figure 3.8: Time-evolutions of V' in open-loop (black dashed line) and closed-loop (red real
line) systems for A = 0.0001 and b = 0.1.

Next, we verify Theorem 3.3 in the following example. The advantages compared with
Theorem 2.1 in Chapter 2 is also given.

Example 2:

In this numerical example, we illustrate the method we proposed in Theorem 3.3. Consider
systems (2.13)-(2.18) and an initial condition satisfying yo(0) = 0. The system parameters
are the same as those chosen in Theorem 2.1 in Chapter 2, where

11 0 20 15 2 0
A‘{o 11]’T_{20 25]’K_{2 3]’L_1'

According to Remark 3.3, the parameters in condition (3.42)-(3.46) are selected as: pu =
0.18, k = 1.8, v = 0.001, @ = 1.001, 8 = 0.01, § = 0.001. We fix R = 20,/ = 0.1, The O,
O, are satisfying the conditions of Theorem 3.3:

o _ [2286 9881 J [ 2648 1289
1= x 1376 |02 % 17.97

The simulation results are presented in Figures 3.9-3.11 for A = 0.1 with the initial
conditions
0.06(1 — cos 27mz) sin 4w
Yo (x) =

0.1(1 — cos 4mz) sin 27x
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0.1

0.05

n

-0.05

-0.1

Figure 3.9: Response of state 1, for h = 0.1.

Figures 3.9-3.10 present that both state trajectories converge to near the origin with the
controller and the initial conditions satisfying the compatibility condition. As can be
seen from Figure 3.11, the time-evolution of Lyapunov functional V' (y(¢, -)) decreases when

R>V(y(t,-)) > max {5, %’“))} a> 1.

Remark 3.4

For the controller gain and sampling interval used here, the results in Chapter 2 are not
feasible. The mazimum sampling interval obtained based on results in Chapter 2 is 1073
(to be compared to h = 0.1 obtained here).

3.5 Conclusion

This chapter provided methods for checking the stability of linear hyperbolic balance laws
under distributed sampled-data control with space discretization. By using the input-
output approach to sampled-data control and Lyapunov-Razumikhin method in stability
analysis, sufficient numerical conditions for the Re-stability were derived. In the next
chapter we will work on providing a method for a global exponential stability analysis of
such control systems.



3.5. Conclusion

Figure 3.10: Response of state y, for h = 0.1.

20 T T T T T T
_V
- -R=20
—kme = 0.56
15 1
10 1
5r A
0 N L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
t

Figure 3.11: Time-evolution of function V for h = 0.1.



92 Chapter 3. Hyperbolic system with spatially sampled state measurements

3.6 Appendix of Chapter 3

Lemma 3.1
Consider system (3.1)-(3.4) with an initial condition yo satisfying yo(0) = Gyo(L). Then
Vt € [tr, ter1), k € N, we have
Oy(t,0) =A"'"GAdy (t, L) + (A'GY — A'TG) y (¢, L)
+ (AT'"GK = AT'KG) y (4, L) -

Proof of Lemma 3.1: From (3.1), the time derivative of the boundary condition is
aty (t, 0) = G@ty (t, L) Vit € [tk, tk—}—l), k € N. (359)
Combining (3.1a), (3.59) with (3.3b), we obtain
=\ (=YGy (t, L) — KGy (ty, L)
=A"'GAdy (t, L)+ (AT'GY — A'YG) y (¢, L)
+ (AT'GK — AT'KG) y (4, L) (3.60)

Lemma 3.2
Consider the condition (3.19) is satisfied. Then

W(z) + kN(z) < 0,Vz € [0, L]. (3.61)

Proof of Lemma 3.2: According to Schur complement [10] (see Theorem A.5 in
Appendix A), (3.20) is equivalent to

Q@) = Sinxn () L inSinsen () = 0 (3.62)
where Q(x) and S(z) are defined as (3.21) and (3.22). If (3.62) holds, we have
Q) = Sunxan(¥) Lizan Sinan() = 0 (3.63)

with
S4n><4n<x) = [ S4n><n<x> ‘ 04n><3n ] .
Then (3.62) can be re-expressed for all x € [0, L] as

W(x)+ kN(z) 20, (3.64)
with W (x) defined in step 2 and N(x) given in (3.32). |
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3.6.1 Proof of Theorem 3.1
During a sampling interval [ty, ¢, 1) with initial state y(t, -):

L IV (y(te,-) <e, V(y(t,-)) will remain in € during [tg, tx+1). Otherwise, we will have

V(y) > 0> =26V (y)

at some point when

Vgt ) = e > Lle)

which would contradict the proposition in Theorem 3.1.
2. If R > V(y(ty,-)) > e
(a) We have V(y(t,-)) < V(y(tg,-)) during [tg,trs1). Otherwise, we will have

Vy) > 0> =26V (y)

at some point when

Viy(t,) = Vi) > L8

«

which would contradict the proposition in Theorem 3.1.
(b)We can further show that

V(y(t, ) < max {5, M, e~ BV (4 (1, ))} (3.65)

«

during [tg,tx+1). In the following, we will discuss two possibilities in case (b):

(b1) If there exists t’ € [ty, tx+1) such that

Vit ) = max { e, DL

If

t € [te,t),V(y)+26V(y) <0

holds and we have
V(y(t,) < e ?EV (y(ty, ), Vt € [t t).

Otherwise, we will have

V(y) > 0> —20V(y)
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at some point when

Vi) > Ll )

which would contradict the proposition in Theorem 3.1. If ¢ € [t/ tx11), V(y(t,-))

V(y(tr,))

cannot go back above max {5, }, otherwise, according to the same principle,

it would contradict the proposition in Theorem 3.1, then we have

V(y(te,-))

Vlo(t,) < max =, 0

}, vVt € [t/,thrl).

So, over the whole sampling interval ¢ € [ty, ¢4 1), we can get inequality (3.65).

(b2) When
V(y(t, )) > max {6, W} ,\V/t - [tk,tk+1),
since .
V(y) 4+ 26V (y) <0,
we have

V(y(t,-)) < eV (y(ty, ).
Then it is not hard to get (3.65).

Now, let us consider

Y(tk,-) € Lyer, t € [ty tey1), k €N.

We have
Vigte, ) < mae {o, LD ooy, )
= mas (=, €V (y(t. )} (3.60)
with € = max{l, e (=%} <1 then
Vi(te. ) < max(e. CV(y(tior. ). (3.67

with ¢ = max {1 e} < 1, Vk € N\ {0}, where h is the lower bound of the
sampling interval.

By recursion, if y(to, ) € Ly <r, Vk € N we have

V(y(tk,-)) < max{e, (max{e, (V(y(tr_2,))}}
< max{e, Ce, (*V (y(tr_a, "))}
< max{e, C*V(y(tp_2,-))}

A

< max{e, C*V (y(to, )} (3.68)
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Then combining (3.66) and (3.68), we get that

V(y(t,-)) < max{e, E max{e, C*V (y(to, ) }}
= max{e, &&,£C"V (y(to, )}
= max{e, "V (y(ty, )} = ¢ (3.69)

when k is large enough. To prove the minimum value of k that guarantees (3.69)
holds, we calculate the following equation

CViy(to, ) = ¢

then we get

£
k= |log 7—‘ : 3.70
R 10
Therefore,
= tk Z an<t7 ) € QVSeav t Z tkn
with k defined in (3.70), which concludes the proof of Re-stability. [

3.6.2 Proof of Step 2 in Theorem 3.2

Using the commutativity condition: A©; = 1A, we first compute the time derivative of
Vi(y) along the solutions to (3.9)-(3.15),Vt € [tg, trs1),

L
%(y) = / (atyTe—qu@ly + yTe—qu@laty)dx
0

L
- / <(_A3xy — (K + M)y — Kw)' e Oy
0

+ (K9 ) e 220y + ¢ e 20, KY
+y e 0 (—Ay — (K 4+ T)y — Kw)) dx

L
:/ —833 [yTAefz’m@ly} d:L’
0

L
[ (T ) e ey () ey
0

+yTe O K9 —y e O (K + Yy
—y e O Kw —2uy ' Ae 0y — wTKTe_Z’“C@ly) dx
= yT ('7 L) (_AeizuL@l + GTA@lG) Yy ('7 L)
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+e O (K + 7))y + (K9) e 270y +y e 20, K9
L
—w KTe 0y —y e 0 Kw) dr — QM/ y T Ae O, ydx. (3.71)
0

Since we have the assumption that y is of class C? on [0, +00) x [0, L], then along the
solutions of the system (3.1), we can obtain

Outy (t,7) =0y (t,2) = —A0py (t, ) — YO,y (t,x) ,Vt € (tk, tgs1)- (3.72)

Using Lemma 3.1 in the appendix and similarly to the computation of Vi, the time
derivative of V,(y) along the solutions to (3.60)-(3.72), Vt € [tk,tr41),k € N is shown
as follows

L
Valy) =27 PZ+ [ (0" (TTe 40, + e 570,1) dy)do
0

L
—Zu/ Opy ' Ae 20,0, ydx. (3.73)
0
where P is defined in (3.18) and
T T ’

Adding and substracting ~||w (¢, -)||ig([0’L};Rn) to (3.71) and BfOL yLe 2104y, dx to (3.73)
for some T > 0,5 > 0, we have

V(y) =Vi(y) + Va(y)
=y' (L) (~Ae 0, + GTAO,G) y (-, L)

L
+ / (—yTAl(:E)y + (Kﬁ)Te_Q’“@ly +y'e O, KY
0
—w KTe 0,y —ye 20, Kw — waw) dx
g TA —2ux 2
—2p |y Aem M Orydr + y[lw (&, )| 720,17 m)
0

L
+ZTPZ—|—/ (—@yTAQ(a:)amy)d:c
0

— 24 /OL 0,y Ne 0,0, ydx + f3 /L Yl e Oy, d. (3.74)
with 0
Arfw) = e [(K +1)70, + 6, (K + 7)),
As(z) = e [TTO, 4 0,1 + 50,] .
Then by using conditions (3.17) and (3.18) we have
V(y) =Vily) + Va(y)
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L
S / (—yTAl (l‘)y — WTKTT6_2M$@1:I/ + (Kﬁ)Te_qu(aly + yTe—ZMm@lKﬁ
0
_yTe*2ur@1Kw — fwaw) dx —20V1(y) + v ||w (¢, ')”iQ([O,L];Rn)

