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Analyse et Commande LQG de Systéemes Stochastiques Hamiltoniens a Ports en
Dimension Infinie
par Francois Lamoline

Résumé : Nous considérons les systemes stochastiques et déterministes Hamiltoniens
a ports. Les actions de commande et d’observation sur ces systemes sont effectuées de
maniere distribuée sur le domaine spatial ou a la frontieére de celui-ci. Le concept de
systéme bien posé au sens de Weiss et Salamon est généralisé aux systemes stochas-
tiques de dimension infinie. Cette définition étendue permet de démontrer que, sous
certaines hypotheses, les systemes stochastiques Hamiltoniens a ports sont bien po-
sés. Nous traitons ensuite le probleme de commande LQG pour ces systémes stochas-
tiques Hamiltoniens a ports dans le cadre d’opérateurs de commande, d’observation
et de bruit bornés. En outre, nous dérivons des conditions sous lesquelles la structure
Hamiltonienne est préservée pour la description dynamique du compensateur LQG.
Tout au long de cette these, la théorie est illustrée sur un modele de corde vibrante
inhomogene sujette a du bruit blanc Gaussien, a dépendance spatiale et temporelle,
représentant les perturbations liées a I’environment dans lequel le systeme évolue. Fi-
nalement, nous proposons un nouveau modele basé sur une approche Hamiltonienne
a ports ainsi qu’une loi de commande pour un endoscope bio-médical actionné au
moyen de polymeres électroactifs.

Analysis and LQG Control of Infinite-dimensional Stochastic Port-Hamiltonian
Systems
by Francois Lamoline

Abstract: Stochastic and deterministic port-Hamiltonian systems with both distributed
and boundary controls along with distributed and boundary observations are consid-
ered in this work. The concept of well-posedness in the sense of Weiss-Salamon is
generalized to infinite-dimensional stochastic systems. Under this extended definition,
stochastic port-Hamiltonians systems are proved to be well-posed under some assump-
tions. We then address the LQG control problem for stochastic port-Hamiltonian sys-
tems with bounded control, observation and noise operators. We further derive con-
ditions under which the Hamiltonian framework is preserved in the LQG controller
dynamics. Throughout this thesis, the theory is illustrated on an example of an inho-
mogeneous vibrating string subject to some space and time Gaussian white noise pro-
cess representing environment disturbances. Finally, we propose a new model based
on the port-Hamiltonian approach and a control law for a compliant bio-medical en-
doscope actuated by electro-active polymers.
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Département de Mathématique

Promoteur (Advisor): Joseph WINKIN






Remerciements

Bien que I’on rédige une theése seul, de nombreuses personnes ont contribué a sa réal-
isation durant ces quatre années.

Je souhaite remercier en premier lieu mon promoteur, Joseph Winkin, de m’avoir en-
cadré et soutenu durant toutes ces années. Je le remercie pour son optimisme a toute
épreuve, pour m’avoir transmis sa passion pour 1’étude des systemes commandés et
m’avoir aidé a m’épanouir scientifiquement durant ma these. J’ai apprécié la grande
marge de liberté qu’il m’a laissée pour mener ma recherche. Mes remerciements vont
également a mon comité d’accompagnement, Yann Le Gorrec (Femto-ST, Besancon)
et Birgit Jacob (University of Wuppertal), ainsi qu’a Anne Lemaitre et Alexandre
Mauroy (UNamur) pour avoir accepté de faire partie de mon jury de these.

Je remercie plus particulierement Yann pour avoir rendu possible mon séjour a I’institut
de recherche Femto-Sciences et Technologies au sein du département AS2M a Be-
sangon en France. Une partie du travail présenté dans cette theése provient d’une col-
laboration avec Yann Le Gorrec et Yongxin Wu (ASEM, Femto-ST). Merci a eux pour
leur accueil et pour avoir permis a ce travail d’avoir un cadre appliqué et expérimental.
Merci a Yann de m’avoir aidé & mieux cerner les concepts physiques de la structure
Hamiltonienne a ports et pour sa bienveillance par rapport a toutes mes questions.
Merci a Yongxin pour son aide précieuse. Je tiens aussi a remercier Alexandre pour
ses discussions enrichissantes, sa disponibilité et pour avoir contribué a I’amélioration
de ce manuscrit.

Les résultats de recherche développés dans ce manuscrit ont pu étre réalisés grace a
ma bourse FRIA. Je remercie le FNRS-FRS de m’avoir financé durant ces quatre an-
nées.

Des remerciements particuliers vont a mon collegue de bureau, Julien Blanchard, pour
avoir fait de notre bureau un agréable lieu de travail. Cette these doit également beau-
coup aux nombreuses relectures d’ Anthony Hastir. Je le remercie pour ses remarques
avisées, pour les moments de réflexion et de détente, et pour avoir fait exploser ma
note café. Ce travail doit également beaucoup a la formidable ambiance qui régne au
sein du département de mathématique de Namur. Merci a tous mes collegues et amis
du département.



vi REMERCIEMENTS

Enfin, un mot particulier pour remercier ma famille et belle-famille: leurs encourage-
ments et leur soutien furent sans failles. Merci a Margaux pour m’avoir soutenu et
accompagné dans les bons moments comme dans les mauvais. Je n’y serais pas arrivé
sans toi.

Merci a tous pour avoir contribué a cette formidable expérience humaine qu’a été
la réalisation de cette these de doctorat.

Francois Lamoline



Contents

List of Symbols and Acronyms ix
Introduction 1
0.1 Notations and definitions . . . . . . . . ... ... ... .. ..... 4
0.2 Port-Hamiltonian formalism with a stochastic approach . . . . . . . . 5
0.3 Boundary controlled and observed systems . . . . .. ... ... .. 8
0.4 Dissipative systems . . . . . . . ... 9

1 Deterministic port-Hamiltonian systems on infinite-dimensional spaces 15

1.1 Deterministic port-Hamiltonian systems . . . . . . ... .. ... .. 16

1.2 Rieszbasisproperty . . . . . . . . . ... 22

1.3 Nice port-Hamiltonian systems are Riesz-spectral systems . . . . . . 27

1.4 Conclusion & perspectives . . . . . . . . . .. ..o 30

2 Stochastic calculus in Hilbert spaces 33
2.1 Preliminaries . . . ... ... ... ... o 34

2.2 WIENEI PrOCESSES . « v v v v v e e e e e e e e e e e e e 35

2.3 Stochasticintegration . . . . . . . . ... ..o 40

24 Someusefultools . . . .. ... .. 43

3 Stochastic port-Hamiltonian systems on infinite-dimensional spaces 45
3.1 Stochastic port-Hamiltonian systems . . . . . ... .. ... ..... 46

3.2 Existence and uniqueness theorems of weak and strong solutions . . . 50

3.3 Passivity of stochasticsystems . . . . ... .. ... ... ... ... 55
34 Well-posedness . . . . . ... ... 60
3.4.1 Stochastic input u(t) € LZ([0,¢];R™) . . . . . ... ... ... 63

34.2 Deterministicinput . . . . . ... ... 65

3.5 Conclusion & perspectives . . . . . . . . . ... 68

vii



viii CONTENTS

4 LQG Control of stochastic port-Hamiltonian systems 71
4.1 Problemsetting . . . . . . ... ... 72
4.2 Structure preserving for the LQG controller . . . . . ... ... ... 76
4.3 Exponential stability of a class of dissipative port-Hamiltonian systems 81
4.4  Conclusion and perspectives . . . . . . . . .. ..o 86

5 LQG control of an EAP-actuated port-Hamiltonian system 89
5.1 Motivation: experimental setup . . . . . . . . ... ... ... ... 90
5.2 Modeling of a compliant endoscope . . . . . ... ... ... .... 90
5.3 Modeling of an IPMC actuator as a RLC circuit . . . . . . ... ... 94
5.4 Interconnection of a Timoshenko beam and a RLC circuit . . . . . . . 96
5.5 LQGecontrolproblem . . . . . .. ... ... L oL 98
5.6 Experimental validation of themodel . . . . . . .. ... ... .... 105
5.7 Control of the IPMC-actuated flexiblebeam . . . . . . ... ... .. 106
5.8 Conclusion and perspectives . . . . . . . . ... ... 112

Conclusion 113

Appendix 117

A Power-preserving discretization 119

B Lyapunov stability theorem 123

Bibliography 124



List of Symbols and Acronyms

Symbols

t

¢
R
R+
Ry
C
Rn

xT

4x(1) (or £(0))
aa—;w (or dew)
alb

D(A)

p(A)

Ker A
Ran A
wpm
L(Z,X)
L(Z)
Li(Z,%x)

time variable

spatial variable

set of real numbers

set of nonnegative real numbers

set of positive real numbers

set of complex numbers

set of real vectors of dimension n
transpose of the vector x

time derivative of x(z)

partial derivative of w with respect to
minimum between the real values a and b

domain of the operator A

resolvent set of the linear operator A, i.e., the set of all complex
values A such that (A7 —A)~! is a bounded linear operator on X’

kernel (or null space) of the operator A

range of the operator A

Sobolev space

vector space of bounded linear operators from Z to X

vector space of bounded linear operators from Z to Z

vector space of all bounded linear operators from Z to X that are

of trace class



Lz(Z,X)

TrQ
¥(A,B,C,D)

N(p,0?)

Acronyms

a.e.
a.s.
BCO
CGT
DPS
EAP
IPMC
PDE
PHS
SGCT
SPDE
SPHS

CONTENTS

vector space of all bounded linear operators from Z to X that are
Hilbert-Schmidt operators

trace of an operator Q € L (Z)

state space representation of a system with a dynamical operator A,
a control operator B, an observation operator C and a feedthrough
operator D

sample space of events @

o-algebra of subsets of the set Q
probability measure on the c-algebra F
Borel o-algebra of space X

vector space of random variables, taking values in Hilbert space Z,
with finite variance

filtration
expectation with respect to the measure P
filtration generated by a Wiener process w(s) with 0 <s <7

normal (or Gaussian) distribution with mean u and variance ¢

almost everywhere

almost surely

boundary controlled and observed
canonical generalized transformation
distributed parameter system
electro-active polymer

ionic polymer metal composite
partial differential equation
port-Hamiltonian system

stochastic generalized canonical transformation
stochastic partial differential equation

stochastic port-Hamiltonian system



List of Figures

0.1

1.1

2.1

3.1

4.1

5.1
52
53
54
55
5.6

5.7

5.8

59

5.10

Dirac structure with port-variables . . . . . . ... ... ... .. ..
Proof’s structure of Theorem 1.2.4 . . . . ... ... ... ......
Wiener process: Ar =0.001 and A =0.001. .. ...........
Interconnection of passive systems: u =u; +y; andy =y = up

Structure of the LQG control problem . . . . ... ... ... ....

Experimentalsetup . . . . . .. ... ... ... ... ... ...
Schematic diagram of the experimental setup [WLGWI19] . . .. ..
IPMC bending under electric stimulus [WLGWI19] . . ... ... ..
RLCocircuit . . . . . . . . ..
Parameter estimation with displacement measure taken at 155 mm . .
IPMC actuated beam model vs experimental data: beam tip displace-
ment COMPAriSON . . . . .« v v v v v v e et e et e e
IPMC actuated beam model vs experimental data: current intensity
COMPALISON . . . v v v v v ettt e e e e et
Schematic diagram of the IPMC actuated beam interconnected to a
LQG control and subject to damping injection . . . . . . . ... ...
Comparison between open-loop system and positive damping injec-
tion with Hamiltonian LQG control system . . . . . .. ... .. ..
Comparison between open-loop system and positive damping injec-
tion with Hamiltonian LQG control system . . . . . ... ... ...

Xi

25

39

57

73

91
91
94
95
107



Xii LIST OF FIGURES



List of Tables

5.1 Parameters of theendoscope . . . . . ... ... ... ... .. ...
5.2 Parameters of the IPMC actuator . . . . . . ... ... ... .....
5.3 Identified parameters . . . . . . .. ...

Xiii



Xiv LIST OF TABLES



Introduction

A quick tour

In every form of our modern life, we are surrounded by control systems. It helps
us in our daily life and routines, sometimes, without even noticing it. This goes to
the simple thermostat to regulate the ambient temperature to much complex devices
such as automotive control systems. Even our human body is full of control systems.
Cells, organs or tissues are all governed and controlled by chemical and biological
rules. From a denominational point a view, the system being controlled is commonly
referred as the plant, while the system applying the control is referred as the controller.

Most of dynamical systems considered in applications are governed by partial dif-
ferential equations (PDEs). When the physical quantity of interest depends on both the
position and the time, PDEs describe the distribution in space of this physical quantity.
These dynamical systems are often also called distributed parameter systems (DPSs).
DPSs as opposed to lumped parameter systems are dynamical systems for which the
state space is infinite-dimensional, which means that the solution is taking values in an
infinite-dimensional space. Another class of infinite-dimensional systems are delayed
systems, which are governed by delay differential equations. The solutions of such
equations also take values in infinite-dimensional spaces. However, delayed systems
will not be considered in this thesis.

DPSs can be controlled at sections of their physical domain, at punctual locations
or at their physical boundaries. This leads to distributed, point or boundary control
problems. More particularly, boundary control or point control lead to substantial
mathematical difficulties due to the unboundedness of the operators. In a similar man-
ner, measurements may be realised on sections of the physical domains or at punctual
positions. When boundary control and observation come into play, things become
more complicated. Natural questions including admissibility and well-posednes arise.
Pioneered developments were undertaken by Fattorini in [Fat68], where he proposed
an abstract general theory to deal with PDEs having boundary control, that were con-
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sidered also in [CZ95] afterwards. More recently, the class of boundary control sys-
tems with boundary observation was studied in [JZ12] and in [RDW16] with Yosida-
Type approximate boundary observation.

Basically, Hamiltonian systems have been introduced to reproduce the inner phys-
ical properties of physical systems encountered in practice. Over the last decades,
linear port-controlled Hamiltonian systems (PHSs) have been proved to be an effi-
cient framework for the modeling, the analysis and the control of dynamical systems
governed either by ordinary differential equations (ODEs) or partial differential equa-
tions (PDEs). This class of dynamical systems covers a wide range of applications
including flexible beams, tubular reactors, electrical networks, irrigation channels,
among many others. A good overview of the theory of finite and infinite-dimensional
port-Hamiltonian systems can be found in [vdSJ14] and [JZ12]. The control of port-
Hamiltonian systems can be performed inside the spatial domain or at the boundary.
The port-Hamiltonian framework is naturally well-adapted for control design and has
been used advantageously with passivity to control complex physical systems. As in
the modeling step, the energy plays a central role in the controller implementation,
which most of the time has an energy interpretation. Lyapunov techniques based on
the intrinsic link between energy and dynamics of the system have been quite popu-
lar for stability analysis or control design for PHSs. It consists in choosing a proper
Lyapunov function related to the Hamiltonian and including the boundary conditions.
Energy shaping methods were developed in [MMO04] and [Mac12]. Furthermore, the
dissipation operator of the closed-loop system can be modified with interconnection
and damping assignment passivity-based control. This was first proposed for finite-
dimensional systems in [OvdSMEOQ02] and extended for boundary controlled systems
in [RLGMZ14]. More recently, the LQG controller implementation was studied in
[WHGM18] for finite-dimensional port-Hamiltonian systems in the perspective of de-
signing reduced-order controllers.

From a practical point of view, various disturbances such as modeling inaccuracies
or environment disturbances can occur when real plants are to be controlled. This mo-
tivates the stochastic extension of the class of port-Hamiltonian systems. The philoso-
phy of the port-Hamiltonian framework and some hints for a stochastic extension with
respect to a port-based approach will be presented in Section 0.2. In a control con-
text, stochastic port-Hamiltonian systems were first introduced in [SF13] on euclidean
spaces in the nonlinear time varying case, as the stochastic extension of [MvdS92].
More recently, the author proposed a stochastic generalization in [LW17b] of infinite-
dimensional linear port-Hamiltonian systems with boundary control and observation
introduced in [LZMO5]. Here, the uncertainties in the dynamical systems coming from
the environment will be assumed to be white noise processes. The main reason lies in
the fact that white noise processes allow one to represent many different kind of noises
encountered in experimental applications, in particular in engineering. This leads us
to the study of stochastic partial differential equations (SPDEs). Many mathemati-
cians have left their footprints on the analysis and the study of SPDEs. Some of them
are Lions, Bensoussan, Pardoux, Curtain, Da Prato, Zabczyk and Hairer, among many
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others. Most of the SPDEs are treated as stochastic differential equations on infinite-
dimensional spaces. The theory of stochastic differential equations was initiated by
the early work of It6 in the mid-1940s, see [Ito44]. One of the main difficulties lies
in the mathematical interpretation of stochastic disturbances. This requires a proper
theory of integration to define the so-called stochastic Itd integrals. One of the most
well-known references devoted to the study of infinite-dimensional SDEs is [DPZ14]
by Da Prato and Zabzcyk. The latter usually requires some understanding and prior
knowledge of infinite-dimensional stochastic analysis and, from the author’s perspec-
tive, would not be recommended as an introductory book on this subject. In chapter 2,
prerequisites on probability measure theory and stochastic processes are presented. In
addition, a construction of the stochastic integral in the It6 sense is given and some of
its properties are reviewed. The author has tried to make it accessible for readers who
are not familiar with stochastic analysis in general.

Linear well-posed systems in the sense of Salamon [Sal89] were introduced to
deal with systems with boundary control and observation operators. This class of
systems is also known to enjoy many useful properties (see e.g. [Sta05]) involving
feedback control, dynamic stabilization, and tracking/disturbance rejection. This is
one of the main motivations for generalizing the well-posedness concept to stochas-
tic systems. As far as known, there are not as many references devoted to stochastic
well-posed systems as for the deterministic case, see [Sta05], [TW14], [WSTOI] and
[ZGMV10]. Although the study of SPDEs has attracted a lot of attention, the well-
posedness of stochastic systems still seems to be an uncultivated field in systems and
control. As a matter of fact, few works on this topic are available in the literature. See
[Lii15], where a generalization of well-posed linear systems to the stochastic context
is undertaken by providing a formulation of stochastic well-posed linear systems. The
well-posedness study of boundary controlled and observed SPHSs and more generally
of stochastic systems developed in this work falls in line within [Liil15] as an attempt
to fill this blank left in the literature.

Moreover, the control theory of stochastic partial differential equations is still at
its beginning. The main difficulty comes from the lack of tools when compared to
the deterministic setting or even to finite-dimensional SDEs. Nevertheless, paramount
efforts have been made to overcome this difficulty. The Linear Quadratic Gaussian
(LQG) control problem is an efficient way of considering uncertainties in the control
process. It mainly concerns linear dynamical systems subject to some additive noises
on the state and output processes. The system and measurement noises are assumed
to be Gaussian white noise processes. This specific control method usually requires
strong assumptions on the plant such as bounded control and observation operators,
and stabilizability and detectability conditions, see [CP78]. The LQG control problem
is solved by using a separation principle [CI77a], which states that the LQG control
problem can be divided into two separate problems, namely the mean-square estima-
tion of the state process and the optimal control problem with complete observation.
In this work we shall focus more particularly on the LQG control of SPHSs. Since the
LQG controller is somewhat mimicking the dynamics of the controlled system with
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a correction, the question of conserving the port-Hamiltonian framework in the LQG
controller dynamics arises naturally.

In this thesis it will be assumed that the reader is familiar with functional analysis
and measure theory. One is referred to the books [DS88], [Yo0s95] and [Bar95] among
many others. In Sections 0.1, 0.3 and 0.4, we introduce some background material to
ease the reading. An overview of the contributions of this work and the organization
of this manuscript ends this chapter.

0.1 Notations and definitions

Throughout this manuscript, we shall use standard notations commonly found in the
literature. Some of them are recalled here below.

Let K denotes the field of real or complex numbers. More particularly, the spaces of
complex, real and real nonnegative numbers are denoted by C, R and R, respectively.
The functional space L*([a,b]; K") consists of square-integrable K"-valued functions
with the usual L? inner product (-,-),>. The Sobolev space H'([a,b]; K") is the space
of all K"-valued functions, which are square integrable, absolutely continuous, and
the derivative yields again a continuous functions. Let X, ¥ be Hilbert spaces with
corresponding inner products (-,-)x and (-,-)y. We shall simply denote by £(X,Y)
the space of bounded linear operators from X to Y. When X =Y, it will be shorten
by L(X). Notice that throughout this book, the functional state space will be denoted
by X instead of the usual notation X to avoid any confusion with the capital letter
notation of random variables.

We conclude this section by introducing some standard definitions for differential
calculus in Hilbert spaces. We start with the Fréchet differentiability.

Definition 0.1.1. Let X’ and Y be separable Hilbert spaces. Given x € X and Q a
neighbourhood of x, a function f : X — Y is said to be Fréchet differentiable at x if
there exists df (x) € L(X,Y) such that for all h € X,

1f (e +h) = f(x) —df ()hly

1| =0 Al x

=0. 0.1.1)

In this case d f (x) is unique and said to be the Fréchet derivative of f with respect to
X.

Any function f : X — Y is said to be differentiable if f is Fréchet differentiable.
In the sequel, the derivative of a function f : X — Y in the sense of Fréchet will
be simply denoted by fi. It may happen that the bounded linear operator f] is also
differentiable at x. Following Definition 0.1.1, a function is said to be two times
Fréchet differentiable at x if there exists df(x) € L(X x X,Y) such that for any
hi,h, € X,

df (x+ o) (hy) — df(x) (1) —d* f(x)(hi, o) ly
#2260 12 ] x

0. 0.1.2)
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The second Fréchet derivative of f is denoted by f,.. The higher order of derivatives
are defined recursively in a similar manner. Note that the concept of first and second
Fréchet derivatives will turn out to be useful when introducing the 1t6’s Lemma in
Chapter 2. Let X denotes the Hilbert space L*([a,b]; R"). We will now compute the
Fréchet derivative of a quadratic functional

E(x) = 1 (v Hx) 2 = / X(E)dE, (0.1.3)

for all x € X, with H € L*([a, b]; R"™") satisfying mI < H (&) < MI for almost every
{ € la,b]. As a natural candidate, one would consider E(x) as the functional which
associates to any h € X, (h,Hx),2. To prove this assertion, we show that this candidate
satisfies Definition 0.1.1.

Equation (0.1.1) is equivalent to

|3 (e -+, H x4+ h)) — 3, Ha) — (b, Hox) |

il
1S Hx) + 5 (e HA) + 5 (B HX) + 3 (B HRY — 3 (x, Ha) — (b, Hx))|
il
T H) 3 () 3 M) — G, )|
X SHx) + = (h, —{(h,Hx
||h||X 2 2
1
- |(h,Hh
1
§2||h|\ Ilell#hll e = 31 HA e < 51H]c ],

which goes to 0 as ||| x tends to 0. By a similar argument, the second Fréchet deriva-
tive E7,. is the functional which associates (h1,Hh2);2 to any hy,hy € X.

0.2 Port-Hamiltonian formalism with a stochastic ap-
proach

In this section the port-Hamiltonian framework and its connexion with the classical
Hamiltonian equations is developed. In addition, the stochastic component is consid-
ered and expressed while following the port-based approach. To ease the introduction
of the port-Hamiltonian formalism, some technical details are left aside and will be
explained in the next chapters.

Historically, Hamiltonian systems originate from mechanics and are governed by
Hamiltonian equations of motion (or Hamilton’s equations) given by

oH
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. OH
p= —Tq(q,p) +u, 0.2.2)

with the generalized coordinates (g, p) € R", where ¢ and p are the position and the
momentum, respectively. The input u is an external force applied to the Hamiltonian
system. The equations (0.2.1) and (0.2.2) are obtained by applying the Legendre trans-
formation to the Euler-Lagrange equations. On the other hand, there is the port-based
approach initiated by Paynter and Breedveld in the sixties and which takes its roots
in the modeling of multi-domain systems (mechanical, electrical, thermal, ...). This
approach consists in representing any physical systems as the interconnection of sub-
components and by identifying the main physical elements: energy storage, energy
dissipation and energy transportation. The port-Hamiltonian philosophy consists in
mixing both approaches by combining the Hamiltonian equations of motion with the
port-based modeling. This motivates the denomination "port-Hamiltonian systems".

A generalization of equations (0.2.1) and (0.2.2) on the functional state space
L?([a,b]; R") is given by

X(t) = JHx(t) + Bu(r), (0.2.3)

y(t) = B*Hx(¢), 0.2.4)

where J is a skew-adjoint unbounded linear operator with domain D(J ), H = H* €
L*([a,b);R™™"), B € L(R™ L?([a,b];R")) and y(¢) € R™ denotes the output of the
system. The Hamiltonian (i.e. the total energy of the system) is given by

B = 5 [ (E0HEORE 0L 025)

Notice that (0.2.1) and (0.2.2) are a particular case of (0.2.3) with x = (¢, p) and J
being the skew-symmetric operator described by

0 1 0
]_[—IO} and B—[1]7

where I denotes the identity matrix.

The Dirac structure plays a central role for port-Hamiltonian systems and repre-
sents their underlying structure. Let us consider two Hilbert spaces F and £ with
inner products (-,-) 7 and (-,-)¢. The spaces F and £ denotes the flow and the effort
spaces. The flow space represents the space of rate energy variables, while the effort
space is the space of co-energy variables. In addition, let us define the bond space as
B = F x & equipped with the inner product

() (&), -wmrriwme 020

for all (fl,e1)7 (f2,62) eB.
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The effort space £ is defined as the dual Hilbert space of . Therefore, there exists
an isometric isomorphism j : F — &£ such that

(jfi,if2)e = (f1. f2) s 0.2.7)

for all fi, f» € F. In order to build a Dirac structure, the bond space is endowed with
the bilinear symmetric pairing given by

<< 2 )( Z >>+ (fi.i~ )+ ersif)e, (0.2.8)

I': F — £. The bilinear pairing (-,-), represents the power.

where j~

Let V be a linear subspace of B. The orthogonal subspace with respect to the
bilinear pairing (-,-), is defined as

VI ={becB:(b,v), =0, forallve V}. (0.2.9)
Let us now define a Dirac structure.

Definition 0.2.1. [vdSMO02] A linear subspace D of the bond space B is said to be a
Dirac structure if
DT =D. (0.2.10)

Note that the condition (0.2.10) implies that the power of any element of the Dirac
structure is equal to zero, i.e.,

() (1)) -sorerm

for any (f,e) € D. The underlying structure of port-Hamiltonian systems forms a
Dirac structure, which links the port-variables in a way that the total power is equal to
Zero.

The port-variables are split in two parts: internal ports and external ports. Within
the internal ports, there are resistive ports (or elements) corresponding to the internal
energy dissipation and the energy storing ports corresponding to energy storage. On
the other hand, the external ports represent the interaction of a port-Hamiltonian sys-
tem with its environment or even with other systems. These interactions can occur
either along the domain or at the boundary. The Dirac structure of port-variables is
represented in Figure 0.1.

In this work we shall restrict ourselves to first-order linear port-Hamiltonian sys-
tems. Note that a Dirac structure can be obtained for this class of port-Hamiltonian
systems, see Section 1.1 and [LZMOS5].

Considering randomness in the modeling entails that further noise ports have to
be added to the port-based structure depending on the nature of the uncertainties.
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Resistive

elements

Ir Ir
Energy f x f ]
storing Boundary
elements  © € €

fa €d

Domain

Figure 0.1 — Dirac structure with port-variables

Throughout this thesis, we shall mainly consider some state and measurement noises.
Let us consider the following stochastic port-Hamiltonian system with distributed in-
puts and outputs described by

x(t) = THx(t) + Baua(t) + Hn (1),
ya(t) = B*Hx(t), 0.2.11)
n (t) = H*Hx(t)7

where B; € L(R™, X) is the control port and H € £(Z,X) represents the noise port.
The process 1(¢) describes an Hilbert space Z-valued white noise process. The pairs
of inputs and outputs [(u4(),y4(t)),(n(t),yn(t))] correspond to the external ports
(eq, fa)- The flow and effort variables are given by f, = %x and e, = Hx. One could
also consider some input noise along the domain or at the boundary. Nevertheless,
such generalization will not be studied in this manuscript.