L L
+ / (—axyTAg(x)axy)d:p —20Vs(y) + B/ Y e gy, d. (3.75)
0 0

with 0 = pA. Then by using Young’s inequality [135] (see Theorem A.3 in Appendix A)
to fOL (K9) e 20 ydx, we get

L
/ (K9) e 20, yda
0

L L
g% (K9) (Kﬁ)dx+%/ (e7O1y) (e **O1y)d
0 0
1Nfl Tyt 1 L +
:52 / (K9)" (K9)d + 5 / (e701y) (e *Oy)dz (3.76)
i=0 Y ¥i 0

N-1 .
tka Zdz / Ys tka )d§,l‘ S [OvL]
=0 Z;
andﬁ(tk,ii):Q fOTZZ‘QZO,fZ‘+1:ZZ'Z‘+BZ) ZE{O ,N—2}

By using the operator E in (3.16) with (3.15), we rewrite the first term in (3.76) for
rez;,1€40,--- ,N—1} as

i

- N_1/: (K%di (2) /:yg (<) ) (KNzldz /xyg b, )dg) do

1 Ti+1 T
5; / (K0)' (K9)dx

-l—% _0 /;Hl (KZ_; d; (x) /:yg (t, <) §> (szl / Y (t, )dg) dx
:% -_0 /: (y (b, ) — y (t0, 7)) KK (y (t, 2) — y (b, T2)) do
+%2/+ (y (b 2) — 5 (14 7)) KK (y (b, 2) — g (t, 30)) da (3.77)
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Using Wirtinger’s inequality [77] (see Lemma A.1 in Appendix A) with d — ¢ <
integral term, the above (3.77) becomes

on each

NS

(3.78)

1 N-1 Tit1 T
5 / (Kv) (K9)dx
=0
162 Nl gz i
=0 Tq Ts
1_72 N-—1 Tig1
5.2 Z/ y) (tr, 2) K" Ky, (ty, 2)dx
i=0 v Ti
b2 L - .
2 9.2 Ya (tkal‘)K Ky, (tk,ZL‘)d:L‘
™ Jo

The above inequality (3.78) involves the upper bound of the space discretization error.

Combining (3.76) and (3.78), we get

L

/ (K9) e 20, yda
0

2 L

1 L
<53 y;:r (tku ZL’)KTny (tk, SL’)diL’ + 5 / 6_4‘”yT@1T@1yda:
0 0

— 272
Then substituting (3.79) into (3.75), we get
. L
V) < = 20Vi(0) — 20V300) + [ 0T W s
0
) L
o Mo + 8 [ wTe P Oapuda
0
L
=~ 20Yi(y) — (20 = AVa0) + [ 0" Wlahnda [ ()l
0

with o,n, W(z) defined below (3.29).

The proof of step 2 is complete.

(3.79)

(3.80)
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This chapter deals with the global exponential stability problem for a class of linear
hyperbolic systems by using distributed sampled-data control. First, the original system
is transformed into a impulsive infinite dimensional model through an augmented system.
By employing this model, the relation between the sampling interval, the system state and
its sampled vector is characterized by an IQC. The acquired IQC is utilized to derive
numerically tractable stability criteria. Finally, a numerical example illustrates the main
results.

4.1 Introduction

In this chapter, we focus on the global exponential stability analysis problem for a class
of linear sampled-data hyperbolic system by using impulsive system method. The state
measurements can be aperiodically sampled in time. An approach based on impulsive
models [9] and an adaptation of the IQC method [85] is proposed. The general idea of this
chapter is to use an augmented state model with an impulsive form (see [44, 88] for basic
results for ODEs) to derive an IQC that characterizes the sampling effect. While in the
sampled-data control literature for ODEs, such IQCs are usually derived analytically [12,
13,42, 61, 122, 3], here we proposed simple matrix inequalities where the parameters of the
IQC are derived numerically. Using the obtained IQCs, numerical criteria for analyzing
stability of the state-space model are provided. Differently from our previous works where
local practical (Re) stability conditions are obtained [127, 129, 128], here global exponential
stability conditions are proposed. A preliminary version of this work [126] was presented
at the virtual ADHS 2021 Congress.

4.2 Problem statement

We consider the following hyperbolic systems:

Oy (t,x) + POy (t,x) + Ty (t,x) +u(t,xz) =0, (4.1a)
y(0,x) =yo(x),Vz € [0, L], (4.1b)
where y : [0,+00) x [0,L] — R" is the system state, I" is a real n x n constant
matrix, ¢ = diag{®,,d_}, &, =diag{d1, - -, 0n}, - = diag{dmi1, -, ¢} with

G1> O > 0> Py > o0 > Gy, u(t,z) € R™ is the sampled-data control input. We

+
use the notation y = l z_ ] ,where y* : R, x [0,L] - R™ and y~ : Ry x [0, L] — R*™™™.
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Then, we consider the following boundary conditions:

l %OL)) } =k [ ﬂigf } V>0 (4.2)

Ko Ko
Ky Kn
in R™*(=m) [ in RM=™>™ and K, in RC—mx(=m),

where K is areal nxn constant matrix such that X = [ } with Ko in R™*™, Ky

At times ty, k € N, the system state y(-, x) is sampled and used for computing a control
law which is implemented via a ZOH

u(t,x) = Gy (tg,x), YVt € [tg, ths1)- (4.3)
where G is a constant n xn matrix. We assume that the sampling sequence {t; } ey satisfies

to=0, lim t; =00, tpy1 —tx € (0,h)]. (4.4)

k—00

where h > 0 is the maximum sampling interval.

In order to establish the existence and uniqueness of solutions in this section, we use
the notion of piecewise continuous solutions as in Remark 2.2 of Chapter 2.

The goal of this chapter is to provide numerically tractable conditions for checking the
exponential stability of system (4.1)-(4.4).

4.3 System remodeling

To facilitate the stability analysis, we first recast the above system (4.1)-(4.4) into an
impulsive model. Let ¢ indicate a piecewise constant signal representing the latest state
measurement of the plant available at the controller,

g(t,x) = y(ty, x),Vt € [tg, txr1), k € N.

Using the augmented system state ¢ = [y (t,2), §'(¢,2)]", leads to an impulsive system
with following structure:

Op (t,x) + Adyp (t,z) + By (t,x) = 0,Vt € (ty, tpr1), k €N, (4.5a)
¢ (te,x) = Dy (t; ,z) ,k €N, (4.5b)
p(0,2) = po(2) = [yo (z) , yo ()], Va € [0, L]. (4.5¢)

with
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and
¢ (ty,-) =limp (¢, ).

Tty

The notation ¢ = [(y+)T, (ZJ*)Ta (
defined as

4 T AN T T .. .
), (97) and the boundary condition is

<<

y*(t,0) y*(t, L)
y_(t, L) K 0pxn y_(t7 0)
0) | T lo K } gty |70 (4.6)
y=(t,L) y~(t,0)

Note that the initial condition (4.5¢) is chosen based on condition (4.1b). Therefore, all
the solution of system (4.1) are characterized by the first n components of the augmented
state @ (t,z). As a result, the closed-loop system can be regarded as an augmented
impulsive system where the y (¢, ) state variable is continuous and where the g (¢, )
variable is subject to a reset at impulse (i.e. sampling) times. In the following sections we
will see how this new impulsive model is useful in deriving constructive stability conditions.

4.4 Stability analysis

In this section, we focus on providing constructive methods for the analysis of the sampled-
data system (4.1)-(4.4) using the augmented impulsive system (4.5). Before presenting the
main result, we first provide a technical lemma based on model (4.5). This lemma allows
us to characterize the link between the system state y of system (4.1)-(4.4) and its sampled
version ¢ by an IQC. Then, the stability conditions for system (4.1)-(4.4) are derived using
the obtained IQC.

4.4.1 IQC characterization of the sampling effect

The main idea is to use a functional Y(yp), Y : L? ([0, L]; R*") — R, depending on the
augmented system state ¢ and study the solution of impulsive system (4.5) during one
sampling interval [ty,tx.1). Then, we over-bound the functional T using an exponential
function with bounded growth rate. Taking into account this bound, an IQC capturing
the effect of sampling is obtained. Intuitively, the IQC characterizes how much system
(4.1) state deviates without control update.
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Lemma 4.1

Consider sampled-data linear hyperbolic system (4.1)-(4.4), the augmented impulsive
system (4.5) and a given o > 0, assume that there exists a diagonal matriz A € R*"*2"
satisfying

©=2aA—B'A—-AB =0, (4.7)
Koy Ko 0 07" Koy Koo 0 0
0 1 0 0 AA 0 1 0 0
0 0 Koo Ko 0 0 Koo Ko
0 0 0 1 0 0 0 1
I o o o7 I 0 0 0
Ko K1 0 0 Koy Kiiu 0 0
“lo o 1 ol ™o o 1 o0 (48)
0 0 Ky Kn 0 0 Ky Kn
Then the following IQC s satisfied
L
/ o' (t,x)N(t —tp)e (t,2)dx > 0,Vt € [ty trs1), k €N (4.9)
0
along the solutions ¢ € L? ([0, L] ; R*") of (4.5), where
N(h) =e " RTAR — A, (4.10)

. _ 07L><7L Ian
thh R B { 077/><77/ Ian } ‘

Then, the IQC (4.9) holds along the solutions ¢ € L? ([0, L]; R®*") of (4.5):

Proof. In the following, for the sake of readability, the arguments (¢, z) of the different
functions are dropped by an abuse of notations when we think that this would not lead to
any confusion. Let us consider the following functional T : L? ([0, L]; R*") — R defined
by:

T((t,2)) = /0 5Tt 1) A(t, )dz, (4.11)

with ¢ € L? ([0, L] ; R*™) the solution of (4.5).
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Computing the time derivative of T along the solutions of (4.5) leads to
‘ L
T(p) =/ (" Ap + 0" Apy)d
0
L
=/ ((—Aé’xw — Bp)'Ap +¢ A (~Adyp — By)) dx
o L
:/ —0y [cpTAAgo} dx +/ (—cpT (BTA+AB) v)dz
0 0

—T (£,0) ANp (£,0) — " (t. L) AAp (£, L) + / " (—¢" (B"A+ AB) ¢)dz. (4.12)

Using the boundary condition (4.6), we get

yt (L)1 [[Kew Ko 0 07" Ko Kog O 0
- y= (1,0) 0o I 0 0 o I 0 0
_ AA
T(e) gt (8, L) 0 0 Ko Ko 0 0 Ko Ko
g~ (£,0) o 0 0 I o 0 0 I
I 0o o o07]" I 0 0 0 y* (t, L)
Ky Kin 0 0 Ky Kin 0 0 y~ (t,0)
_ AA v
0o 0 I 0 0o 0 I 0 g+ (t, L)
0 0 Ko Kn 0 0 Ko Kn 9~ (t,0)
L
+/ (¢" (-B"A—AB) ¢)du. (4.13)
0

Next, since (4.7) and (4.8) hold, we have

L
T (o) +2aY(p) < / (¢" (2aA — BTA — AB) ¢)dz < 0,Vt € [ty tys1),k €N, (4.14)
0
Consequently, according to the comparison lemma we have

T(p(t, ) < e 22 (p(ty, ), Yt € [tr, tos1), k € N (4.15)

Then, inequality (4.15) can be re-expressed as:

e 22t (o (4, ) — T(p(t, ) :/O o (t,2)N(t —tp)p (t,x)dx >0, (4.16)

with N(t — t;) defined in (4.10). This concludes the proof of Lemma 4.1.

Remark 4.1
In Lemma J.1, the IQC (4.9), with

pt,x) =y (tz), §'(t2),
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1 1 1 1 1 1 1

to ty to 3 ty ts to t7
t

Figure 4.1: Time-evolution of the function Y(y) along a trajectory of system (4.5) for the
case described in Example 1 (green) and its upper bound in each sampling interval (red).

allows to characterize the link between the state y of system (4.1) and its sampled version
y over the sampling interval. Note that the IQC notion used here is different from the one
usually obtained in the sampled-data literature for ODEs. Here the integration parameter
corresponds to domain variable x and the matrix N(-) depends on the clock variable t —
tx counting the time since the last sampling instant. While IQC's are usually derived
analytically [122, /2, 61], here, in Lemma 4.1, we propose simple matrixz inequalities (4.7)
and (4.8) where the parameters of the IQC are derived numerically. In the perturbation
free case, by tuning the parameter o and solving the linear matriz inequality (4.7), one can
derive the matriz A, which characterizes the IQC (4.9). In order to give some intuition
about the tuning of o, note that o corresponds to an upper bound on the growth rate of the
functional Y, i.e. an indicator of the deviation of the system state in open loop. Clearly, the
tighter the estimation of the growth rate « is, the better the obtained IQC (4.9) captures the
effect of sampling on the system. The following example provides a numerical illustration.

Example 1. Consider a system of the form (4.1)-(4.4) with L =1,

1.2 0 1.3 15 1.1 0.5 1 0
(I)_{o —0.8}’F_{—0.5 2.5}’ G_[1 0.9}’ K‘{o —1}
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a maximum sampling interval h = 0.1. Using the state augmentation leads to an impulsive
system (4.5) with

1.2 0 00 1.3 15 1.1 0.5
*x —08 0 O —-05 25 1 09
A= * 0 0|’ B= 0 0 0 0
* x % 0 0 0O 0 0

Applying Lemma 4.1 with o = 3, we can derive an IQC of the form (4.9) and N(h) in
(4.10) is characterized by

A = diag {—0.25, —0.39, —0.19, —0.19} .

Note that the matrix A also allows to parameterize the function T in (4.11) which leads
to the IQC of the form (4.9). The evolution of the functional T along the trajectories of
system (4.1) with an initial condition

(z) = 2.5 — 1.5 cos(4mx)
Yol¥ = — sin(67z)

and an arbitrary sequence of sampling intervals is shown in Figure 4.1. The figure
illustrates for each sampling interval [tx,tx1),k € {0,...,7}, the deviation of the state
ot,x) =y (t,z), §'(t,2)]" without control update (captured by the deviation of function
T (p(t,-)) with respect to its value at the sampling times Y (¢(t, -))) and the upper bound
e 2et=t)Y (p(ty, -)) used for computing the IQC of the form (4.9) — see steps (4.15)-(4.16)
in the proof of Lemma 4.1.

In the following subsection we show how IQCs of the form (4.9) can be used in order
to derive tractable stability criteria for the sampled-data system (4.1).

4.4.2 Main stability result

Before presenting the main results, we first introduce the stability notion in the following
proposition.

Proposition 4.1 (Wang 2021 [126])

Consider the systems (4.1)-(4.4) and a candidate Lyapunov functional V : L* ([0, L] ; R") —
R, which is differentiable for allt € [ty,txy1), k € N w.r.t. its argument b € L* ([0, L] ; R™)
and there exist 0 < a1 < ao, such that:

a1 ||b||i2([o,L];Rn) <V (b) <ay ||b||iQ([O,L};R") : (4.17)
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Assume that along the trajectories of the system (4.1)-(4.4), the corresponding solution
y(t,-) satisfies

V(y(t,) + 22V (y(t,-)) < 0,V € [tg, ter1), k€N (4.18)

for some X > 0. Then the system is exponentially stable in L?—norm with a decay-rate
larger than X, that is for any initial condition yo € L*(0, L) fort € [ty, txs1),k €N

2 as _ 2
1y (& ) z20,2; mey < 0 ° 2 Nyoll 220,15 ey - (4.19)

Proof. First, we declare that V' defined in (4.17) is continuous (One can consult [4]).
Since y(t,z) is continuous with respect to ¢ for all ¢t € [tx,tx11), k € N and continuous at
sampling instants by choosing the last value of the previous sampling interval as the initial
condition of the following sampling interval, then V' is continuous for all ¢ > 0.

Then, we consider the differentiable Lyapunov functional V' : L? ([0, L] ; R") — R, for
which

V(y(t,-) + 22V (y(t,-)) < 0,Vt € [ty ter1), k € N (4.20)
for some A > 0.
Applying the comparison lemma, we have
V(y(t, ) < e WV (y(ty, ), ¥t € [ty ti) k €N, (4.21)
then we can derive
V(y(ty,-)) < e 20V (y (11, ), VEk € N\ {0}, (4.22)
by recursion, the following inequality holds

V(y(ty, ) <e A0t oa=be2) Y/ (y (¢, )
<. ..

<Mt t-1) = 2A (1~ 2)
e TRV (y(to, ), (4.23)
Then instituting (4.23) into (4.21), we obtain
V(y(t,)) <e” 0V (y(ty, )

<o 2A(E=tk) o =2A(tk—th—1) p =2 (Ek—1—tk—2) | ||
PV (g, )
=V (g, )
=MV (o). (4.24)
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Combining (4.17) and (4.24), we get

2 ag _ 2
ly (¢, ‘)||L2([0,L];Rn) < a_le 2N ||y0||L2([0’L];Rn) )
YVt € [tk,thrl), k € N.

This concludes the proof of Proposition 4.4.2. ]

Theorem 4.1

Consider the sampled-data system (4.1) and the impulsive model (4.5). Given a prescribed
decay rate p and a tuning parameter o > 0, let there exist a diagonal positive definite matriz
M € R™™ and a diagonal matriz A € R*?" satisfying the following set of inequalities

©=2aA—-B'A-AB =0, (4.25)
Koy Ko 0 07" Koy Ko 0 0
o 1 0 ol 0o T 0 o0
0 0 Ko Ko 0 0 Ko Ko
o 0 0 I o 0 0 I
I 0o o0 o07" I 0 0 0
Ky Kinu 0 0 Ky Kinu 0 0
“lo o 1 ol ™o o 1 o0 (4.26)
0 0 Ky Kn 0 0 Ko Kn
and
Q—+oN(0) =0, Q+0oN(h) =0, (4.27)
Ko Koil' Ko K I o0]' I 0
00 01 00 01
dM dM 42
[ 0 I ] { 0 I ] = {Km KH} {Klo KJ (4.28)
with

0= [Q,uM—PTM—MF —MG]

* 0n><n

(4.29)

and N(h) = e 2*"RTAR — A as defined as in (4.10). Then system (4.1) is exponentially
stable in L>*—norm with a decay-rate larger than p.

Proof. The proof is based on a Lyapunov functional V : L? ([0, L] ; R") — R, defined
by

Viy(t z)) = /0 yT () My(t, ) da. (4.30)
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In this step we first show that the functional V' defined in (4.30) is continuous. Since y(t, x)
is continuous with respect to t for all ¢ € [ty, txr1),k € N and continuous at sampling
instants by construction (see Remark 2.2 of Chapter 2), then V' is continuous for all ¢ > 0.
Now consider system (4.1). Let us study the time derivative of the Lyapunov functional
V(y(t,x)) as shown in (4.30). For simplicity, by an abuse of notations, we use the notation
y instead of y(¢, ) when we think that no confusion can be made. For ¢ € [ty, tx11), k € N,
the time derivative of V(y) along the trajectories of (4.1) is

L
V(y) :/ (v My+y" My,)dz
0
L
=/ ((—‘Damy — Ty —Gj) My +y M (=90,y — Ty — G)) de
0
L
=— [y eMy], + / (—yT (TTM + MT) y — §TGT My —y  MG§) de.  (4.31)
0

By using the boundary condition (4.2) and adding the term 21V (y) to both sides of (4.31),
then, we have

V(y) +2uV (y)
78] (4 41 ol

v~ (t, 0o I 0 I
_[1 0 }T(DM{ I 0} {y*(t,L)]
Ko Kn Ko Kn y~ (t,0)
L
+ / (y7 (2uM—-TTM — MT) y — §7GT My —y" MGy) da (4.32)
0

By using (4.28), the above inequality (4.32) is equivalent to

Viy) + 20V (y / €T Qedn (4.33)
with
=y (ta), 7 (t,2)], Vt € [t trpr), kEN
and @ defined as (4.29).