0.3 Boundary controlled and observed systems

In this section we introduce the general setting of boundary controlled and observed
systems. Let X' ,U,U,,Y be Hilbert spaces and let us consider the following abstract
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control system with boundary observation
(1) = Ax(t) + Bgua(1),
u(t) = Bx(t), (0.3.1)
y(t) = Cx(r).

where A : D(A) — X and B : D(B) — U are unbounded linear operators such that
D(A) C D(B) C X. The distributed control operator B, belongs to L(Uy, X).

Definition 0.3.1. [CZ95, Definition 3.3.2] An abstract control system with boundary
observation described by (0.3.1) is said to be a boundary controlled and observed
system if the following conditions are satisfied:

1. the operator A : D(A) — X defined for every x € D(A) = D(A) N Ker(B) by
Ax = Ax, is the infinitesimal generator of a Cy-semigroup (T (t));>0 on X,

2. there exists an operator B € L(U,X) such that, for every u € U, Bu € D(A),
AB € L(U,X) and BBu = u.

3. The observation operator C € L(D(A),Y), where D(A) is endowed with the
graph norm of A.

Condition 1 ensures the generation of a Cy-semigroup for the homogeneous sys-
tem, i.e. for u(r) = 0. Besides, observe that a direct consequence of Condition 2 is the
surjectivity of B and that the operator B € £(U,D(A)) is the right inverse of 5. More-
over, note that the last condition on the boundary observation operator C is equivalent
to the existence of a,b € R such that

ICx|ly < allx||x + b||Ax|| x€D(A). (0.3.2)

The class of boundary controlled and observed port-Hamiltonian systems is known to
satisfy all the conditions of Definition 0.3.1, see [JZ12, Theorem 11.2.2].

0.4 Dissipative systems

Passivity originates from circuit theory and is a cornerstone property in system and
control theory leading to some useful results for control design. This property re-
lates to conservation, dissipation, transport and storage of energy. In this preparatory
section, some useful concepts such as passivity, dissipativity, storage functions and
supply rate are introduced and discussed. This section is mainly based on [HM76],
[Wil72] and [vdS16].

Let X, U and Y denote the state, the input and the output Hilbert spaces, respec-
tively. The concepts of dissipativity and passivity are introduced in a deterministic
setting for the following large enough (but not restricted) class of control systems
described by

i) = f(x(t)u(t)),  x() € X

y(t) = g(x(t),u(t)),  u(t)€U,y(t) €Y 0.4.1)
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The system (0.4.1) includes in particular nonlinear systems affine in the input, static
nonlinearity and linear systems. The notion of passivity is intimately related to the
way that a dynamical system is interacting with its environment with respect to its
inputs and corresponding outputs. This is expressed by the function of supply rate
s:UxY =R

Definition 0.4.1. A dynamical system (0.4.1) is said to be dissipative with respect to
a supply rate s(u,y) if there exists a storage function S : X — RY, such that, for all
fo <ty,
oty
S(a(t7) = S(x(t) < [ )y 04.2)

J1y

Remark 0.4.1. 1. If (0.4.2) holds with an equality, the system is said to be loss-
less.

2. If the storage function is differentiable, (0.4.2) can be rewritten as

2 §(x(r)) < s(u(r)y(r)), € liosty] 043)

dr
The supply rate represents the energy supplied to the system from some external
sources. Thus, dissipativity in the sense of Definition 0.4.1 means that the system can-
not store more energy than supplied during the time interval [fo,7¢]. In other words,
the system cannot generate energy on its own. In the lossless case, the system stores
exactly the supplied energy.

A specific choice of bilinear supply rate leads to the concept of passivity.

Definition 0.4.2. A dynamical system is said to be passive if the system is dissipative
with respect to the supply rate s(u,y) = u y.

Passivity leads to several stability results through passivity based control. For
instance, the negative output feedback enables to stabilize asymptotically a passive
system around zero. For further results, the reader is referred to [HM76], [Wil72], and
[vdS16]. Interested readers may also be referred to [KMX ™ 14], where a good survey
including the existing connections between passive and positive real systems is pre-
sented and a list of classical results for stability of passive, positive real and dissipative
systems is given.

Since deterministic port-Hamiltonian systems are known to be passive if the Hamil-
tonian is bounded from below, this begs naturally the question whether their stochastic
extension preserves this property. In this thesis, on the basis of Definition 0.4.2, we
shall extend this notion to stochastic systems as given in [Flo99]. More particularly,
this new notion of passivity will be studied for distributed and boundary controlled
port-Hamiltonian systems.
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Contributions and outline

The novelty of this work is the exploration of a stochastic extension of boundary con-
trolled and observed port-Hamiltonian systems as presented in [LZMO5] and [JZ12].
This aims at describing the plant as a stochastic system and taking advantages of the
port-Hamiltonian framework to express its dynamics and interactions with its envi-
ronment. From a mathematical perspective, the uncertainties coming from the ex-
ternal disturbances and measurement noises are modeled by Gaussian white noise
processes. The notions and concepts of the theory of stochastic integration and the
port-Hamiltonian approach to physical systems modeling are merged with a semi-
group approach for the study of infinite-dimensional stochastic systems.

We believe that this thesis brings several contributions to the field of control of
distributed parameter systems represented under the port-Hamiltonian formalism. In
this thesis we consider both deterministic and stochastic port-Hamiltonian systems
on infinite-dimensional spaces. In Chapter 1, a clarification of [Vil07, Chapter 4] is
given together with a first attempt to summarize the available literature and to inves-
tigate the question on whether eigenvectors may form a Riesz basis in the case of
port-Hamiltonian systems. The first main contribution of this thesis is to provide the
stochastic counterpart of the port-controlled Hamiltonian systems defined in [JZ12]
with additive system’s noise and to describe them as boundary controlled and ob-
served stochastic systems. As a central part of this work, a study of well-posed linear
stochastic systems in the context of boundary control and observation is developed and
an extension of the results of [ZGMV10] to the stochastic context is proposed. In addi-
tion, the passivity property proposed by Florchinger in [Flo99] for finite-dimensional
stochastic systems is extended to infinite-dimensional ones and studied for SPHSs.
Furthermore, the LQG control problem is addressed and solved for this new class of
stochastic systems. As an infinite-dimensional generalization of [WHGM18], condi-
tions are derived to preserve the stochastic port-Hamiltonian framework in the LQG
controller dynamics. In addition, results regarding the exponential stability and de-
tectability of first order linear port-Hamiltonian systems with specific choices of struc-
ture matrices are developed. In the last part of this thesis, we focus on the LQG control
problem of a compliant endoscope actuated by means of electro-active polymers. An
interconnected port-Hamiltonian model is proposed and validated on an experimental
setup. A control law is implemented on the model with real-physical parameters to
improve the time response of the system and to damp out the oscillations of the endo-
scope.

The central part of this thesis is divided in 5 chapters. The content of each chapter
is briefly summarized as follows.

Chapter 1. This first chapter begins with an introduction of linear first order port-
Hamiltonian systems with boundary control and observation. Besides, the Riesz-
basis property is investigated for this class of distributed parameter systems . It
is proved that nice port-Hamiltonian systems are Riesz-spectral systems. Fi-
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nally, this result is applied on an illustrative example of a vibrating string which
is let free at the origin and damped at the other end.

Chapter 2. This chapter introduces the reader with the stochastic calculus in Hilbert
spaces, to the concepts and notions needed for the study of stochastic port-
Hamiltonian systems on infinite-dimensional spaces. Some preliminary results
of probability theory and concepts of the theory of operators on Hilbert spaces
are recalled. The Hilbert space-valued Wiener process and the corresponding
Itd stochastic integral are presented. In addition, some tools are presented for
the manipulation of the It6 integral.

Chapter 3. The class of boundary controlled and observed stochastic port-Hamiltonian
systems is introduced and we proceed to the study of this new class of stochastic
systems. The concept of well-posedness in the sense of Weiss and Salamon is
generalized to the stochastic context. Under this extended definition, stochas-
tic port-Hamiltonian systems are shown to be well-posed. This chapter ends
with the case study of a vibrating string subject to some random forcing. This
stochastic system is proved to be well-posed in the sense introduced in this
chapter.

Chapter 4. The LQG control problem is addressed for stochastic port-Hamiltonian
systems with bounded control, observation and noise ports. This control prob-
lem is solved by using the separation principle. Furthermore, conditions are
derived to keep the stochastic port-Hamiltonian structure of the LQG controller
and thus the closed-loop dynamic can be interpreted as the interconnection
of infinite-dimensional stochastic port-Hamiltonian systems. We also study
briefly the LQG control problem under weaker assumptions, namely strong sta-
bilizability of the plant. We end this chapter by proving that dissipative port-
Hamiltonian systems within a specific framework are exponentially stable. This
helps us in establishing the stabilizability conditions for the study of a concrete
application in Chapter 5.

Chapter 5. In this chapter we mainly focus on a specific application of a compliant
endoscope actuated by means of electro-active polymers. A model for this inter-
connected system is proposed in the port-Hamiltonian framework. The validity
of the proposed model is verified on an experimental setup. We also implement
and design a control law consisting of a positive damping injection to improve
the time response of the system and a LQG controller to damp out the induced
vibrations. The analysis and the results presented in this chapter were essen-
tially obtained within the framework of a collaboration with Professors Yann
Le Gorrec and Yongxin Wu from AS2M Department of FEMTO-ST Institute in
Besangon, France.

At the end of each chapter, conclusions regarding the results discussed in that
chapter are drawn. Finally, this work is closed with a general conclusion and some
recommendations on possible future research directions are also provided. For ease of
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reading, a table of notations and a list of abbreviations have been included.

Most of the research presented in this manuscript has been published in interna-
tional conference proceedings (with peer review process) or submitted for publication
in scientific journals or has been the object of a communication as a talk or a poster
presentation, at scientific and engineering conferences, and workshops. The most im-
portant publications and communications are listed below:

Scientific journals

— F. Lamoline and J.J. Winkin. Well-posedness of boundary controlled and
observed stochastic port-Hamiltonian systems on infinite-dimensional spa-
ces. IEEE Transactions on Automatic Control, 2019, conditionally ac-
cepted;

— A. Hastir, F. Lamoline, J.J. Winkin and D. Dochain. Analysis of the ex-
istence of equilibrium profiles in nonisothermal axial dispersion tubular
reactors. IEEE Transactions on Automatic Control, 2019, accepted, DOI:
10.1109/TAC.2019.2921675;

International conference proceedings and Preprints

— Y. Wu, F. Lamoline, Y. Le Gorrec and J.J. Winkin. Modelling and con-
trol of an IPMC actuated flexible beam under the port-Hamiltonian frame-
work. In Proceedings of the 3rd IFAC Workshop on Control of Systems
governed by Partial Differential Equations, 2019, (May 22-24, Oaxaca,
Mexico);

— F.Lamoline and J.J. Winkin. On LQG control of stochastic port-Hamilton-
ian systems on infinite-dimensional spaces. In Proceedings of the 23rd
Symposium on Mathematical Theory of Networks and Systems, pages
197-203, 2018 (July 16-20, Hong-Kong), with invited oral communica-
tion;

— F.Lamoline and J.J. Winkin. On stochastic port-Hamiltonian systems with
boundary control and observation. In Proceedings of the 56th IEEE Con-
ference on Decision and Control, pages 2492-2497, 2017 (December 12-
15, Melbourne, Australia), with oral communication;

— F. Lamoline and J.J. Winkin. Nice port-Hamiltonian systems are Riesz-
spectral systems. Preprints of the 20th IFAC World Congress. Ed. IFAC,
p. 695-699, 2017 (July 9-14, Toulouse, France) with oral communication;

Communications

— Poster presented at the 2nd Workshop on Stability and Control of Infinite-
Dimensional Systems in Wiirzburg, Germany:" On LQG control of stochas-
tic port-Hamiltonian systems, 10 to 12 October 2018;
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— Poster presented at the 10th Workshop on Control of Distributed Param-
eter Systems (CDPS) in Bordeaux, France: "Well-posedness of stochas-

tic port-Hamiltonian systems on infinite-dimensional spaces, 3 to 5 July
2017;

— Participation to an international group project under the supervision of
Professors Markus Kunze and Manfred Sauter from Universitdt Ulm and
presentation at the ISEM 2016 Workshop at Santa Chiara institute, Casalm-
aggiore, Italy: "The strong Feller property for Ornstein-Uhlenbeck semi-
groups and its control theoretic background", 30 May to 4 June 2016.



Chapter

Deterministic port-Hamiltonian
systems on infinite-dimensional
spaces

Linear port-Hamiltonian systems have been the object of much attention over the last
two decades. This class of systems was first introduced in [MvdS92] in the language of
differential forms. The infinite-dimensional extension was proposed in [vdSMO02]. So
far, the port-Hamiltonian framework has been proved to be powerful for the modeling
and the control of distributed parameter systems. This class of systems encompasses
mechanical, electronical and electromechanical systems and can be employed for a
wide range of control applications: reactors [HLDWon], beam equations [MMO04],
heat and mass transfer equations [BCE'09], and irrigation channels [HLMO06]. Many
others applications can be found in [DMSB09] and references therein.

In addition to introducing linear port-controlled Hamiltonian systems, the Riesz-
basis property will be one of the main concerns of this chapter. This property has a
paramount importance in system and control theory and an extended literature is de-
voted to it. This property leads to some efficient results for establishing controllability,
stabilizability, their dual concepts, and stability. So far, numerous applications includ-
ing the wave equation, traveling waves, heat exchangers, the Timoshenko beam, diffu-
sive tubular reactors falling within the port-Hamiltonian formalism have been proved
to be Riesz-spectral systems. This begs naturally the question of generalizing this re-
sult to the unifying framework of port-Hamiltonian systems.

This chapter is articulated around a main result, namely that nice port-Hamiltonian

systems are Riesz-spectral systems. This is mainly based on [LW 17a] and results gath-
ered from [Vil07] and developed in a straightforward manner to deduce the Riesz-basis

15
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property from [Tre00].

This Chapter is organized as follows. Section 1.1 specifies the considered class
of linear first-order port-Hamiltonian systems. In Sections 1.2 and 1.3, the notions of
Riesz basis and the class of Riesz-spectral systems are presented. An interesting sub-
class of port-Hamiltonian systems, namely nice port-Hamiltonian systems, are proved
to be Riesz-spectral systems. Finally, an example of a inhomogeneous vibrating string
is proved to be a nice port-Hamiltonian system and this feature is used to establish its
exponential stability.

1.1 Deterministic port-Hamiltonian systems

In this thesis we consider the class of distributed port-Hamiltonian systems (PHSs)
introduced in [JZ12] and [LZMOS5].

Definition 1.1.1. A first order linear port-Hamiltonian system is governed by a PDE
of the form

8

3C
where Py € R™" is invertible and symmetric ( PIT = P)), Py € R™" is skew-symmetric
(P = —Py) and H € L™ ([a,b];R"™") is symmetric and satisfies mI < H(E) < MI
for a.e. € € la,b], for some constants m, M > 0. As state space, we consider X :=
L?([a,b];R") endowed with inner product (x1,x2) x = (x1, Hxp) 2 for any x1,x, € X.

(C 1) = (H(E)x(8,1)) + R H(E)x(C,1), (L.1.1)

Note that, since ml < H({) < MI, the induced norm || - ||+ is equivalent to the
standard L%-norm. This choice of norm is made in order to match the Hamiltonian/en-
ergy E : X — R of the system given by

E(x) = 1 (x, Hx), 2/ X(0)dC. (1.12)

To the PDE (1.1.1), we associate some controlled and homogeneous boundary condi-
tions given by

u(t) = Wy [ fa(t) } 0=Wsa [ fa(t) } (1.1.3)

ey(t) ey(t)

where the boundary port-variables, namely the flow and the effort, are expressed in
the following way:

()55 1) () =n ) ono

and Wg := [ gz; } € R™2" Notice that the number of rows of Wp 1 is given by the
number of boundary controls applied to the PDE (1.1.1).
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In order to establish the existence of a unique mild solution for any port-Hamiltonian
system described by the PDE (1.1.1) with the boundary conditions (1.1.3) we rewrite
the PDE (1.1.1) with its boundary conditions (1.1.3) as an abstract differential equa-
tion given by

x(t) = Ax(¢), (1.1.5)

where we define the unbounded linear operator

Ax:= PI%(Hx)+POHx:J’Hx (1.1.6)

on the domain
D(A) = {x € L2([a,b];R") : Hx € H' ([a,b];R"), Wp { fa } = o}, (1.1.7)
J
The following result establishes the generation of a Cy-semigroup for (1.1.5), see

[Vil07, Theorem 2.13].

Theorem 1.1.1. Consider the operator A with domain D(A) given by (1.1.6)-(1.1.7),
associated to a port-Hamiltonian system (1.1.1) and (1.1.3). Assume that Wg is a
n X 2n matrix of full rank. Then the following statements are equivalent.

1. A is the generator of a contraction Cy-semigroup on Lz([a7 b];R™).
2. WeEW] >0, where ¥ = [ (1) (’) ] c R2nx2n,

3. Re{Ax,x)x <0.

Furthermore, A is the infinitesimal generator of a unitary group on L*([a,b];R") if
and only if WBZWBT =0.

A first order linear port-Hamiltonian system can be formulated on a Dirac structure
as follows. The flow and the effort spaces are given by

F =& =1*([a,b];R") x R". (1.1.8)

In addition, the flow and the effort variables are taken as

_ ox

fx—E

and e = Hx, (1.1.9)

respectively. A first order linear port-Hamiltonian system is then described by

S
()| 2 |ent, (1.1.10)

€x
€9
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where D is given by

p={| 7 | cFx&le.c H'([a,:R"), f, = Teu,

fo ) ( (ex)(D) ) }
=R .
( € '\ (e)(a)
In the following proposition, we derive the Hilbert space adjoint of A, see [Vil07,
Proposition 2.24] and [Augl6, Proposition 3.4.3].

(1.1.11)

Proposition 1.1.2. Let Wp be a n x 2n matrix written as Wg = [ W W ] Let us
consider the operator A with its associated domain D(A) given by (1.1.6) and (1.1.7),
respectively. Assume that Wy has rank n and satisfies WBZWBT > 0. Then its adjoint
A* is given by

A*x :—PlE(’Hx) Po(Hx) = —THx (1.1.12)

forall x in

D(A*) = {x € L*([a,b];R") : Hx € H' ([a,b];R"),

(1.1.13)
[ —(+MT") (1-MT) ] < 2 > = 0} :
where I denotes the identity matrix and M = (Wy + W)~ (W — W3).
Proof. The adjoint of an unbounded operator is given by
Ay =z Vxe D(A),(Ax,y)x = (x,2) x (1.1.14)
with domain defined by:
YyEDA") & Jz€ Xst. Vx € D(A), (Ax,y)x = (x,2)x
On one hand, by integrating by parts, we have that
(Axy)x = DT (OHEPH(E)x(E)] / dC H(E))Pi(Hx)(6)dE
+ / §)P(H)(§)dE,
(1.1.15)

and, on the other hand,

(A= [ AN HENEME, (1.1.16)
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Since the equality between (1.1.15) and (1.1.16) must hold, we deduce that

Aty = —POHy—P1%(’Hy) (1117)
and
DT (EYH(E)PH(E)x(E)]5 =0. (1.1.18)

The relation (1.1.18) can be rewritten as
([ a1l 0] ot - aum

The boundary term (1.1.19) can be rewritten as
([ S 2 ][ Goxen )| e
(G ) sz Get ).

Since A generates a contraction Cyp-semigroup, from [JZ12, Lemma 7.3.2], there exists
an X n-matrix M such that

(1.1.20)

I1-M
kerWBRan{_( Y,

14 M) ] (1.1.21)

where M = (W; +W,) 1 (W, —W,) with W= | Wi W, |. Furthermore, since ( 5‘9 )
d

lies in the kernel of Wy, we deduce that

fa | _ I-M
HEE=A 12
for some / € R". Using (1.1.22) in (1.1.20) and defining < Zz‘y > =Ry [ Ezﬁgzg } ,
we get that ’
fa.,y ! I-M —
( e ) x (M) [=0, (1.1.23)
which is equivalent to
( 5? ) € Ker ( —(I+M") 1-M" ). (1.1.24)
b
O

Let us define the observation taken at the boundary as
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Throughout this work, we shall consider two distinct control actions and observations,
on a section of the spatial domain [a,b] and at the boundary of it. Thus, let us consider

x(t) = THx(t) + Bauqg(t),
u(t) =Wgi { ZEI) ] o 0=Wg2 [ i‘z(f) } ’

¥(t) =wc[ s ]

ey (l‘
ya(t) = By Hx(1),

where x(t) € X, uy(t) € R¥, u(t) € R™, y(t) € RP,y,(t) € R¥. Here, the distributed
control operator By € L(R¥, X') represents the action of the inputs u4() on a spatial
domain and y,(¢) is the corresponding power-conjugated output (with respect to inner
product (-,-) x). Observe that the distributed inputs and outputs are collocated. From
a practical perspective, this arises when actuators and sensors are implemented at the
same location. As stated in Proposition 1.1.3, the choice of a power-conjugated output
is made to recover the balance equation (1.1.27) with the power supplied ugyd. The
boundary control and observation are made through the port-variables f;(¢) and e, ().
The Hamiltonian of the system represents the total amount of energy stored into the
system. Exchanges of energy with the environment occur through the port-variables
of the system inside the domain and at the boundary. Furthermore, the choice of
inputs and outputs in (1.1.26) entails that the variation of energy of the system is
lower or equal to the power fed through the boundary and the domain. The following
proposition establishes the balance equation for the PHSs described by (1.1.26).

(1.1.26)

Proposition 1.1.3. Consider a port-Hamiltonian system with distributed inputs/out-
puts and boundary inputs/outputs given by (1.1.26). The balance equation for the
Hamiltonian /energy is given by

dE(t)

- =13 (0ea(t) +ua0) ya(r). (1.1.27)

Proof. First, notice that

dlz";t) - %(j’r’-lx(t) + Baug (t),x(t)) x + %(x(t),]?—[x(t) +Baug(t))x.  (1.1.28)
Since
1

5 (Hx(2), THx(1)) 2 + (T Hx(1), Hx(t))2) =

and by considering that

(Baug(t),x(t)) x = (ug(t), ByHx(t)) 2 = ug () ya(2),
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we obtain JE
dgt) = T (1)ea (t) +ua(t)Tya(t), (1.1.29)

which completes the proof. O

By plugging the relations between the port-variables and inputs-outputs given by
[ u(r) } _ [ Wa,1 } [ fa(t) }
¥(t) We || e |’
Wa1

where [ We } is full rank or equivalently invertible in the ODE (1.1.29), we deduce
that

T
dflft) - { 583 ] P we { ;tgg ]”d(”Tyd(’% (1.130)

_ (| Waa1 Wa,1 -
P%,l,wc—q We ]Z{ We D : (1.1.31)

Note that the system (1.1.26) does not contain any internal source.

where

Example 1.1. Let us consider the example of an inhomogeneous vibrating string on a
spatial domain [a, b]. This example is based on [JZ12, Example 7.2.5]. The dynamics
of this system are governed by the following PDE

9%z 1 0 dz

—(,t) = — = <TC = g,t), (1.1.32)
o2& = pgyag \"ag &Y

where z({,t) is the vertical position of the string at place § and time ¢. T({) and p ()

are the Young’s modulus and the mass density at place {, respectively. Let us define

the momentum p(§,¢) = p(C)%(C,t) and the strain ¢({,7) = g—é(é,r). This yields

alain]-la S1(7% e ][4E01)
:Plaac (y(g) [ lq’ggg D . (1.1.33)

Notice that 1 p and Tq correspond to the velocity and the stress of the string, respec-
tively. Boundary conditions depend on the physical situation of the string. In this
example, we consider a string clamped at the extremity a and let free at the extremity
b, i.e.

0z dz

T(b)i(b,t)zu(t) and  Z(a,t) =0. (1.1.34)

ot

In addition, the string is assumed to be actuated near the extremity a by distributed
forces b(§)uy(t) on [a+¢€1,a+ &) with 0 < g < &, where

_ 1, CE[CI+81,CI+82],
b(§) = { 0, elsewhere.
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The port variables are given by

_ 1| T(h) % (1)~ T(a) % (a1)
fa([)_ \/E [ %(bJ)—%(a,t) )
1 % (b,t) + % (a,t)
elt) =7 [ T(5) 8 (b11) + Ta) % (a1 ]

Thus, in these variables, the boundary conditions read as follows:

[ ug) } B [ T(b) % (b,1) ]

hence W = % [ (l) _01 (]) (1) } . The boundary matrix W is full rank and WBEWBT =

0, and thus A generates a unitary group, see Theorem 1.1.1.
The velocity is assumed to be observed at the extremity b, i.e.

1 fo(r) }
H)=—=|0 1 1 0 =Cx(1).
y() \/5[ ] |: ea(f) X()
The distributed control operator B; : R — X is given by
Byu, := ( b(OC) ) ud(l). (1.1.35)

The distributed output, which corresponds to the mean velocity observed on [a +
€1,a+ &), is given by

)= [ 0© 0t (1136)
The balance equation is then given by
T
d%t) = [ ;8 ] Py we { ;g; ]Jrud(l)Tyd(f),
= ua(t)"ya(t)

where we set u(t) = 0.

For readers who feel they need further examples, they are referred to [Vil07] and
to Sections 5.2 and 5.3, where an actuated bio-endoscope is modeled under the port-
Hamiltonian formalism.

1.2 Riesz basis property

In this section we prove that under some assumptions the dynamical operator de-
scribed by (1.1.6) and (1.1.7) has a Riesz basis of eigenvectors. These are a general-
ization of the concept of orthonormal basis. The simplest way of constructing a new
basis from an original one is through a bounded invertible transformation, see [ YouOl,
Theorem 7].
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Definition 1.2.1. Let X be a Hilbert space. A vector sequence (¢)nen for X forms a
Riesz basis if it is obtained from an orthonormal basis by means of a bounded invert-
ible operator, i.e., there exists L € L(X) such that

VnEN, ¢, = Len. 1.2.1)
Sfor some orthonormal basis (ey)nen-

The reasons for considering this class of basis are numerous: easily checkable cri-
teria regarding controllability, stabilizability, their respective dual concepts, and sta-
bility can be derived. Furthermore, this concept allows one to describe the dynamics
of a system under the form of eigenfunction expansions, see [CZ95]. In the following
theorem, we state equivalent characterization of a Riesz basis.

Theorem 1.2.1. Let X be a Hilbert space and (¢,)nen be a vector sequence for X.
Then the following assertions are equivalent.

1. The vector sequence (@,),en is a Riesz basis for X;

2. The vector sequence (@,)en is complete in X, i.e. span{¢,} = X, and there
exist positive constants M| and M, such that for any N € N and for any c, €
K n=1,2,..,N,

N N N
MY el <UL Y cntnllz <M Y Jenl®. (1.2.2)
n=1 n=1

n=1
Any vector x € X is uniquely decomposed in a Riesz basis (¢, ),en as
x=Y cnfn, (1.2.3)
n=1

where the scalars ¢, are uniquely determined by x. The concept of Riesz-spectral
operator can now be defined.

Definition 1.2.2. Consider a closed linear operator A on a Hilbert space X with a
discrete spectrum consisting of simple eigenvalues 6,(A) := {A, : n € N} and corre-
sponding eigenvectors (@, )uen. If the closure of {A, : n € N} is totally disconnected
and if (@n)nen is a Riesz basis on X, then A is said to be a Riesz-spectral operator.

Remark 1.2.1. Assuming that D := {1, : n € N} C C is totally disconnected means
that every point in D cannot be joined with any other point in D by a segment lying
entirely in D.

Several hints indicating that the class of first order port-Hamiltonian systems sat-
isfies the Riesz basis property are available in the literature. The reader is referred
to [XF02], [MH13], [Vil07] and [CZ95]. The main result of this section consists in
proving that a port-Hamiltonian operator of order 1 possesses a Riesz basis consisting
of eigenvectors. To do so, we mainly use results from [Tre00] and similar reasoning
as in [Vil07, Chapter 4].
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Assumption 1.2.1. The multiplication operator P, "%~V is assumed to be diagonal-
izable, i.e.,

PO =8(0)A1(0)S(6)™", ¢ elab], (1.2.4)

where Ay is a diagonal matrix—valued function whose diagonal entries are the eigen-
values (ry)}_, of P{ YH~1, whereas S is a matrix-valued function whose columns are
corresponding eigenvectors. In addition, S and A\ are assumed to be continuously
differentiable on [a,b].