Since condition (4.27) is linear in e~2*" and t — t,, < h, by using a convexity argument,

we have Q + oN(t — t;) <0, Vt € [tg, tgs1), k € N. Therefore, we get
L
/ ET(Q + 0N (t — t))€dz < 0. (4.34)
0

where € = [y7 (t,2), §7 (t,2)] ", V¢ € [tx, tisr), k € N.
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By recalling (4.9)
L
/ o' (t,2)N(t —tp)e (t,x)dv > 0,V € [ty, tpy1), k €N,
0

from (4.25)-(4.26) and Lemma 4.1 we have

L
/ ¢'Q¢dx <0. (4.35)
0

In view of (4.32)-(4.35),

V(y)+2uV(y) <0 (4.36)
for Vt € [t, txi1), k € N, which means that the following inequality is obtained:
V<y<t7 )) < 672u(t7tk)v (y(tkh )) 7t € [tlm tk+1)7 ke N7

by recursion, we get
V(y(t,) < eV (yo),
ie. Vt € [ty,tkr1), k € N, we have

Amax (M)
2 max —2ut 2
Hy(ta')”L2([0,L];R") < )\min<M)€ g ”yOHLQ([O,L];R”)'

Hence, according to proposition , we can conclude that the system is exponentially stable.
|

Remark 4.2

Theorem 4.1 provides a simple method for checking the stability of system (4.1). In order
to ease the applicability of the results, we summarize as follows each tuning parameter in
detail. A and M are the main variables of the set of inequalities to be solved. M is a
Lyapunov matriz corresponding to the Lyapunov functional

V(y(t,x)):/O y' (t,z)My(t, z)dz.

1 1s a positive scalar corresponding to a lower bound on the system decay rate. A allows
to characterize the IQC (4.9) in Lemma 4.1. As mentioned in Remark 4.1, « is a scalar
corresponding to an estimation of the growth rate for the system without control update in
between sampling times via the functional

T(o(t, 2)) = / o7 (1, 7)Aot 2)d.

If (4.25)-(4.26) are found feasible, then the IQC (4.9) is satisfied along the solutions of
system (4.1). Condition (4.27)-(4.28) ensure that while the IQC (4.9) is satisfied, the

Lyapunov functional V' decrease with a decay rate p along the solutions of system (4.1).
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4.5 Numerical example

In this section we illustrate how the proposed conditions can be checked numerically
and used to establish quantitative tradeoff regions between maximum allowable sampling
intervals and performance (in terms of decay rate).

Consider a system of the form (4.1) with

1.2 0 1.3 1.5 ] 10
L_l’q)_[o —0.8}’11_{—0.5 2.5_’K_[ }

and the initial condition )
2.5 — 1.5 cos(4mx)

Yo () = {

— sin(67z)
The stabilizing control gain
1.1 0.5
G= [ 1 09 }

was designed using classical continuous-time methods for hyperbolic systems. We apply
Theorem 4.1 for several values of the maximum sampling interval i and of the decay rate
p. The results obtained using Matlab LMI solvers are illustrated in Figure 4.2. Such plots
can be used in order to make design tradeoffs between system performance (in terms of
decay rate) and robustness to the sampled-data implementation (in terms of maximum
allowable sampling interval). For instance, by increasing the requirements on the system
performance (increasing the decay rate p), the maximum admissible sampling interval h
becomes smaller (i.e. more constraints should be imposed on the sampled-data control
implementation in terms of sampling and control computation frequency). The method
also allows to find the maximum h for which stability is granted. The best value of h
for which the conditions of Theorem 4.1 were found feasible is h = 0.024 (derived with
p=10"% a =3, 0 =1). In order to illustrate the influence of the open-loop growth rate
estimate o on the computation of the maximum allowable sampling interval i, Theorem
4.1 was tested for several values of o and h. The results are illustrated in Figure 4.3. As
expected, the tighter the estimation of the growth rate « is, the better the obtained IQC
allows to compute the maximum allowable sampling interval h. This is consistent with the
theoretical remarks concerning Lemma 4.1.

In order to illustrate the response of the sampled-data system, we choose one point
corresponding to a maximum sampling interval A = 0.01 and a decay rate p = 0.1. The
conditions (4.25) and (4.27) in Theorem 4.1 were found feasible, leading to a Lyapunov
functional characterized by

5.06 0
M= l x  4.54 } '



112 Chapter 4. Sampled-data hyperbolic systems via an impulsive approach

e e e e
R R
R
0.00F 5 % % 5 3% % % % % 5 % 5 F 5o F % %5k ¥ H % %
S Kk K R K kR K R ok R K ok R Rk X

9 3k 3k Sk K Sk Kk R K ok ok ok ok ok ok ok ok sk ok sk sk sk kR R kR R X X
FRERF KKK XK KRR R R RN R R KK LR R R LK FH KX
Fk K K K K K K K K K Kk K K K K K KK K K KK K KKK KK KK
[ R e o e o L S o L

0 0.05 0.1 0.15
7

7 e 7
0025 %% X X X X X XXX XXX XXXXXX - N E
R P P P P P R e * FeaSlblel’eglﬂfl

FHF KK KK KKK XXK KK KX KK x Nonfeasibleregion
KKK EEXXXXXXXXXXXX XX A A m A~ """~ A~ ~ AR

ERKER K XXX XX XXXXXXXXXX XXX XX XXXXXXXX
0,02 5 3 3k % K 3 302020 X X XX X X XK X KX X K X K K K KKK KKK KK
FHFEFEEFEF XX XX R XXX XXX K KKK KK KK KKK KX
FRFEF K EEFE XXX XX XXX XK K KKK KK KKK KKK KX
KKK KKK KX XK EEX XX XXX XXX XXX X XXX XXXXXX
KKK KKK KX XK KX RXEXX XXX XXX XXX X XXX XXXXXX
D015 5 3k 5 % % 3 ok ok 3 o ko 3k X0 XX X X X X X X X X K X X X X X X X X 4
Eh KRR KL E KK AR E R FEX X XXX XK KK KXX XXX XX

[~y FRE R KK X AR EFFEFFFHE XXX X KKK KKK KKK KX
FHR KKK KK LK KK HFE KK RK K XK X KKK KK KRR KKK KX

R EkE L kKRR KKK K FRFRKI XX XXX XX KX KRN X
(LT 5 3 5 sk 3 o s o ok o 3 ok ok Sk ok 3 o 33 3K X0 00X X0 X X X XX XK XX g
KR K kKK kA Kk kkk kR kKK F KK XXX XXX RXX XX

XX XXKXX XXX X

FHE KKK XX XK XX

FEE XXX X XXX X

FoH KKK KK KK

XX K K X

X X X

X X

% X

Figure 4.2: Tradeoff regions between system performance and maximum allowable
sampling. Feasible region (blue area) and non feasible region (red area) guaranteed by
Theorem 4.1.
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Figure 4.3: Influence of the estimate of the open-loop growth rate a on the computation of
the maximum allowable sampling interval h. Feasible region (blue area) and non feasible
region (red area) guaranteed by Theorem 4.1 with p = 107>,

The evolution of the Lyapunov functional V' along the solutions of the sampled-data system
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Figure 4.4: Time-evolution of functional V' in the sampled-data system.
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Figure 4.5: Time-evolution of functional V' in semi-log scale.

is given in Figure 4.4 and its semi-log plot is given in Figure 4.5. The figures clearly
illustrates the exponential stability of the system. As expected, Figures 4.6-4.7 illustrates
the states convergence to the origin.
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Figure 4.6: Response of state y; for the closed-loop system.

Figure 4.7: Response of state y, for the closed-loop system.

4.6 Conclusion

This chapter studied the distributed sampled-data control for a class of hyperbolic systems
using impulsive system method. The closed-loop system is first represented as an
augmented impulsive system. Moreover, the stability of the system has been established
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via a method based on IQCs. The global exponential stability of the system can be
checked. Finally, a numerical example verifies our results. In the future, we will focus on
sampled-data control using space and time discretization for different types of hyperbolic
systems.






Conclusion and perspectives

Conclusion

The problem of stability analysis for a class of linear hyperbolic systems with distributed
sampled-data control laws was investigated in this thesis. We used the Lyapunov method to
derive local stability conditions for 1-D hyperbolic systems of balance laws. With the help
of the Lyapunov-Razumikhin technique, the spatio-temporal sampling controller was also
addressed as a more general case. In addition, we have provided methods for checking the
global stability of the system by rewriting the original system as an augmented impulsive
model.

The main contributions of this thesis are introduced in Chapters 2-4.

e In Chapter 2, we mainly studied the stability conditions of the hyperbolic PDE
with in-domain sampled-data controller. Inspired by the input-output approach on
ODE and boundary control on PDE, we provided a method to check the local
stability (Re-stability) of the system through the Lyapunov technique. The method
is based on two ingredients. First, we recast the sampled-data system into an
equivalent continuous hyperbolic PDE (including four steps: the nominal closed-
loop system, the introduction of sampling error, the properties of sampling error and
the interconnection of operators). Then, based on the new model, we constructed a
suitable Lyapunov functional and derived sufficient conditions for the stability of the
system by means of LMIs. This method is the basis for the following chapters.

e In Chapter 3, we extended the results in Chapter 2 to the case where the controller
is spatio-temporally sampled. Compared with Chapter 2, in addition to the time
sampling error, it was also necessary to consider the spacial discretization error when
remodeling the system. Based on the ideal continuous-time control loop and the
operators representing the discretization errors, we derived sufficient conditions to
ensure the Re-stability of linear hyperbolic systems of balance laws by the Lyapunov-
Razumikhin method. In a special case (no sampling in space), a larger estimation
of the maximum allowable sampling interval was observed (in comparison with the
results in Chapter 2), which reflects the advantages of the Lyapunov-Razumikhin
method.

e In Chapter 4, inspired on basic results for sampled-data ODESs, conditions for
checking the global exponential stability of sampled-data hyperbolic systems of

117



118 Conclusion

balance laws are proposed. An augmented state model with an impulsive form was
employed to derive an IQC that characterizes the relation between the sampling
interval, the system state and its sampled vector.