Observe that P~ 194~1 may have eigenvalues that are not simple. Hence, thereafter,
we shall consider that P, 194~ has I different eigenvalues such that [ < n. Let us now
express the eigenvalue problem with boundary conditions as described in [MMO03] in
the case of a port-Hamiltonian operator.

Lemma 1.2.2. The eigenvalue problem associated with the operator A given by (1.1.6)
and (1.1.7), namely

Plﬁ(( X)(6)) +Ro(Hx)(§)) = Ax(8), (1.2.5)

where A € 0,(A) and x € D(A) is a corresponding eigenfunction can be formulated
under the form:

df oy _
ag (&)= QA& +40(0))f (), C€labl, (1.2.6)

Wy (Sf)(b) +Wa(Sf)(a) =0,

where Wy, := Wi Py + W and W, := —W\ P + W, with Wg := [ Wi W, | and f €
W12([a,b];R") := {f € L?*([a,b];R") : d’g € L*([a,b]; R”)} with matrix coefficients
Ap, A € Lw([a,b]; Ran)‘

Proof. Let us consider the eigenvalue problem

P ((34)()) + B(()(£)) = Ax(©).

d¢
where A € 6,(A) and x € D(A) is a corresponding eigenfunction satisfying the bound-
ary conditions:
o | (Hx)(b) | _
W [ Geoa) | = (1.2.7)

By using the basis transformation S({) that diagonalizes P;"'H ™!, this eigenvalue
problem becomes

af

E(é) = (AA1(8) +A(0)S(E), L elab], (1.2.8)
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A, D(A) port-
Hamiltonian

Reformulation of Bounded invertible

. transformation
eigenvalue problem
Ag, D(Ay) Tretter Ay eigenfunctions
Result form a Riesz basis

Figure 1.1 — Proof’s structure of Theorem 1.2.4

where Ay = S~ (HP) 1S, Ag = —S~ (P} 1P()S+ ac S)and f(&) = (S~'Hx)({). Fur-
thermore, the boundary condition Wp [ HEZ;XEZ;g ] = 0 becomes Wp [ E ;EZ; } =0,
which finally yields the boundary condition:

Wy (S£)(b) +Wa(Sf)(a) =0, (12.9)
where W), := WP, + W, and W, := —W | P; + W, with Wp := [ W W, } O

As already mentioned, the rational to prove that the eigenvectors of first order port-
Hamiltonian systems form a Riesz basis relies on [Tre00, Theorem 3.11] as depicted in
Figure 1.1. In connection with the eigenvalue problem (1.2.6), we define the operator
Ay as

Arf=A]

f A Aof =S~ l’HPld (Sf)+ S "HPy(SS) (1.2.10)

1d§ 4

with domain

D(Ay) = {f € L*([a,b);R") : Sf € H' ([a,b];R"), Wy (Sf)(b) + Wa(Sf)(a) = 0}.
(1.2.11)
The operator A is proved to be related to the original operator A through a bounded
invertible operator S in Lemma 1.2.3.

Lemma 1.2.3. Consider the operator A with domain D(A) given by (1.1.6)-(1.1.7)
and the operator Ay with domain D(Ay) defined by (1.2.10)-(1.2.11). Then

ST'HAx=AS""Hx,  xe€D(A), (1.2.12)

and x € D(A) if and only if f = S~ 'Hx € D(Ay). Moreover, the eigenvalues of A that
are given by (1.2.6) are the same as those of the operator A;. If A is an eigenvalue of
Ay with a corresponding eigenfunction f € D(Ay), then A is an eigenvalue of A with
eigenfunction x = H~'Sf € D(A).
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Proof. The identity (1.2.12) is directly deduced from (1.1.6) and (1.2.10). Let x be in
D(A). Thus x must satisfy Wj,(Hx)(b) + W, (Hx)(a) = 0 and by setting f = S~ Hx,
we get that f € D(Ay) from (1.2.11). Let us now consider an eigenvalue A € 6,(Ay)
with corresponding eigenfunction f. From the definition of A, it follows that

Af=Arf= S’I”H,Pli(Sf) + S HP(SS)

dg

and from the identity Sf = Hx we get Ax = Ax. O

In order to apply [Tre00, Theorem 3.11], some technical assumptions are needed.

Assumption 1.2.2. Forv e {1,...,1}, let us define Ry(z) := [ rv(§)d{, where (rv(é,’))l‘,:1
are the | different eigenvalues of ;" H~'(¢) and Ey(z,A) := ML, where ny
is the multiplicity of ry(-) and I, denotes the ny-dimensional unit matrix such that
i

Y ny=n. We set E(z,A) = diag(Eo(z,A),...,E(z, 1)), z € [a,b]. We shall assume
v=1

that the eigenvalue problem (1.2.6) is normal, i.e., for sufficiently large A, the asymp-
totic expansion of the characteristic determinant of (1.2.6) given by

pA) =Y (be+{o(1)})e? (1.2.13)

ce&

has non-zero minimum and maximum coefficients, where

{Z SyRy (D) : 8, € {0, 1}} (1.2.14)

and {o(1)}e means that for each ¢ € £ the remaining part depending on z € |a,b]
divided by A tends to 0 in the uniform norm when | 1| — co.

From [Vil07, Theorem 4.10], it follows that the non-zero coefficients are given by

Y bee™ = det(W,S(b)Do(b)E(b, )+ WuS(b)), (1.2.15)

ce&

where @) € W' ([a,b]; R"") is determined by

Do(£)A1 =A1Po(0), Do(a) =1,

dd 1.2.16
%—AO,W@QW:O, v=1,..1 ( )

where Ag vy and ®g vy are the elements of the vth row and the vth column of Ay and
@ respectively. For more details, see [MMO3, Section § 2.8].

Theorem 1.2.4. Assume that the eigenvalue problem (1.2.6) is normal with Ag,A| €

W2=([a,b);R™™") and A, is a diagonal matrix with the eigenvalues of P 'H ™!

diagonal elements with H € W**([a,b];R"™"). If the eigenvalues have a uniform

gap, i.e., ir?léf |Am — Ap| > 0, then there exists a sequence of eigenfunctions of Ay that
m#p

forms a Riesz basis of L*([a,b]; R").
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Proof. Notice that the canonical system of eigenfunctions in [Tre00, Theorem 3.11]
corresponds to the eigenfunctions of the operator Ay. In [Tre00, Theorem 3.11], the
eigenvalue problem is also assumed to be non-degenerate, i.e. p(T) # @, where T
is a linear pencil T(A) = Ty — ATy of bounded operators Ty, T; € L(H'([a,b];K"),
L?([a,b];K™) x C") given by

L f—Aof
ac —
Wi (SF)(b) + Wa(SF) (@) } T {

From [Vil07, Theorem 4.2], we have that C* C p (T). Eventually, since the eigenvalue
problem (1.2.6) is assumed to be normal and the eigenvalues of A ; are assumed to have
a uniform gap, we conclude that there exists a sequence of eigenfunctions (f;)nen of
Ay that forms a Riesz basis. O

Tof = A(])f :| .

Remark 1.2.2. In Theorem 1.2.4, the assumption ir?léf |Am — Ap| > 0 comes from
m#p

[Tre00, Theorem 3.11]. This assumption enables to deduce that (f},),cn forms a Riesz
basis without parentheses. A vector sequence (@,),cn is said to be a Riesz basis for
X with parentheses if (1.2.3) converges only after putting some of its terms in paren-
theses (whose arrangement is independent of x), see [Shk86].

1.3 Nice port-Hamiltonian systems are Riesz-spectral
systems

As already stated, numerous physical models such as wave equations, traveling waves,
the heat exchanger, the Timoshenko beam, and diffusive tubular reactors have been
proved to be Riesz-spectral systems (see e.g. [CZ95], [Xu05] and [DDWO03]), see
Definition 1.3.1. Hence, in order to embed these particular facts into a general frame-
work, the subclass of nice port-Hamiltonian systems is introduced. The latter is proved
to satisfy the Riesz-spectral property. We start by defining the notion of Riesz-spectral
systems.

Definition 1.3.1. A dynamical system
x(t) = Ax(1), x(0) = xo, (1.3.1)

where A : D(A) C X — X is a linear operator on a Hilbert space X is said to be a
Riesz-spectral system if it satisfies the following conditions:

1. A is a Riesz-spectral operator;
2. A is the infinitesimal generator of a Cy-semigroup (T (t))i>0 on X.

Definition 1.3.2. A nice port-Hamiltonian system is a port-Hamiltonian system (ac-
cording to Definition 1.1.1), which satisfies the condition WBZWBT > 0 and Assump-
tions 1.2.1 and 1.2.2, and whose generator A given by (1.1.6) has a uniform gap of
eigenvalues, i.e., il;f |Am — Ap| > 0.

m#p
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Theorem 1.3.1. Under the regularity assumptions on the matrix-valued functions Ay,
A1 and H in Theorem 1.2.4, any nice port-Hamiltonian system (1.1.1)-(1.1.3) is a
Riesz-spectral system.

Proof. First, since WBZWBT > 0, A generates a contraction Cy-semigroup, see Theo-
rem 1.1.1. It follows that A is closed.

Second, from [Vil07, Theorem 2.28], the resolvent operator of A is known to be com-
pact, which implies that the spectrum ¢ (A) is only made of eigenvalues of finite mul-
tiplicity such that 6(A) = 0,(A). Since we are counting the eigenvalues with multi-
plicity, the uniform gap between them entails that they are in fact all simple. It proves
that the closure of the set of eigenvalues is totally disconnected.

Finally, from Theorem 1.2.4, it is known that the operator Ay has a Riesz basis of
eigenvectors, and in view of Lemma 1.2.3, its eigenfunctions (f,),en are isomorphic
to the eigenfunctions (x,),en of A. Indeed, f,, = S~'%4x, for n € N. Therefore, the
operator A has a Riesz basis of eigenfunctions. O

Let us recall the growth bound of a Cy-semigroup (7'(¢))r>0

. 1 . 1
av=inf (1 1og 7)1 ) = Jim (F 10 I7()1). 32

Definition 1.3.3. A Cy-semigroup (T (t));>0 on a Hilbert space X is said to be expo-
nentially stable if there exist positive constants M and o such that

IT()] <M, 1>0.
Equivalently, the growth bound is negative, i.e., @y < 0.

Note that, in infinite dimension, there is a distinction between the spectral bound
and the growth bound, i.e.

wy < supRe A, A €o,(A), (1.3.3)

n>1

which entails that the eigenvalues does not characterize the exponential stability any-
more. To understand this issue better, the reader is referred to [CZ95]. As a straight-
forward consequence of Theorem 1.3.1 and [CZ95, Theorem 2.3.5], the inequality in
(1.3.3) can be replaced by an equality for nice port-Hamiltonian systems. In this case,
we say that the spectrum-determined growth condition is satisfied.

Corollary 1.3.2. Under the regularity assumptions on the matrix-valued functions Ay,
Ay and H in Theorem 1.2.4, any nice port-Hamiltonian system (1.1.1)-(1.1.3) satisfies
the spectrum-determined growth condition. Furthermore, if 6,(A) C C, then the
system (1.1.1)-(1.1.3) is exponentially stable.

Example 3.1. Let us get back to Example 1.1 of a vibrating string. Let us consider
now the following boundary conditions:

ow ow ow

T()aé(b) Sr(b)=0  and T(a)i(a,t):O, (1.3.4)
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which means that the string is let free at the extremity a and is damped at the extremity
b. This choice of boundary conditions is rewritten as

0 T(a)3 (a.t [ 20 }

= , =W, , 1.3.5

{ 0 ] [ T(B)3(b.r)+ 3 () |~ 7 | eat) (1:33)

1 [ -1 0 0 1 T 0 0 .

where Wp = 7 { Lol 11 } has rank 2 and WpXW, = 0 2 > 0. The eigen-

values and eigenfunctions of P~ .= [ p(OC) @ ] are given by
. p(&) 1 1
Q=75 lvmw ] [ v | 139

respectively. According to Assumption 1.2.2, P|° 191 has 2 different eigenvalues

with
Rl(z)z/j,/’;gdg and Rz(z)z—/: ;’Egdg. (137

This yields
exp (A [7,/28)q
E(zA) = P( Ja T(C) C)
0

:=diag(Ey,E>)(z,A).

0
exp (=1 J7 1/ Bigd¢) (1.3.8)

The matrices W, and W, introduced in Lemma 1.2.2 are given by

Wazfz[g (l)]andwb:\fz[? H (1.3.9)

We now verify the normality assumption of the eigenvalue problem for the vibrating
string. Towards this end, let us compute the expression of the set £ and express the
asymptotic expansion of p(A) given by (1.2.13).

The set £ is given by

£ = {0.Ry(b).Ra(b). Ry (b) + Ra(b)} = { [ ’;Egdc,— / ",/iggdc,o}.

(1.3.10)
From (1.2.15), the non-zero coefficients are given by

det(WyS(b)Do(b)E (b, 1)+ W,S(b))

=2V/(Tp)(b)(1+/(Tp)(b))E1 (b, 1) +2+/(Tp) (b)(1 = /(Tp)(b))E2(b, 1).
(1.3.11)
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As stated in Assumption 1.2.2, the system is said to be normal if (1.3.11) has non-
zero minimum and maximum coefficients, i.e., (14 +/(Tp)(b)) and (1 —/(Tp)(d))
must be different from zero. This entails that the system is normal if and only if
L /((Tp)(®)).

The roots of the asymptotic expansion of the characteristic determinant (1.2.13) gives
the eigenvalues of A. Developing the sum in (1.2.13) for each elements belonging to
& given by (1.3.10) yields

p(A) = {o(1)}e + 23/(TP)(B) (1 +/(TP) (b)) +{o(1)}=]Ex (b,4)
+H2V/(TP)(0)(1 =/ (TP) (1)) + {o(1)} ] E2(b, 1)

The roots of (1.3.12) are approximated by (1.2.15). By Rouché’s theorem, the eigen-
values are approximated as A, = 4,7 +o(}) for n € N, where

(1.3.12)

—1 \/ Tp +1 l n
zf P(C - [b / C
A* — a
n 1 ‘\/ To)b)+1] . (2n+1)
b [p(0) b [p@) 4p’
Ji | 75 zfa o4

if \/(Tp)(d) > 1 or \/(Tp)(b) < 1 respectively. Notice that the condition 1 #
\/((Tp)(b)) from the normality assumption of the system ensures the existence of

the eigenvalues A,* given by (3.1). When +/(Tp)(b) tends to 17, the real part of A}
goes to —oco. Moreover, from Corollary 1.3.2 and since wy is given by

|\/ Tp)(b +1

wo = sup Re 4, = 0, (1.3.13)

neN " 2f \/7

the vibrating string described by (1.1.32) and (1.3.4) is exponentially stable.

1.4 Conclusion & perspectives

Most of the content presented in this chapter was published in [LW17a]. Since then,
research is still ongoing in order to relax the conditions presented in Theorem 1.3.1.
Indeed, the Riesz basis property exhibited in Theorem 1.3.1 requires strong assump-
tions on the eigenvalues of A such as a uniform gap of eigenvalues, which narrows the
range of applications. For instance, the coupled vibrating string as described in [JZ12,
Example 7.4] has Jordan blocks. A two-dimensional vibrating string does not satisfy
the eigenvalue uniform gap assumption. This should be seen as a first attempt to study
the Riesz-spectral property of first order port-Hamiltonian systems.

Note that by applying Tretter’s result, no use is made of the existence of a con-
traction Cp-semigroup generated by A. Current researches on Riesz basis of port-
Hamiltonian systems tend to go into that direction. See for instance [JK18], where
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the authors prove that, under some assumptions on matrices Py, Py, H, W, and W, the
operator A described by (1.1.6) and (1.1.7) generates a Cp-group if and only if A is a
Riesz operator. Nevertheless, a complete characterization for port-Hamiltonian sys-
tem having a Riesz basis still need to be found.

Moreover, a natural extension of the results devoted to the Riesz-spectral property
would be to consider some internal dissipation within the port-Hamiltonian framework
as introduced in [Vil07, Chapter 6] and to see whether the Riesz-spectral property still
holds. Even though the answer seems intuitively positive, proving that the Riesz-basis
property still holds in the presence of dissipative effects is not straightforward and
remains a conjecture that would be appealing to prove.
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Chapter

Stochastic calculus in Hilbert
spaces

This chapter serves as an introduction to the basic concepts needed for the study of
stochastic partial differential equations. Some notions of the abstract probability the-
ory and some linear spaces are recalled, and Wiener processes are introduced in Sec-
tion 2.2. A theory of integration is presented and adapted to the range of stochastic
disturbances modelized by Wiener processes considered in this work. This chapter
ends by stating the stochastic counterpart of Tonelli-Fubini Theorem and the so-called
Itd’s formula. This chapter will also help to fix the notations used in this thesis.

The different notions of solutions of infinite-dimensional stochastic differential
equations are postponed to Chapter 3, where the questions of existence and unique-
ness of the SPDE governing the class of stochastic port-Hamiltonian systems will be
discussed. Moreover, to keep this chapter within a reasonable length, the proofs are
omitted and can be found in standard books such as [DPZ14] and [MPBL14].

This Chapter is organized as follows. Section 2.1 introduces background materials
for the study of stochastic processes on functional spaces. In Section 2.2, some of the
best known stochastic processes, namely Wiener processes, are studied and some of
their properties are presented. The stochastic integral with respect to a Wiener process
is defined in Section 2.3. This chapter ends with some results and tools, which will
turn out to be useful in the following chapters.

33
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2.1 Preliminaries

Let (Q,F,P) be a probability space, where Q is a nonempty set of elements @, F
denotes a c-algebra of subsets of Q and PP is a probability measure. More precisely,
the family F contains the set Q and is closed when taking the complement and un-
der countable unions of subsets of . Any point @ € Q is a sample or an experiment,
S € F is an event and IP(S) represents the probability measure of the event S. As usual,
an event S € F is said to hold P-almost surely (P-a.s.) if P(S) = 1. A probability space
(Q,F,P) is said to be complete if for all A C Q such that there exists B,C € F with
BCACCand P(B)=P(C), thenA € F.

Let X and Z be separable Hilbert spaces. U is a X'-valued random variable if the
map G : Q — X is strongly measurable with respect to the probability measure P, i.e.

G (B):={weQ:G(w) € B} € Fforall Bc B(X),

where B(X) is a Borel o-algebra on X, i.e. the smallest o-algebra containing the
open and closed subsets of X'. The c-algebra generated by the random variable G is
given by

o(G)={G'(B):BeB(X)} ={{GeB}:Bec B(X)}

and represents the smallest -algebra on Q such that the random variable G is strongly
measurable. The o-algebra o(G) contains all the information about the random vari-
able G. After observing the outcome of G, we can tell whether an event A C Q has
occurred or not. For an integrable (in the Bochner sense) random variable G, we define
its expectation as

E[G] = /QG(w)dIP’(a)). @.1.1)

The most important distribution in probability theory is the Gaussian distribution. We
now give the definition of a Gaussian random variable taking values in X.

Definition 2.1.1. Let G be a X-valued random variable and (e;);r be an orthonormal
basis in X. G is Gaussian if for alli € N, (G, e;) x is a real Gaussian random variable.

Now we introduce the space of trace class operators Li(Z,X’) and the space of
Hilbert-Schmidt (H-S) operators L, (Z, X).

Definition 2.1.2. A bounded linear operator T : Z — X is said to be a trace class
operator if there exist sequences (a;)ien C Z and (b;)ieny C X such that, for all z € Z,

=

Tz=)Y (z.a;)zbi € X. (2.1.2)
i=1

with .
Y llaillz||bill 2 < oo (2.1.3)
i=1
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Definition 2.1.3. A bounded linear operator T : Z — X is said to be a Hilbert-Schmidt
operator if

Y I Teil| 5 < o=, (2.1.4)
i=1
where (e;);n is an orthonormal basis of Z.

Let us introduce the following subspaces of bounded linear operators:

1. Li(Z,X) denotes the space of trace class operators endowed with the norm
given by

Mx

7|, =TcT := Y (Tei,ei)z, (2.1.5)

i=1

where T' = (T*T)"/2.

2. L,(Z,X) denotes the space of H-S operators endowed with the norm given by

1/2
1T |z, = <ZTe,||x> : (2.1.6)

Obviously,
Ly (Z,X)CLi(Z,X)C L(Z,X)

and if T is a self-adjoint operator, ||T'||z, = TrT.

2.2 Wiener processes

In what follows, we introduce some notions and definitions related to stochastic pro-
cesses taking values in Hilbert spaces. To do so, we further assume that the probability
space (, F,P) is equipped with an increasing (in the sense of set inclusion) sequence
of g-algebras (F;);>0. Such family of c-algebras is called a filtration. The usual inter-
pretation of a filtration is that each JF; contains all the information which is available
up to time .

Definition 2.2.1. A filtration (F;);>0 on a probability space (Q,F,P) is said to be
normal if the two following conditions hold:

1. Fy contains all the P-null sets of F;
2. (Ft)i0 is right-continuous, i.e. F; = Fy+ 1=\, Fs forall t > 0.
Condition 1 means that the filtration contains all the negligible sets (relative to IP).

Condition 2 implies that taking an infinitesimal step forward in time does not add any
information.
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A stochastic process (€()),>0 (€(¢) for short) is a random function of two vari-
ables: an experiment @ € Q and a time argument ¢ € [0,0). For each fixed experiment
o € Q, the map (o, -) is called a realisation or sample path of a stochastic process
(e(t))r>0. If we fix now the time argument #, we obtain a random variable &(-,?).
This corresponds to the naive interpretation of a stochastic process as a collection of
random variables parametrized by the time argument.

Definition 2.2.2. A Z-valued stochastic process (€(t)),>0 is a measurable map from
Q x [0,00) to Z with respect to the 6-algebra F x B([0,)).

Observe that the definition of a Hilbert space valued stochastic process is more
restrictive since such process has to be measurable in the product space F x 55([0,c))
and not only measurable with respect to F as for the real case, see [Doo90]. Let us
now recall the definition of a Gaussian process.

Definition 2.2.3. A stochastic process (€(t));>o is said to be Gaussian if for any n € N
and for any finite partition 0 < t; < ... <t, < oo, the Z"-valued random variable
(e(t1),...,€(tn)) is Gaussian.

We now define the covariance and the correlation operators.

Definition 2.2.4. Let Z be a separable Hilbert space with the inner product (-, )z and
(Q,F,P) be a probability space. If the two stochastic processes (X (t))s>0, (Y (f))i>0 €
L2((Q, F,P);Z), then for any t > 0 the covariance operator of X (t) and the correla-
tion operator of X (t) and Y (t) are given by the formulae

Cov(X(2)) = E[(X(1) —E(X (1)) o (X (1) —E(X(1)))], 22.1)

and,

Cor(X(1),Y (1)) =E[(X(1) —E(X(2))) o (Y (1) =E(¥ (1)))], (2.2.2)
respectively, where X oY € L(Z) is defined by (X oY )h = X (Y, h)z for any h € Z.
Definition 2.2.5. A stochastic process (€(t))i>0 is stationary if

1. forallt,s >0, m(t+r)=m(t) and
2. forallt,s,r>0,R(t+r,s+r)=R(,s),
where m(t) = E(&(1)) and R(t,5) = E((e(r) — m(1)) o (e(s) — m(s))).

Definition 2.2.6. A stochastic process (€(t));>o is said to have continuous sample
paths almost surely (or continuous) if the mapping t — €(®,1) is continuous for almost
every @ € Q.

Definition 2.2.7. A stochastic process (€(t))i>0 is said to be F-adapted if €(t) is F;-
measurable for all t > 0.

This concept is defined similarly on any interval I C R™.
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Definition 2.2.8. Consider a filtration (F;);>0 on the probability space (Q, F,P) and
a separable Hilbert space Z. A Z-valued stochastic process (My);>o is called a F-
martingale on an interval I C R™ if the following conditions hold.:

1. (My)ser is (Ft)ser-adapted;
2. E[My] <eoforallt €l;
3. E[M; | F] = M for all s,t € I such thar 0 < s <t,
where E[- | Fy] denotes the conditional expectation with respect to the G-algebra Fs.

A large class of stochastic processes can be assumed to be represented by white
noises, which has the nice property to generate uncorrelated shocks. A white noise
process e(¢) is defined by a stationary stochastic process whose autocorrelation oper-
ator is a Dirac distribution, i.e., for any g,h € Z

E(e(r),g) =0 and E{e(r),g){e(s),h) = 6(t —5){Qg,h), (2.2.3)

where 0 < s <t, Q is a covariance operator. One usually models a white noise process
as the formal derivative (in the sense of distributions, see [Sch57]) of a Wiener process.
Note that the white noise process has mean zero. In this case, we usually say that the
stochastic process is centred.

Definition 2.2.9. Let Z be a separable Hilbert space. A Z-valued stochastic process
(w(1))s>0 is a Wiener process if it satisfies the following conditions:

1. w(0) = 0, P-almost surely;

2. The trajectories w(t) with t > 0 are continuous, that is, the mapping t — w(t, ®)
is continuous for almost every @ € Q;

3. (w(t))i>0 has independent increments, that is, for any finite partition 0 = ty <
... <t < oo, the random variables w(t1), w(ty) —w(t1), ..., w(ty) —w(t,—1) are
(jointly) independents ;

4. For any 0 < s <t, the random variables w(t) —w(s) are normally distributed
with mean 0 and variance (t — s)Q (i.e.w(t) —w(s) ~ N(0,(t —s5)Q)).

Moreover, if we further assume that
* w(t) is adapted to F; for all 7 > 0 and that
* w(t) —w(s) is independent of F; for all 0 < s <¢,

then w(t) is said to be a Wiener process adapted to the filtration (F;);>0. The co-
variance operator Q represents the increments of w(z). It is a self-adjoint nonnegative
trace class operator that characterizes the distribution of w(z). For each u in Z with the
inner product {-,-)z, ({(w(t),u)z);>0 is a real-valued Wiener process.
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Remark 2.2.1. 1. In the literature it is common to call a Hilbert space-valued
Wiener process with covariance operator Q, a Q-Wiener process. Neverthe-
less, for the sake of simplicity and when this is clear from the context, we shall
simply use the term Wiener process.

2. Note that in Definition 2.2.9, the assumption of a trace class covariance opera-
tor is taken. This choice is required for the definition of well-posed stochastic
systems given in Section 3.4. The trace class assumption means that the noise
is colored with respect to the space variable. As a matter of fact, in this case,
the heterogeneity caused by a finite trace operator induces some correlations
in the spatial domain, on which the noise process is operating. For instance,
it excludes the choice Q as the identity operator. Throughout this thesis, we
restrict ourselves to Q-Wiener processes, but it is also of interest to consider
the so-called cyclindrical Wiener process with covariance operator Q such that
Tr[Q] = oo. The definition of a stochastic integral given in Section 2.3 requires
the assumption that Q is a trace class operator, but can easily be extended to
the case of cylindrical Wiener processes. Further details on cylindrical Wiener
processes are available in [DPZ14, Section 4.2.1].

In analogy to the Karhunen-Loeve expansion [DPZ14, Proposition 4.3], a Wiener
process can be represented as an expansion in the eigenvectors of O, which is given in
the following proposition.

Proposition 2.2.1. If (w(t));>0 is a Wiener process, then there exists a complete or-
thonormal basis (v;)ien of Z, such that

w(t) =Y Bi(t)vi, (2.2.4)
i=1
where (Bi(t))ien is a sequence of real independent Wiener processes with increments

(qi)ien such that the series Y52 | q; is convergent in Z.

An approximation of the sample paths of a Q-Wiener process based on the Karhunen-
Loeve expansion is represented in Figure 2.1. One can observe that the sample paths
of the approximated Wiener process are distributed along the spatial domain [0, 1].
In addition, notice that the condition 4 of Definition 2.2.9 is recovered since we can
observe that the standard deviation of the stochastic process is a function of v/z. See
[LPS14, Chapter 10] for further details.