Perspectives

Even though many results have been achieved in the stability analysis of hyperbolic
systems, there are still many open problems worth exploring. According to the work
in this thesis, we list several directions that can be further studied in the future.

e In the light of the results obtained in Chapter 4, it is natural to consider extending
the global exponential stability to the case where the controller is spatio-temporally
sampled. Moreover, inspired by the work in [100], we can consider time-varying
hyperbolic systems, which are more general in physical networks (such as in irrigation
or road networks).

e Since the states of the control systems are not all directly measurable and the cost is
high, output feedback control is widely used in practical engineering systems. In this
context, we have to consider the design of sampled-data observer based controllers.

e In the real world, all systems are non-linear, which motivates us to extend the
methods in this thesis to non-linear systems. The study of a distributed spatio-
temporally sampled controllers for system with Lipschitz nonlinear dynamics would
be valuable.

In short, the conditions provided by using the Lyapunov functionals for analyzing the
stability of hyperbolic systems with distributed sampled-data control have potential.
However, further exploration of the proposed methods may promote the development of
Lyapunov methods in application fields.



Appendix A
Some useful theorems and lemmas

Theorem A.1 (Schwarz’s theorem [56]) For a function f : © — R defined on a set
© C R”, if a € R" is a point such that some neighborhood of a is contained in © and f
has continuous second partial derivatives at the point a, then Vi,j € {1,2,...,n},

0? 0?
83728.1’] f(a) n 837]8.1’1 f<a)

The partial derivatives of this function commute at that point.

Theorem A.2 (Cauchy-Schwarz inequality [14]) If @ = (ay,...,q,) and B =
(Bi, ..., Bn) are sequences of real numbers, then

n 2 n n
PRI o o
i=1 i=1 =1
with equality if and only if the sequences @ and 3 are proportional, i.e., there is a r € R

such that o; = rf; for each i € {1,...,n}.

Theorem A.3 (Young’s inequality [135]) If a > 0 and b > 0 are nonnegative real
numbers and if m > 1 and n > 1 are real numbers such that % + % =1, then

a™ b
ab < — + —
m n

Equality holds if and only if o™ = b".

Theorem A.4 (Wirtinger’s inequality [46]) Let y € Wi|c,d) be a scalar function

with y(c¢) = 0. Then,
d d— 2 d
[ oo < 5L [

This inequality is trivially extended to the vector case.

Lemma A.1 (Liu 2010 [77]) Let y € W,,[c, d). Assume that y(c) = 0. Then, for any
m x m-matrix A > 0, the following inequality holds:

d AT
[ v mstons < 2L [T

Theorem A.5 (Schur complement [10]) Let A and D be symmetric matrices. Then,
the following are equivalent:
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L {f g}>0(resp[f g}to)

2. D>=0,A—BD'B" =0 (resp. D= 0,A—BD"B" =0,B(I — DD")=0)

where DTis the pseudo-inverse of D.

Theorem A.6 (S-procedure [132]) Let Z, € M, (R), k € {0,---,q}. Then, if

1. there exist scalars v, > 0,k € {1,---,q}, such that Zy — > ¢_ wZ, > 0 (resp.
ZO - Zzzl ’7ka > 0)
then

2. Nt Zon > 0 (resp. n''Zyn > O) for any n € R™ satisfying n7Zyn > 0 for all k €

{1,... 7q}

For ¢ = 1, these two statements are equivalent.

Lemma A.2 (Integral S-procedure [126]) Let F' and G be symmetric matrices.
Assume that the strict integral inequality

LA y7(2)Gy(z)dz > 0,

holds. Then the implication
[ v @ryar <o
0
holds if there exists some nonnegative number w such that
F+wG =<0
Proof: 1t is immediately proved by rewriting the inequality above as F' < —w(G and

multiplying on the left by y” (x) and on the right by y(z), then taking the integral operation
on both sides of the inequality. We have

/OyT(x)Fy(a:)dxg/O y!(2)(—w@)y(z)dz.

Since fOL yT(2)Gy(x)dr > 0 and @ > 0 hold, one can obtain

/0 y!(2)(—w@)y(z)dx <0,
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which leads to .
/ y* (z)Fy(z)dx < 0.
0

Hence, this lemma is proved.

Lemma A.3 (Halanay’s inequality [45]) Assume that 7 > 0 and V' (¢) is a positive
function defined on [ty — 7, +00), with derivative V(¢) on [ty, +00). If

V()< —aV(t)+ 8 sup V(s), t>tp

t—7<s<t
where o > [ > 0, then there exist v > 0 and k£ > 0 such that

V(t) < kelm7t0) >,






1]

2l

3]

4]

[5]

(6]

7l

8]

[10]

[11]

Bibliography

Angelo Marcello Anile, Vittorio Romano, and Giovanni Russo. “Hyperbolic hydro-
dynamical model of carrier transport in semiconductors.” In: VLSI Design 8.1-4
(1998), pp. 521-525 (cit. on p. 8).

Jean Auriol, Ulf Jakob Flo Aarsnes, Philippe Martin, and Florent Di Meglio. “Delay-
robust control design for two heterodirectional linear coupled hyperbolic PDEs.”
In: IEEE Transactions on Automatic Control 63.10 (2018), pp. 3551-3557 (cit. on
p. 29).

Matthieu Barreau, Carsten W Scherer, Frédéric Gouaisbaut, and Alexandre Seuret.
“Integral quadratic constraints on linear infinite-dimensional systems for robust
stability analysis.” In: IFAC-PapersOnLine 53.2 (2020), pp. 7752-7757 (cit. on
p. 100).

Georges Bastin and Jean-Michel Coron. Stability and boundary stabilization of 1-d
hyperbolic systems. Vol. 88. Springer, 2016 (cit. on pp. 6, 8-10, 27, 41, 51, 53, 57,
63, 78, 85, 107).

Georges Bastin, Jean-Michel Coron, and Simona Oana Tamasoiu. “Stability of linear
density-flow hyperbolic systems under PI boundary control.” In: Automatica 53
(2015), pp. 37-42 (cit. on p. 17).

Nikolaos Bekiaris-Liberis and Argiris [ Delis. “PDE-based feedback control of
freeway traffic flow via time-gap manipulation of ACC-equipped vehicles.” In: IEEE
Transactions on Control Systems Technology (2020) (cit. on pp. 17, 18, 41).

Elena-Veronica Belmega, Samson Lasaulce, Mérouane Debbah, Marc Jungers, and
Julien Dumont. “Power allocation games in wireless networks of multi-antenna
terminals.” In: Telecommunication Systems 47.1 (2011), pp. 109122 (cit. on p. 20).

Robert D Blevins. Formulas for dynamics, acoustics and vibration. John Wiley &
Somns, 2015 (cit. on p. 38).

Tommaso Borzone, I-C Morarescu, Marc Jungers, Michael Boc, and Christophe
Janneteau. “Hybrid framework for consensus in directed and asynchronous network
of non-holonomic agents.” In: IEEE control systems letters 2.4 (2018), pp. 707-712
(cit. on p. 100).

Stephen Boyd, Laurent El Ghaoui, Eric Feron, and Venkataramanan Balakrishnan.
Linear matriz inequalities in system and control theory. SIAM, 1994 (cit. on pp. 76,
92, 119).

Nicholas F Britton et al. Reaction-diffusion equations and their applications to
biology. Academic Press, 1986 (cit. on p. 23).

123



124

Bibliography

[12]

[13]

[14]

[15]

[16]

[17]

18]

[19]

[20]
[21]

22]

23]

Michael Cantoni, Chung-Yao Kao, and Mark A Fabbro. “Integral quadratic
constraints for asynchronous sample-and-hold links.” In: IEEE Transactions on
Automatic Control (2020) (cit. on pp. 55, 100).

Michael Cantoni, Mark A Fabbro, and Chung-Yao Kao. “Stability of Aperiodic
Sampled-Data Feedback for Systems with Inputs that Update Asynchronously.”
In: 2018 IEEE Conference on Decision and Control (CDC). 2018, pp. 7118-7123
(cit. on p. 100).

Augustin Louis Baron Cauchy. Cours d’Analyse de I’Ecole Royale Polytechnique,
I"¢ Partie. Analyse Algébrique, Paris, 1821 (cit. on pp. 80, 119).

Panagiotis D Christofides. “Nonlinear and robust control of PDE systems- Methods
and applications to transport-reaction processes(Book).” In: New York: Birkhaeuser
Boston, 2001. (2001) (cit. on p. 17).

Panagiotis D Christofides and Prodromos Daoutidis. “Feedback control of hyper-
bolic PDE systems.” In: AIChE Journal 42.11 (1996), pp. 3063-3086 (cit. on pp. 19,
20).

Rinaldo M Colombo. “Hyperbolic phase transitions in traffic low.” In: STAM Journal
on Applied Mathematics 63.2 (2003), pp. 708721 (cit. on p. 8).

Jean-Michel Coron, Georges Bastin, and Brigitte d’Andréa Novel. “Dissipative
boundary conditions for one-dimensional nonlinear hyperbolic systems.” In: STAM
Journal on Control and Optimization 47.3 (2008), pp. 1460-1498 (cit. on p. 31).

Jean-Michel Coron, Rafael Vazquez, Miroslav Krstic, and Georges Bastin. “Local
exponential H? stabilization of a 2 x 2 quasilinear hyperbolic system using
backstepping.” In: SIAM Journal on Control and Optimization 51.3 (2013),
pp. 2005-2035 (cit. on p. 34).

Rodolfo Cuerno and Albert-Laszlé Barabasi. “Dynamic scaling of ion-sputtered
surfaces.” In: Physical review letters 74.23 (1995), p. 4746 (cit. on p. 25).

Ruth F Curtain and Hans Zwart. An introduction to infinite-dimensional linear
systems theory. Vol. 21. Springer Science & Business Media, 2012 (cit. on p. 21).

Miguel Angel Dav6, Delphine Bresch-Pietri, Christophe Prieur, and Florent Di
Meglio. “Stability Analysis of a 2 x 2 Linear Hyperbolic System With a Sampled-
Data Controller via Backstepping Method and Looped-Functionals.” In: IEEE
Transactions on Automatic Control 64.4 (2018), pp. 1718-1725 (cit. on pp. 7, 28,
29).

Salvatore Di Lorenzo, Mario Di Paola, Giuseppe Failla, and Antonina Pirrotta.
“On the moving load problem in Euler-Bernoulli uniform beams with viscoelastic
supports and joints.” In: Acta Mechanica 228.3 (2017), pp. 805-821 (cit. on p. 38).



Bibliography 125

[24]

[25]

[26]

27]

28]

[29]

[30]

[31]

32]

33]
[34]
[35]

[36]

Ababacar Diagne, Georges Bastin, and Jean-Michel Coron. “Lyapunov exponential
stability of 1-D linear hyperbolic systems of balance laws.” In: Automatica 48.1
(2012), pp. 109-114 (cit. on pp. 13, 14, 31, 41).

RW Dickey. “Stability theory for the damped sine-Gordon equation.” In: SIAM
Journal on Applied Mathematics 30.2 (1976), pp. 248-262 (cit. on p. 36).

Dimos V Dimarogonas, Emilio Frazzoli, and Karl H Johansson. “Distributed event-
triggered control for multi-agent systems.” In: IEEFE Transactions on Automatic
Control 57.5 (2011), pp. 1291-1297 (cit. on p. 30).

Werner Dubitzky, Olaf Wolkenhauer, Hiroki Yokota, and Kwang-Hyun Cho.
Encyclopedia of systems biology. Springer Publishing Company, Incorporated, 2013
(cit. on p. 23).

YA Dugush and M Eisenberger. “Vibrations of non-uniform continuous beams under
moving loads.” In: Journal of Sound and vibration 254.5 (2002), pp. 911-926 (cit. on
p. 38).

Nicoléas Espitia. “Observer-based event-triggered boundary control of a linear 2x 2
hyperbolic systems.” In: Systems & Control Letters 138 (2020), p. 104668 (cit. on
p. 35).

Nicoléas Espitia, Antoine Girard, Nicolas Marchand, and Christophe Prieur. “Event-
Based Boundary Control of a Linear 2 x 2 Hyperbolic System via Backstepping
Approach.” In: IEEE Transactions on Automatic Control 63.8 (2017), pp. 2686-2693
(cit. on pp. 7, 34, 35).

Nicoléas Espitia, Antoine Girard, Nicolas Marchand, and Christophe Prieur. “Event-
based control of linear hyperbolic systems of conservation laws.” In: Automatica 70
(2016), pp. 275-287 (cit. on pp. 7, 30-32, 34).

Nicolés Espitia, Aneel Tanwani, and Sophie Tarbouriech. “Stabilization of boundary
controlled hyperbolic PDEs via Lyapunov-based event triggered sampling and
quantization.” In: 2017 IEEE 56th Annual Conference on Decision and Control
(CDC). IEEE. 2017, pp. 1266-1271 (cit. on pp. 7, 32-34).

Lawrence C Evans. “Partial differential equations.” In: Graduate studies in mathe-
matics 19.2 (1998) (cit. on p. 20).

Jean Baptiste Joseph baron de Fourier. Théorie analytique de la chaleur. Firmin
Didot, 1822 (cit. on p. 20).

Emilia Fridman. “A refined input delay approach to sampled-data control.” In:
Automatica 46.2 (2010), pp. 421-427 (cit. on p. 26).

Emilia Fridman. Introduction to time-delay systems: Analysis and control. Springer,
2014 (cit. on p. 26).



126

Bibliography

37]

38]

[39]

[40]
1)
42)
43)
44]
45)
J46]
j47]

48]

[49]

[50]

[51]

Emilia Fridman and Anatoly Blighovsky. “Robust sampled-data control of a class
of semilinear parabolic systems.” In: Automatica 48.5 (2012), pp. 826-836 (cit. on
pp. 7, 21, 23, 26, 34, 37, 71).

Emilia Fridman and Maria Terushkin. “New stability and exact observability
conditions for semilinear wave equations.” In: Automatica 63 (2016), pp. 1-10
(cit. on p. 38).

Emilia Fridman, Alexandre Seuret, and Jean-Pierre Richard. “Robust sampled-data

stabilization of linear systems: an input delay approach.” In: Automatica 40.8 (2004),
pp. 1441-1446 (cit. on p. 40).

Avner Friedman. Partial differential equations of parabolic type. Courier Dover
Publications, 2008 (cit. on p. 20).

Ladislav Fryba. Vibration of solids and structures under mowving loads. Vol. 1.
Springer Science & Business Media, 2013 (cit. on p. 38).

Hisaya Fujioka. “Stability analysis of systems with aperiodic sample-and-hold
devices.” In: Automatica 45.3 (2009), pp. 771-775 (cit. on pp. 7, 50, 55, 100, 105).

Huijun Gao, Tongwen Chen, and James Lam. “A new delay system approach to
network-based control.” In: Automatica 44.1 (2008), pp. 39-52 (cit. on p. 40).

Wassim M Haddad, VijaySekhar Chellaboina, and Sergey G Nersesov. Impulsive
and hybrid dynamical systems. Princeton University Press, 2014 (cit. on p. 100).

Aristide Halanay and Aristide Halanay. Differential equations: Stability, oscillations,
time lags. Vol. 6. 5. Elsevier, 1966 (cit. on pp. 22, 121).

GH Hardy, JE Littlewood, and G Polya. Inequalities, Cambridge Math. 1934 (cit. on
pp. 22, 119).

Philip Hartman and Aurel Wintner. “On hyperbolic partial differential equations.”
In: American Journal of Mathematics 74.4 (1952), pp. 834-864 (cit. on p. 27).

WPM Heemels Heemels, MCF Donkers, and Andrew R Teel. “Periodic event-
triggered control for linear systems.” In: IEEE Transactions on automatic control
58.4 (2012), pp. 847-861 (cit. on p. 30).

K Henchi, M Fafard, G Dhatt, and M Talbot. “Dynamic behaviour of multi-span
beams under moving loads.” In: Journal of sound and vibration 199.1 (1997), pp. 33—
50 (cit. on p. 38).

Michael Herty and Wen-An Yong. “Feedback boundary control of linear hyperbolic
systems with relaxation.” In: Automatica 69 (2016), pp. 12-17 (cit. on pp. 13, 14).

Laurentiu Hetel, Christophe Fiter, Hassan Omran, Alexandre Seuret, Emilia
Fridman, Jean-Pierre Richard, and Silviu Iulian Niculescu. “Recent developments
on the stability of systems with aperiodic sampling: An overview.” In: Automatica
76 (2017), pp. 309-335 (cit. on p. 7).



Bibliography 127

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

62]

[63]

Ali Hirsa and Salih N Neftci. An introduction to the mathematics of financial
derivatives. Academic press, 2013 (cit. on pp. 20, 21).

Benjamin Hirzinger, Christoph Adam, and Patrick Salcher. “Dynamic response of
a non-classically damped beam with general boundary conditions subjected to
a moving mass-spring-damper system.” In: International Journal of Mechanical
Sciences 185 (2020), p. 105877 (cit. on p. 38).

Long Hu, Florent Di Meglio, Rafael Vazquez, and Miroslav Krstic. “Control of
homodirectional and general heterodirectional linear coupled hyperbolic PDEs.”
In: IEEE Transactions on Automatic Control 61.11 (2015), pp. 3301-3314 (cit. on
p. 35).

AR Humphries and FMG Magpantay. “Lyapunov-Razumikhin techniques for state-
dependent delay differential equations.” In: arXiv preprint arXiv:1507.00141 (2015)
(cit. on p. 74).

Robert C James. “Advanced calculus belmont.” In: Calif.: Wadsworth (1966) (cit. on
p. 119).

Marc Jungers, Grace S Deaecto, and Jose C Geromel. “Bounds for the remainders of
uncertain matrix exponential and sampled-data control of polytopic linear systems.”
In: Automatica 82 (2017), pp. 202-208 (cit. on p. 7).

Marc Jungers, Laurentiu Hetel, and Jamal Daafouz. “Guaranteed Cost for Control
of Networked Control Systems with Small Time-Varying Delays.” In: 19th Inter-
national Symposium on Mathematical Theory of Networks and Systems, MTNS’10.
2010, pp. 1465-1470 (cit. on p. 20).

Anna Kalogirou, Eric E Keaveny, and Demetrios T Papageorgiou. “An in-depth
numerical study of the two-dimensional Kuramoto-Sivashinsky equation.” In:
Proceedings of the Royal Society A: Mathematical, Physical and FEngineering
Sciences 471.2179 (2015), p. 20140932 (cit. on p. 25).

Wen Kang and Emilia Fridman. “Distributed sampled-data control of Kuramoto—
Sivashinsky equation.” In: Automatica 95 (2018), pp. 514-524 (cit. on pp. 7, 21, 25,
26).

Chung-Yao Kao and Hisaya Fujioka. “On stability of systems with aperiodic

sampling devices.” In: IEEE Transactions on Automatic Control 58.8 (2013),
pp. 2085-2090 (cit. on pp. 7, 100, 105).

Chung-Yao Kao and Anders Rantzer. “Stability analysis of systems with uncertain
time-varying delays.” In: Automatica 43.6 (2007), pp. 959-970 (cit. on p. 50).

lasson Karafyllis and Miroslav Krstic. “Sampled-data boundary feedback control of
1-D linear transport PDEs with non-local terms.” In: Systems & Control Letters
107 (2017), pp. 68-75 (cit. on pp. 7, 27, 28).