Remark 2.2.2. Observe that there always exists a normal filtration [ (see Definition
2.2.1) to which a Wiener process is adapted. Indeed, let us consider all P-null sets

M:={A e F:P@A)=0}
and let us define

FV =o(w(s):s€0,]) C F, V>0,
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Figure 2.1 — Wiener process: Ar = 0.001 and A = 0.001

as the filtration generated by w(t), which contains all sets of the form
{Ae F:w(s)AeB(Z),0<s<t}, vt > 0.
The augmented filtration given by
F=NoMuFY) (2.2.5)

r>t

is right-continuous and w(r) is still adapted to F := V. In the sequel, the filtered
probability space (Q,F,F,P) will be considered, wherein F defined by (2.2.5) is
normal, i.e., it satisfies the assumptions of completeness and right continuity.

Let us conclude this section by introducing some functional spaces, which will
turn out to be useful afterwards:

LA([0,T); L2 (X)) :={e: Qx [0,T] — X : &(-) is F — adapted and
T
E [ fle(s) s <=}

endowed with the norm HSHZZF([ )= EfoT lle(s)]1%ds,

0,7]x X
C2([0,T); L2 (Q; X)) :={£: Q% [0,T] — X : &(-) is F — adapted and E || &(s) | %,
E||&(s)||3 are continuous}

endowed with the norm HeH(z?]%([().T]'LZ(Q'X)) = S[lép]E”E(I)H%( and
R ? te[0,T

M3([0,T);Z) := {M :[0,T] — Z : M(-) is a continuous F — adapted martingale,
M(0)=0and sup E|M(t)||% < e}

t€[0,7]
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%, which is a Banach space. In or-

endowed with norm ||M||i/l2 = sup E||M(®)|
r te[0,T

der to simplify the notations, we denote the first two spaces by LZ([0,T]; X') and
CI% ([0,T]; X), respectively.

Remark 2.2.3. Completness of the probability space (Q, F,F,P) and normality of the
filtration I will be assumed to hold throughout this thesis. The theory of stochastic
integration is usually developed under these assumptions for convenience. In [DM11],
the authors stress the impact on general results of probability theory when these as-
sumptions are suspended.

2.3 Stochastic integration

This section is devoted to a short introduction to the theory of stochastic integration
with respect to Wiener processes in Hilbert spaces. The theory developed herein is for
stochastic integrals with respect to a Hilbert-space valued Wiener process, which are
also called It6 integrals. Notice that we restrict ourselves to the case of non-random
integrands. Most of this section is based on [DPZ14, Chapter 4], and [Cho14]. For
further reading, we refer to these books.

Let (Q, F,P) be a complete filtered probability space with a normal filtration F :=
(Fi)i>0- Let X and Z be separable Hilbert spaces and let us consider a Z-valued
Wiener process (w(r));>0 with covariance operator Q as described in Definition 2.2.9.
Here, the operator Q € £(Z) is assumed to be self-adjoint, nonnegative and to satisfy
Tr[Q] < oo, where Tr denotes the trace operator of Q defined by (2.1.5). Denote by Z;
the range of the space Z by the square root of the covariance operator: Zy := o'/ 2(2),
which is a subspace of Z equipped with the norm || -||o associated with the inner
product

(u,v)o = (Qil/zu,Q”/Qv)Z, u,v € Zy,

where Q~!/2 denotes the pseudo-inverse of Q'/2 defined as
(/%) ly = argmin{||z||z 2€2,0"%7= y} forally € Ran Q'/2.

The range Z := Q'/2 (Z) is called the reproducing kernel or Cameron-Martin space of
the process (w(t))r>0.

Proposition 2.3.1. The space of Hilbert-Schmidt operators L3 := L»(Zy, X ) equipped
with the norm

ITII7y = ITQ" 2|17, z.2) = THTQ"*(TQ"?)"] = TH{T QT"] 2.3.D)

forany T € Lg is a separable Hilbert space.

Proof. For the proof, we refer to [Kuo75, Theorem 1.3]. O
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We can now turn our attention to the stochastic (It6) integral definition. As proved
by Dvoretski, Erdos and Kakutani, real-valued Wiener processes ({(w(t),z));>o for
each z € Z are nowhere differentiable, see [Bre68, Theorem 12.25]. Hence, an inte-
gral with respect to a Wiener process cannot be defined by pathwise integration in the
Lebesgue-Stieltjes approach by considering @ as a parameter, even with a determin-
istic integrand.

First let f(7) be a L(Z, X')-valued step function with ¢ € [0,T]. f(¢) is a step func-

tion if there exist a partition 0 =ty < #; < ... <t, = T and L(Z,X)-valued functions
{ f,'}l'-';()] strongly measurable such that

n—1
) =Y Sl @), €[0T, (23.2)
i=0

Then the stochastic integral of the step function f(¢) with respect to (w(z)),;>0 is given
by

/ Fo)dwe Zf, wltisr) —w(t)] € X, (23.3)

which also leads to
/f Ydw(s Zf, w(tig At) —w(t; A1)] ZﬁAw, t€[0,7],
2.3.4)

where t; At := min(¢;,1). We denote the linear space of step functions by E.

Theorem 2.3.2. Consider f as a L(Z,X)-valued step function such that
fOT ||f(t)||iodt < oo, The stochastic integral I1(f) defined by (2.3.4) is a continuous,
2

square integrable X-valued martingale on [0,T] and the following holds:
1. E [y f(s)dw(s) =0;
2. E| fo f(s)dw(s)|k = Jo Tr[f(s)Q2(f(5)Q"/?)"] ds, 1 €[0,T).

Proof. For the proof, we refer to [DPZ14, Proposition 4.20] or [Cho14, Lemma 3.2].
O

In the literature, the identity 2 is called the It&’s isometry. It shows that the stochas-
tic integral is an isometry transformation from the space of £(Z, X')-valued step func-
tions to the space of X'-valued square integrable martingales denoted by M%

Corollary 2.3.3. Let us consider L(Z,X)-valued step functions fi and f, such that
forany t1,1, € [0,T), [3""*(fi (5); f2(s)) gds < oo Then

E {(/Oll fi (s)dw(s%/Olzfz(s)dw(s»x} = [/OIIMZ Tr(fi(s)Qf(s)]ds|. (23.5)
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Proof. 1t is a direct consequence of the It6’s isometry. O

Since M% is a Banach space, we may extend the isometry I(f) : E — M% to the
abstract completion of E. This extension remains isometric and is unique. This will
be done in the subsequent step.

The next step is to extend the definition of the stochastic integral to a larger class of
integrands taking values in L) such that fOT [1£(s)] |i0ds < o, Since the step functions
2

are dense in
2 0 0 T 2
AZ0T3Y = {1077 18+ [ 176) s <.

for any f € L,([0,T];L£(Zy,X)) there exists a sequence of step functions f, such
T
that lim/ [l f(s) — fn(s)Hiods = 0, see [DPZ14, Proposition 4.22]. As a conse-
n—oo J 2

quence, the definition of the stochastic integral can be extended to any function f €
N2([0,7]:L9).
The stochastic integral of f € N2([0,T];L9) with respect to a Wiener process w(t) is
then defined by

t t
/ F(s)dw(s) = lim / fls)dw(s),  1€0,T]. (2.3.6)
0 n—e Jo
Theorem 2.3.2 and Corollary 2.3.3 still hold for the stochastic integral of A/2([0, T];L9)
integrands. This is summarized in the following theorem.

Theorem 2.3.4. Let f € N2([0,T);L9). Then the stochastic integral defined by (2.3.6)
is a continuous, square integrable X -valued martingale on [0,T], and

1. E ] f(s)dw(s) =0;
T T
2 B [ f6aw(s)lf = [ 190" ()0 ) s
0 0
_ [ 2ds < T ' 7,d
= [ rolRgs < 10) [ 151, ds
Proof. This can be shown by applying Theorem 2.3.2 via a sequence of simple func-

tions. For further details, we refer to [DPZ14, P. 98]. O

Several results from the Bochner integration have their natural counterparts in
stochastic integration.

Lemma 2.3.5. [DPZI4, Proposition 4.30]

Consider a family of bounded linear operators (f(s))s>0 on the Hilbert space Z and
let A:D(A) C X — X be a closed linear operator. If f(s)Q'/*(Z) C D(A) for all
s € [0,¢] and if the following conditions hold:

[ 1) gds <o 237)
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and

[ 1A Eyds < 238)

then [} f(s)dw(s) € D(A) and A [ f(s)dw(s) = [o Af(s)dw(s) P-a.s.

For further details, we refer to [DPZ14, Section 4.2].
In order to study port-Hamiltonian systems driven by additive noises, we need to de-
fine a stochastic integral of the form

/0 " S(t.5) £ (s)dw(s), (2.3.9)

where S : [0,7] x [0,7] — L(X) is bounded and strongly continuous for s,7 € [0,T].
The special case S(t,s) = S(t —s) is of great importance and is called the convolutional
stochastic integral.

Theorem 2.3.6. Consider a Cy-semigroup (S(t));>0 whose the operator A is the in-
finitesimal generator. If

[ 5676 s = [ 176)005(5)76)) s <

then the process Wa(t) := [5S(t —s5)f(s)dw(s) € C([0,T);L*(Q; X)) is a Gaussian
process with covariance

Cov(Wa(T) = | U IS(T = ) (5)QUS(T — 5)£(5))"]ds: (2.3.10)

2.4 Some useful tools

In this section we state two important theorems related to stochastic integrals. We first
present the stochastic counterpart of Fubini’s theorem, taken from [DPZ14, Theorem
4.33]. Let F be amap from [0,7] x [0,T] — L(Z,X). F(s,t) € L(Z,X) is said to be
strongly measurable if F(s,)z is measurable for all z € Z and we denote B(L(Z, X))
as the smallest c-algebra of subsets of £(Z,X), F~'(A) = {F € L(Z,X): Fz € A}
forall A € B(X).

Theorem 2.4.1. Let Z and X be separable Hilbert spaces. If the map F : [0,T] X

0,T] — L(Z,X) is strongly measurable and [; [, ||F(s,t)||2£(zyx)dsdt < oo, then

/ ' / " F(s,t)dw(s)de = / ' / " F(s,1)drdw(s). 24.1)

Another important tool that is worth mentioning is Itd’s formula, see [DPZ14,
Theorem 4.32]. This formula will play a key role in the seeking of an energy equality
for stochastic port-Hamiltonian systems.
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Theorem 2.4.2. Let ¢(s) be a X-valued, Bochner integrable mapping on [0,T), H €
Lg, and let Xo be an Fy-measurable, X -valued random variable. Then

X (1) ::X0+/Ot¢(s)ds+/0tHdw(s), t € [0,7]

is a well-defined stochastic process. Let f :[0,T] x X — R be a continuous function
satisfying:
1. f(t,x) is differentiable in t and f}(t,x) is continuous on [0,T] X X;

2. f(t,x) is twice Fréchet differentiable in x, f.(t,x) € X and f].(t,x) € L(X) are
continuous on [0,T] x X.

Then P-almost surely, for all t € [0,T]
F6X) = FOXO)+ [ (X (), Hlw()x
+[HEXE)+ L6X0) 06 4D

5 T (s X () (HQY) (1 Q') ds.



Chapter

Stochastic port-Hamiltonian
systems on infinite-dimensional
spaces

Over the last decade, the stochastic counterpart of port-Hamiltonian systems has be-
gun to attract more consideration. This is motivated by the presence of uncertainties
and external random fluctuations for dynamical systems operating in random envi-
ronments. Examples of disturbances are wind gusts, environment turbulences, unpre-
dictable fluctuations in the line voltage, fluctuations of the environment temperature
or reaction parameters uncertainty. In order to capture the stochastic nature of these
neglected effects, the class of stochastic port-Hamiltonian systems is introduced.

The concept of stochastic Hamiltonian systems was first introduced in [LCOO08]
on Poisson manifolds. In that paper, conserved quantities and underlying geomet-
ric features are characterized. On finite-dimensional spaces, the class of nonlinear
time-varying stochastic port-Hamiltonian systems was introduced in [SF13] as the
stochastic extension of [MvdS92]. In [SF13], Satoh and Fujimoto depicted the per-
formance degradation and the possible nonstabilization of control systems resulting
from stochastic disturbances by considering the problem of controlling a rolling coin
on a horizontal plane. Besides, a passivity-based stabilization method via a stochastic
generalized canonical transformation is proposed. Afterwards, this method was im-
proved to encompass a wider range of stochastic disturbances, notably input noise,
and was applied to stabilize continuous stirred tank reactor processes with stochastic
phenomena in [FG17]. Further stabilization methods for finite-dimensional stochas-
tic port-Hamiltonian systems can be found in [SS14] and [Satl17]. More recently,
in [HRJ18], a stochastic extension of the passivity-based control framework as pro-
posed in [OvdSMEO02] and [OvdSME99] was developed for nonlinear stochastic port-

45
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Hamiltonian systems.

So far, most of the literature devoted to stochastic port-Hamiltonian systems (SPHSs)
sticks to euclidean state spaces. Recently, a stochastic extension of linear infinite-
dimensional first order port-Hamiltonian systems [LZMO05] was proposed in [LW17b].

The main purposes of this chapter are to introduce the new class of boundary con-
trolled and observed stochastic port-Hamiltonian systems governed by Itd stochastic
differential equations (SDEs) on functional spaces and to study some properties of this
new class of stochastic systems. The Sections 3.1, 3.2 and 3.3 are based on the results
presented in [LW17b].

This chapter is organized as follows. In Section 3.1, stochastic port-Hamiltonian
systems with boundary control and observation are introduced. In Section 3.2, the
existence of mild and strong solutions is established with a similar approach as in
[CP78]. Next, the passivity concept is extended to infinite-dimensional stochastic
systems and is investigated for SPHSs. Section 3.4 is devoted to the extension of the
well-posedness concept to boundary controlled and observed stochastic systems. To
be more specific, we shall focus on the well-posedness of SPHSs and the verification
of this property for this specific class of stochastic systems that is considered here. To
conclude this chapter, the theory will be illustrated on an example of a vibrating string
subject to some external random force modelized by a space and time Gaussian white
noise process.