128

Bibliography

[64]

[65]

[66]

67]

68

[69]

[70]
[71]
72|

73]

[74]

[75]

[76]

lasson Karafyllis and Miroslav Krstic. “Sampled-data boundary feedback control of
1-D parabolic PDEs.” In: Automatica 87 (2018), pp. 226237 (cit. on p. 28).

Zhenging Ke, Hartmut Logemann, and Stuart Townley. “Adaptive sampled-data
integral control of stable infinite-dimensional linear systems.” In: Systems € control
letters 58.4 (2009), pp. 233-240 (cit. on p. 6).

Constantinos Kitsos, Gildas Besancon, and Christophe Prieur. “High-gain observer
design for a class of quasi-linear integro-differential hyperbolic systems-application
to an epidemic model.” In: IEEE Transactions on Automatic Control (2021) (cit. on

p. 8).
V Kolmanovskii and Anatoliy Myshkis. Introduction to the theory and applications

of functional differential equations. Vol. 463. Springer Science & Business Media,
2013 (cit. on p. 70).

A Kiriloff. “Uber die erzwungenen Schwingungen von gleichférmigen elastischen
Staben.” In: Mathematische Annalen 61.2 (1905), pp. 211-234 (cit. on p. 38).

Miroslav Krstic and Andrey Smyshlyaev. “Backstepping boundary control for first-
order hyperbolic PDEs and application to systems with actuator and sensor delays.”
In: Systems & Control Letters 57.9 (2008), pp. 750-758 (cit. on pp. 27, 28).

Miroslav Krstic and Andrey Smyshlyaev. Boundary control of PDEs: A course on
backstepping designs. STAM, 2008 (cit. on p. 6).

Nikolaj Vladimirovi¢ Krylov. Nonlinear elliptic and parabolic equations of the second
order. Vol. 7. Springer, 1987 (cit. on p. 20).

Yoshiki Kuramoto. “Diffusion-induced chaos in reaction systems.” In: Progress of
Theoretical Physics Supplement 64 (1978), pp. 346-367 (cit. on p. 25).

Pierre-Olivier Lamare and Nikolaos Bekiaris-Liberis. “Control of 2x 2 linear hyper-
bolic systems: Backstepping-based trajectory generation and PI-based tracking.” In:
Systems € Control Letters 86 (2015), pp. 24-33 (cit. on p. 35).

Pierre-Olivier Lamare, Jean Auriol, Florent Di Meglio, and Ulf Jakob F Aarsnes.
“Robust output regulation of 2 x 2 hyperbolic systems: Control law and Input-to-
State Stability.” In: 2018 Annual American Control Conference (ACC). IEEE. 2018,
pp. 1732-1739 (cit. on p. 35).

Peter D Lax. Hyperbolic partial differential equations. Vol. 14. American Mathemat-
ical Soc., 2006 (cit. on p. 27).

M Levi, Frank C Hoppensteadt, and WL Miranker. “Dynamics of the Josephson
junction.” In: Quarterly of Applied Mathematics 36.2 (1978), pp. 167198 (cit. on
p. 36).



Bibliography 129

7]

78]

[79]

[80]

[81]
[82]

[83]

[84]

[85]

[86]

87]

33

[89]

Kun Liu, Vladimir Suplin, and Emilia Fridman. “Stability of linear systems with
general sawtooth delay.” In: IMA Journal of Mathematical Control and Information
27.4 (2010), pp. 419-436 (cit. on pp. 98, 119).

Kun Liu, Anton Selivanov, and Emilia Fridman. “Survey on time-delay approach
to networked control.” In: Annual Reviews in Control 48 (2019), pp. 57-79 (cit. on
p. 26).

Hartmut Logemann. “Stabilization of well-posed infinite-dimensional systems by
dynamic sampled-data feedback.” In: SIAM Journal on Control and Optimization
51.2 (2013), pp. 1203-1231 (cit. on p. 6).

Evelyn Lunasin and Edriss S Titi. “Finite determining parameters feedback control

for distributed nonlinear dissipative systems-a computational study.” In: arXiv
preprint arXiv:1506.03709 (2015) (cit. on p. 26).

Magdi S Mahmoud and Yuanqing Xia. Networked control systems: cloud control and
secure control. Butterworth-Heinemann, 2019 (cit. on p. 30).

Andrew Majda. Introduction to PDEs and Waves for the Atmosphere and Ocean.
Vol. 9. American Mathematical Soc., 2003 (cit. on pp. 6, 27).

Nicolas Marchand, Sylvain Durand, and Jose Fermi Guerrero Castellanos. “A
general formula for event-based stabilization of nonlinear systems.” In: [EEFE
Transactions on automatic control 58.5 (2012), pp. 1332-1337 (cit. on p. 30).

Frédéric Mazenc and Christophe Prieur. “Strict Lyapunov functions for semilinear
parabolic partial differential equations.” In: Mathematical Control and Related
Fields 1.2 (2011), pp. 231-250 (cit. on p. 11).

Alexandre Megretski and Anders Rantzer. “System analysis via integral quadratic
constraints.” In: IEEE Transactions on Automatic Control 42.6 (1997), pp. 819-830
(cit. on p. 100).

Leonid Mirkin. “Some remarks on the use of time-varying delay to model sample-
and-hold circuits.” In: IEEE Transactions on Automatic Control 52.6 (2007),
pp. 1109-1112 (cit. on pp. 50, 55).

James D Murray. Mathematical biology: I. An introduction. Vol. 17. Springer Science
& Business Media, 2007 (cit. on p. 23).

Payam Naghshtabrizi, Joao P Hespanha, and Andrew R Teel. “Exponential stability
of impulsive systems with application to uncertain sampled-data systems.” In:
Systems € Control Letters 57.5 (2008), pp. 378-385 (cit. on p. 100).

J Necas, J Malek, Mirko Rokyta, and Michael Ruzicka. Weak and measure-valued
solutions to evolutionary PDEs. Vol. 13. CRC Press, 1996 (cit. on p. 6).



130

Bibliography

190]

[91]

192]

193]

[94]

[95]

196]
197]

98]

[99]

[100]

[101]

Hassan Omran, Laurentiu Hetel, Jean-Pierre Richard, and Frangoise Lamnabhi-
Lagarrigue. “Stability analysis of bilinear systems under aperiodic sampled-data
control.” In: Automatica 50.4 (2014), pp. 1288-1295 (cit. on pp. 50, 70).

Hassan Omran, Laurentiu Hetel, Mihaly Petreczky, Jean-Pierre Richard, and
Francoise Lamnabhi-Lagarrigue. “Stability analysis of some classes of input-affine
nonlinear systems with aperiodic sampled-data control.” In: Automatica 70 (2016),
pp. 266274 (cit. on p. 55).

Huajiang Ouyang. “Moving-load dynamic problems: a tutorial (with a brief
overview).” In: Mechanical Systems and Signal Processing 25.6 (2011), pp. 2039-
2060 (cit. on p. 38).

Carlos Parés and Manuel Castro. “On the well-balance property of Roe’s method
for nonconservative hyperbolic systems. Applications to shallow-water systems.” In:
ESAIM: mathematical modelling and numerical analysis 38.5 (2004), pp. 821-852
(cit. on p. 8).

Vittorino Pata and Sergey Zelik. “Attractors and their regularity for 2-D wave
equations with nonlinear damping.” In: (2006) (cit. on p. 36).

Jaideep Pathak, Brian Hunt, Michelle Girvan, Zhixin Lu, and Edward Ott. “Model-
free prediction of large spatiotemporally chaotic systems from data: A reservoir

computing approach.” In: Physical review letters 120.2 (2018), p. 024102 (cit. on
p. 25).

Amnon Pazy. Semigroups of linear operators and applications to partial differential
equations. Vol. 44. Springer Science & Business Media, 2012 (cit. on p. 51).

Nicolas Petit. Feedback Stabilization of Controlled Dynamical Systems. Springer,
2017 (cit. on p. 57).

Andrei Polyakov. “Practical stabilization via relay delayed control.” In: 2008 47th
IEEE Conference on Decision and Control. IEEE. 2008, pp. 53065311 (cit. on
p. 52).

Romain Postoyan and Dragan Nesic. “A framework for the observer design for
networked control systems.” In: IEEE Transactions on Automatic Control 57.5
(2011), pp. 1309-1314 (cit. on p. 7).

Christophe Prieur and Frédéric Mazenc. “ISS-Lyapunov functions for time-varying
hyperbolic systems of balance laws.” In: Mathematics of Control, Signals, and
Systems 24.1 (2012), pp. 111-134 (cit. on pp. 10, 12, 13, 118).

Jeffrey Rauch, Michael Taylor, and Ralph Phillips. “Exponential decay of solutions
to hyperbolic equations in bounded domains.” In: Indiana university Mathematics
journal 24.1 (1974), pp. 79-86 (cit. on p. 9).



Bibliography 131

[102]

[103]

104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

114]

BS Razumikhin. “Stability of delay systems.” In: Prikl. Mat. Mekh 20.4 (1956),
pp. 500-512 (cit. on p. 74).

David L Russell. “Controllability and stabilizability theory for linear partial
differential equations: recent progress and open questions.” In: Siam Review 20.4
(1978), pp. 639-739 (cit. on p. 9).

Mohammed Safi, Lucie Baudouin, and Alexandre Seuret. “Tractable sufficient sta-
bility conditions for a system coupling linear transport and differential equations.”
In: Systems & Control Letters 110 (2017), pp. 1-8 (cit. on p. 41).

Anton Selivanov and Emilia Fridman. “Distributed event-triggered control of
diffusion semilinear PDEs.” In: Automatica 68 (2016), pp. 344-351 (cit. on p. 7).

Anton Selivanov and Emilia Fridman. “Distributed event-triggered control of
transport-reaction systems.” In: IFAC-PapersOnLine 48.11 (2015), pp. 593-597
(cit. on p. 34).

Anton Selivanov and Emilia Fridman. “Sampled-data relay control of diffusion
PDEs.” In: Automatica 82 (2017), pp. 59-68 (cit. on pp. 7, 21, 23, 25).

Anton Selivanov and Emilia Fridman. “Sampled-data relay control of semilinear
diffusion PDEs.” In: 2016 IEEE 55th Conference on Decision and Control (CDC).
[EEE. 2016, pp. 4821-4826 (cit. on p. 25).

Alexandre Seuret. “A novel stability analysis of linear systems under asynchronous
samplings.” In: Automatica 48.1 (2012), pp. 177-182 (cit. on p. 7).

Alexandre Seuret, Fabien Michaut, Jean-Pierre Richard, and Thierry Divoux. “Net-
worked control using GPS synchronization.” In: 2006 American Control Conference.
[EEE. 2006, 6—pp (cit. on p. 20).

Alexandre Seuret, Christophe Prieur, and Nicolas Marchand. “Stability of non-
linear systems by means of event-triggered sampling algorithms.” In: IMA Journal
of Mathematical Control and Information 31.3 (2014), pp. 415-433 (cit. on p. 30).

Gregory I Sivashinsky. “Nonlinear analysis of hydrodynamic instability in laminar
flames-1. Derivation of basic equations.” In: Acta astronautica 4.11 (1977), pp. 1177
1206 (cit. on p. 25).

Gregory I Sivashinsky. “On flame propagation under conditions of stoichiometry.”
In: SIAM Journal on Applied Mathematics 39.1 (1980), pp. 67-82 (cit. on p. 25).

Christoffer Svedholm, Abbas Zangeneh, Costin Pacoste, Stijn Francois, and Raid
Karoumi. “Vibration of damped uniform beams with general end conditions under
moving loads.” In: Engineering Structures 126 (2016), pp. 40-52 (cit. on p. 38).



132

Bibliography

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

124]

[125]

Thomas Graham Memorial Symposium, John Neil Sherwood, and University of
Strathclyde. Diffusion processes; proceedings of the Thomas Graham Memorial
Symposium, University of Strathclyde, edited by J. N. Sherwood [and others]. Gordon
and Breach London, New York, 1971, p. v. (Cit. on p. 20).

Paulo Tabuada. “Event-triggered real-time scheduling of stabilizing control tasks.”
In: IEEE Transactions on Automatic Control 52.9 (2007), pp. 1680-1685 (cit. on
p. 30).

Ying Tang and Guilherme Mazanti. “Stability analysis of coupled linear ODE-
hyperbolic PDE systems with two time scales.” In: Automatica 85 (2017), pp. 386—
396 (cit. on p. 41).

Aneel Tanwani, Christophe Prieur, and Mirko Fiacchini. “Observer-based feedback
stabilization of linear systems with event-triggered sampling and dynamic quanti-
zation.” In: Systems €& Control Letters 94 (2016), pp. 46-56 (cit. on p. 32).

Maria Terushkin and Emilia Fridman. “Network-based control of a semilinear
damped beam equation under point and pointlike measurements.” In: Systems &
Control Letters 136 (2020), p. 104617 (cit. on pp. 7, 38, 42, 70).

Maria Terushkin and Emilia Fridman. “Network-based control of damped beam
equation under point and pointlike measurements.” In: 2019 IEEE 58th Conference
on Decision and Control (CDC). IEEE. 2019, pp. 256-261 (cit. on p. 41).

Maria Terushkin and Emilia Fridman. “Sampled-data observers for semilinear
damped wave equations under spatially sampled state measurements.” In: Auto-
matica 106 (2019), pp. 150-160 (cit. on pp. 7, 36, 42, 70).

Jijju Thomas, Christophe Fiter, Laurentiu Hetel, Nathan van de Wouw, and Jean-
Pierre Richard. “Dissipativity-based framework for stability analysis of aperiodically
sampled nonlinear systems with time-varying delay.” In: Automatica 129 (2021),
p. 109632 (cit. on pp. 55, 100, 105).

Jijju Thomas, Christophe Fiter, Laurentiu Hetel, Nathan van de Wouw, and Jean-
Pierre Richard. “Frequency-domain stability conditions for asynchronously sampled
decentralized LTI systems.” In: Automatica 129 (2021), p. 109603 (cit. on p. 55).

Stephen Timoshenko. History of strength of materials: with a brief account of the
history of theory of elasticity and theory of structures. Courier Corporation, 1983
(cit. on p. 38).

Rafael Vazquez, Miroslav Krstic, and Jean-Michel Coron. “Backstepping boundary
stabilization and state estimation of a 2x 2 linear hyperbolic system.” In: 2011 50th
IEEE conference on decision and control and european control conference. IEEE.
2011, pp. 4937-4942 (cit. on pp. 29, 35).



Bibliography 133

[126] Xinyong Wang, Ying Tang, Christophe Fiter, and Laurentiu Hetel. “A Hybrid
System Approach to Exponential Stability with Sampled-data Control for a Class of
Linear Hyperbolic Systems.” In: Accepted by 7th IFAC Conference on Analysis and
Design of Hybrid Systems. Brussels, Belgium. hal-03178668v2, 2021 (cit. on pp. 79,
100, 106, 120).

[127] Xinyong Wang, Christophe Fiter, Ying Tang, and Laurentiu Hetel. “Sampled-data
Control for a Class of Linear Hyperbolic System via the Lyapunov-Razumikhin
Technique.” In: European Control Conference. Rotterdam, Netherlands. hal-02566290v3,
2021 (cit. on p. 100).

[128] Xinyong Wang, Ying Tang, Christophe Fiter, and Laurentiu Hetel. “Sampled-data
Distributed Control for Homo-directional Linear Hyperbolic System with Spatially
Sampled State Measurements.” In: Accepted by Automatica (2021) (cit. on p. 100).

[129] Xinyong Wang, Ying Tang, Christophe Fiter, and Laurentiu Hetel. “Stability
Analysis for A Class of Linear Hyperbolic System of Balance Laws with Sampled-
data Control.” In: TFAC World Congress. Berlin, Germany. hal-02491857v2. 2020
(cit. on pp. 50, 70, 100).

[130] Gediyon Yemane Weldegiyorgis and Mapundi Kondwani Banda. “An analysis of
the input-to-state-stabilisation of linear hyperbolic systems of balance laws with
boundary disturbances.” In: arXiv preprint arXiv:2006.02492 (2020) (cit. on pp. 10,
13).

[131] Anna Babette Wils. “PDE-Cape Verde: a systems study of population, development,
and environment.” In: (1996) (cit. on pp. 6, 27).

[132] VA Yakubovich. “S-procedure in nonlinear control theory.” In: Vestnick Leningrad
Univ. Math. 4 (1997), pp. 73-93 (cit. on p. 120).

[133] Wen-An Yong. “An interesting class of partial differential equations.” In: Journal of
mathematical physics 49.3 (2008), p. 033503 (cit. on p. 13).

[134] Wen-An Yong. “Singular perturbations of first-order hyperbolic systems with stiff
source terms.” In: Journal of differential equations 155.1 (1999), pp. 89-132 (cit. on
p. 13).

[135] William Henry Young. “On classes of summable functions and their Fourier series.”
In: Proceedings of the Royal Society of London. Series A, Containing Papers of a
Mathematical and Physical Character 87.594 (1912), pp. 225-229 (cit. on pp. 97,
119).

[136] Huan Yu and Miroslav Krstic. “Traffic congestion control for Aw-Rascle-Zhang
model.” In: Automatica 100 (2019), pp. 38-51 (cit. on p. 35).

[137] Liguo Zhang, Christophe Prieur, and Junfei Qiao. “PI boundary control of linear
hyperbolic balance laws with stabilization of ARZ traffic flow models.” In: Systems
€9 Control Letters 123 (2019), pp. 85-91 (cit. on pp. 10, 14, 15).



134 Bibliography

[138] Wei Zhang, Michael S Branicky, and Stephen M Phillips. “Stability of networked
control systems.” In: IEEFE control systems magazine 21.1 (2001), pp. 84-99 (cit. on
p. 20).



Titre : Contributions a I’étude des systémes hyperboliques & données échantillonnées

Résumé : Ce manuscrit présente de nouveaux résultats sur I'analyse de stabilité pour
une classe d’'Equations aux Dérivées Partielles (en anglais Partial Differential Equations-
PDESs) hyperboliques linéaires avec commande distribuée a données échantillonnées. Nous
utilisons d’abord la méthode de Lyapunov pour dériver des conditions de stabilité locale
pour les systémes hyperboliques 1-D de lois d’équilibre. Le systéme en boucle fermée est
reformulé d’un point de vue entrée-sortie. Ensuite, nous étendons ’approche proposée en
utilisant la méthode de Lyapunov-Razumikhin et nous fournissons un nouveau résultat
capable de gérer le controleur discrétisé a la fois dans I'espace et dans le temps. De plus,
nous proposons des méthodes pour vérifier la stabilité du systéme en réécrivant le systéme
d’origine comme un systéme hybride impulsif augmenté. En outre, la stabilité du systéme
a été établie via une méthode basée sur les Contraintes Quadratiques Intégrales (en anglais
Integral Quadratic Constraints - IQCs). Dans ce cas, la stabilité exponentielle globale du
systéme peut étre vérifiée.

Mots-clefs : PDEs, commande & données échantillonnées, analyse de stabilité.

Title : Contributions to the study of sampled-data hyperbolic systems

Abstract : This manuscript presents new results on the stability analysis for a class
of linear hyperbolic Partial Differential Equations (PDEs) with distributed sampled-data
control. We first use the Lyapunov method to derive local stability conditions for 1-
D hyperbolic systems of balance laws. The closed-loop system is reformulated from an
input-output point of view. Then, we extend the proposed approach by the virtue of
the Lyapunov-Razumikhin method and provide a new result that is able to handle the
controller discretized both in space and time. In addition, we provide methods for checking
the stability of the system by rewriting the original system as an augmented impulsive
hybrid system. Moreover, the stability of the system is established via a method based
on Integral Quadratic Constraints (IQCs). In this case, the global exponential stability of
the system can be checked.

Keywords : PDEs, sampled-data control, stability analysis.
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