3.1 Stochastic port-Hamiltonian systems

Let (Q, F,F,P) be a complete filtered probability space, wherein F is a normal filtra-
tion. To emphasise the distinction between deterministic and stochastic port-Hamil-
tonian systems, we shall denote the state as x(¢) and &(¢) for deterministic and stochas-
tic versions, respectively. The state is denoted as a space and time dependent stochastic
process &({,¢) on the state space X' := L?([a,b];R"). The class of first order linear
stochastic port-Hamiltonian systems is governed by the following form of stochastic
partial differential equation (SPDE for short) of the form

%(CJ) =P ;C("H(C)S(CJ)) +RH(E)e(S,1)+ (HN(1))(S), (3.1.1)

where P; € R"*" is invertible and symmetric (PIT = Py), Py € R"™" is skew-symmetric
(Pl = —Py) and H € L™ ([a,b]; R™") is self-adjoint and satisfies ml < H (&) < MI for
all § € [a,b], for some constants m, M > 0. The system’s noise 11 : Q@ x [0,T] — Z
is a Gaussian white noise process taking values in a Hilbert space Z with intensity
H € L(Z,X) and covariance Q € L(Z).

The class of stochastic port-Hamiltonian systems (SPHSs) is interacting with its envi-
ronment by means of ports located at the boundary of the spatial domain. The class
of system under consideration is assumed to be controlled at the boundary (boundary
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control) and on small intervals inside the spatial domain (distributed control). This
entails that energy exchanges occur either at the boundary and/or inside the domain.

Based on Definition 0.3.1, let us explicit the class of boundary controlled and observed
(BCO for short) stochastic systems. This class of stochastic systems is described by
equations of the form:

de(t) = (Ae(t) + Byuy(t))dt + Hdw(t), €(0) = g,

u(t) = Be(t),
y(t) =Ce(r), (3.1.2)
ya(t) = ByHe(t),

where £(1) € X, uy(t) € R, u(t) € R™, y(t) € RP,y4(t) € RX. Let us recall that the
distributed control operator B; € L(IR¥, X) represents the action of the inputs u4(t) on
a spatial domain and y,(¢) is the corresponding power-conjugated output (with respect
to inner product (-,-) ). The boundary control operator BB represents the action of the
inputs u(z) pointwisely only at the boundary of the spatial domain. As already stated,
the operators A, BB and C are assumed to be unbounded linear operators on the state
space X.

Definition 3.1.1. A BCO stochastic system is a stochastic system described by (3.1.2)
which satisfies the conditions of Definition 0.3.1.

To give a complete characterization of the considered class of SPHSs, some bound-
ary controlled and homogeneous conditions are added to the SPDE (3.1.1) as follows:

u(r) = W, [ K } 0="Ws> { L }

where the boundary port-variables f; () and e, (¢) are given by (1.1.4).
This yields the following definition of BCO stochastic port-Hamiltonian systems.

Definition 3.1.2. A boundary controlled and observed stochastic port-Hamiltonian
system is a BCO stochastic system, which is described by

de(t) = (Ae(r) + Baug(t))di + Hdw(t),  (0) = &, (3.1.3)
) =was | 2400 | = Bleto), (3.1.4)
0=WB.2[28 } (3.1.5)
0y =we| 20 ] =clew), 316
yalt) = BHe (), 317)

where Wp := [ wii ] € R and We € RP*?", A is a linear operator given by

Ag = PI%(He) + Py(He) (3.1.8)



48 CHAPTER 3. STOCHASTIC PORT-HAMILTONIAN SYSTEMS

=)
(3.1.9)

and B : D(B) — R™ is a linear operator, with the same domain
D(A) := {e(t) € X : He(t) € H' ([a,b];R") and W2 { ‘2
= D(B).

The class of SPHSs introduced in Definition 3.1.2 is the stochastic extension
(with distributed disturbance) of deterministic port-Hamiltonian systems described
by (1.1.26). Depending upon the control problem considered, pure boundary or dis-
tributed control can be regarded as particular cases of Definition 3.1.2.

To study the state equation (3.1.3) with the boundary conditions (3.1.4) and (3.1.5),
we make the following assumptions.

Assumption 3.1.1. The matrices Wy and W¢ are full rank, Wg satisfies WBZWBT >0

W1 |
and rank { We }7m+p.

Assumption 3.1.2. H € L), i.e. |H|} := Tr[HQH"] < oo, which ensures that the Ito
2
integrals [ Hdw(s) and [{ T (t —s)Hdw(s) are well-defined.

Note that the boundedness of the control operator B; yields a well-defined and
continuous input-output mapping with respect to (u,4(¢),y4(¢)). Hence, unless stated
otherwise, we shall set B; = 0 (pure boundary control and observation) throughout the
rest of this chapter, without affecting the validity of the results herefater.

From [JZ12, Theorem 11.3.2], it is known that the SPHS (3.1.3)-(3.1.5) is a bound-
ary controlled stochastic system as specified in Definition 3.1.1, and thus the change
of state variables: X ({,1) = €({,r) — Bu(r) applied to (3.1.3) leads to an associated
SDE given by

dX(t) = (AX(t) — Bu(t) + . ABu(t))dt + Hdw(t),

X(0) = Xo. (3.1.10)

Definition 3.1.3. A Hilbert space-valued process (X(t));cpo,r] is said to be a mild
solution of (3.1.10) with respect to (w(t)),e(0,1] if

1. X(t) is F-adapted;

2. X(t) € C([0,T]; L*(Q; X));

3. Forallt € 0,T], P(o € Q: [T |X(w,1)|%ds <o) =1 and

X(t) = T(t)Xo—&-/OtT(t—s)(.ABu(s) —Bu'(s))ds—i—/otT(t—s)Hdw(s).
G.1.11)



3.1. STOCHASTIC PORT-HAMILTONIAN SYSTEMS 49

Theorem 3.1.1. Consider a stochastic port-Hamiltonian system (3.1.3)-(3.1.5) as in
Definition 3.1.2, satisfying Assumptions 3.1.1 and 3.1.2. In this setting, the mild so-
lution of (3.1.10) is represented as state trajectories of a stochastic process given by
(3.1.11) and satisfies the following estimate: for anyt > 0, there is a constant K(t) >0
such that

EIX(1) 5 < K(1) [E X0l +E 1 o m + 7710 (3.112)
where || - || 1 j0.0.mm) = Joll - llrmds + [y ||%||Rmds. Moreover, if u is deterministic
such that u(t) = BE[X (¢)], for everyt > 0:

1. The mean of X (t) is governed by the abstract differential equation (ADE)
iy (t) = Amx (t) + ABu(t) — Bu(t), (3.1.13)
whose mild solution is mx (t) = T (t)mx, + [3 T (t — s)(ABu(s) — Bu(s))ds.
2. The variance of X (t) is governed by the Lyapunov type ADE
Cov(X(t)) = ACov(X (1)) +Cov(X (t))A* + HQH", (3.1.14)
M;hose mild solution is Cov(X (t)) = T (t)Cov(Xo)T (t)* + J§ T (t —s)HQH* T (t —
s)*ds.

Proof. The existence and uniqueness of a mild solution can be directly deduced by
using a probabilistic fixed point argument and its expression is obtained from the
variational constant formula (3.1.11). The estimate is obtained by using It6’s isometry
and the boundedness of the operators 4B, B and H € Lg:

1 t
E (X ()| :]EHT(t)Xo+/O T(tfs)(.ABu(s)fBu(s))der/O T(t — s)Hdw(s)|%
ot
0 <3EXo [ +3E | | ABu(s) — Ba(s) s + 30| HIfy
< K0) [ENXol +E )21 g0 5m) + THO]]

X (t) given by (3.1.11) is [F-adapted since W4 () and u(r) are F-adapted, and Xy is Fo-
measurable. The mean-square continuity of X (¢) is a straightforward consequence of
the mean-square continuity of Wy (z), see Theorem 2.3.6.

Using the vanishing property of the stochastic integral and the fact that Xy has mean
my,, (3.1.13) is obtained.

Using the independence of Xy and w(t), (3.1.14) is deduced by Leibniz’ differentiation
rule. O

Remark 3.1.1. 1. Theorem 3.1.1 also holds for general BCO stochastic systems
as defined in Definition 3.1.1.

Dlla-t b+ el <3lal +35% + 3l witha,b,c € X
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2. Since the mean and the covariance operators determine the Gaussian distribu-
tion of the process X(¢) given by (3.1.11), one can compute the distribution of
X () by solving the SDEs (3.1.13) and (3.1.14).

Theorem 3.1.2. Assume that the stochastic port-Hamiltonian system (3.1.3)-(3.1.5)
satisfying Assumptions 3.1.1 and 3.1.2 admits a mild solution X (t) given by (3.1.11).
Then X (t) has continuous sample paths.

Proof. Since we already know that the Bochner integral [ T (t —s) (ABu(s) — Bu(s) )ds
and T ()Xo are continuous, it remains to prove that [ 7'(t — s)Hdw(s) is continuous,
P-a.s. By making use of the Sz-Nagy-Foias theory of dilations [SN53] as done in
[HSO1], there exists a larger Hilbert space X7 on which the contraction Cy-semigroup
(T (t)):>0 has a unitary dilation (7'(z)),>0. Besides, the state space X is embedded as
a closed subspace of X} and (T'(r)),> is a strongly continuous unitary group on X}
with T(¢) = PT (¢) for allt > 0, where P is the orthogonal projection of X} onto X'. We
denote the infinitesimal generator of (7'(¢)),>0 by A. Hence the stochastic convolution
of the operator A can be decomposed as

/ths)Hdw = /T s)Hdw(s). (3.1.15)

Notice that the sample path continuity of [ 7'(t —s)Hdw(s) is directly deduced from

the continuity of [j 7'(—s)Hdw(s). It is known that if [fé ||T(fs)H||iods < oo, then
2

Jo T(—s)Hdw(s) is continuous. The continuity of the orthogonal projection P implies

that the stochastic convolution term [ T'(t — s)Hdw(s) has continuous sample paths,
which concludes the proof. O

Remark 3.1.2. In proof of Theorem 3.1.2, observe that [T (—s)Hdw(s) is well-
defined since

/ T[T (s)HQH" T (s)]ds = t TH[HOH"] <

Unfortunately, the stochastic convolution Wy (¢) is no longer a martingale, and
thus the Itd’s formula cannot be applied directly to mild solutions. This implies that
applying It6’s formula to determine the Hamiltonian SDE requires stronger concepts
of solution. In the next section we establish existence and uniqueness theorems for
weak and strong solutions.

3.2 Existence and uniqueness theorems of weak and
strong solutions

To trace the first studies of solutions of stochastic partial differential equations, we
need to go back to [Bak63]. In this paper, the author proved existence theorems
for both stochastic parabolic and hyperbolic equations by rewriting them as integral
equations. This originates the semigroup approach that was developed afterwards for
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existence results of weak and strong solutions for SPDEs, notably by Bensoussan,
Pardoux, Rozovskii, Curtain and Pritchard, among many others.

The notions of weak and strong solutions considered in this work have the same spirit
as those defined for deterministic PDEs. Note that different meanings of weak and
strong solutions with a probabilistic point of view are also available in the literature.

First, we investigate the concept of weak solution, which is obtained by applying
z € D(A*) to both parts of the SDE (3.1.10).

Definition 3.2.1. A X-valued process (X(t));co,r) with T > 0 is said to be a weak
solution of (3.1.10) with respect to the Wiener process (w(t));e(o,r] if the trajectories
X (1) are P-a.s Bochner integrable and if for all z € D(A*) and t € [0,T]

(X(1),2)x = (Xo0,2) x +./0‘t [(X(s),A"2) x + (ABu(t) — Bu(t),z) x| ds
+(Hw(t),2) x, P—a.s.

(3.2.1)

Theorem 3.2.1. Consider a stochastic port-Hamiltonian system (3.1.3)-(3.1.5) and
let Assumptions 3.1.1 and 3.1.2 hold. Then for every input u € Cx([0,T];R™), Hep €
H'([a,b];R") and u(0) = Wp [ 2 Egg }, the stochastic differential equation (3.1.10)
admits a unique weak solution given by (3.1.11). Since X(t) defined by (3.1.11) is
almost surely integrable, the mild and weak solutions coincide.

Proof. From [JZ12, Theorem 10.1.8], it is already known that x(¢) given by
!
x(r) =T (t)xo +/ T(t —s)(ABu(s) — Bui(s))ds, t>0
0
is the unique weak solution of

x(t) = Ax(t) + ABu(t) — Bu(t), x(0) = xo. (3.2.2)

Therefore, it is enough to prove that the process [j T (¢ — s)Hdw(s) is a unique weak
solution of
dX(t) = AX(t)dt + Hdw(t), X(0)=0. (3.2.3)

with # > 0. For this we refer to the proof of [DPZ14, Theorem 5.4] O

Generally speaking, the strong solution requires more restrictive conditions such
as taking values in D(A). Therefore, the usual way of defining the solution by inte-
grating both parts of the stochastic equation (3.1.10) can be applied.

Definition 3.2.2. A X-valued process (X(t));cjo,r) with T > 0 is said to be a strong
solution of (3.1.10) with respect to the Wiener process (w(t))c|o,r) with the covariance
operator Q satisfying TrQ < oo if

1. X(t) belongs to D(A) a.s. and is adapted to TF;
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2. X(¢) is continuous int € [0,T] a.s.;

3. Jo AX (s)||ds < oo P-a.s and the process (X (t))c(o.7] is given by

X(t)=Xo+ /Ot (AX (s) 4+ ABu(s) — Bu(s))ds + /Ot Hdw(s), P—a.s.
(3.2.4)

Observe that ABu(s) — Bu(s) € D(A) = D(A) NKer3 would be too restrictive on
u(t). See for instance the example in Section 3.4.2, where u = 0 would have to be
taken. As a consequence, the SDE (3.1.10) does not admit a strong solution. To
encounter this issue, we shall extend the state space X and introduce a family of ap-
proximate systems by using the Yosida approximate. The rationale is then based on a
limiting argument. The extended state space is defined as X' := R & X', where the
(extended) state is defined as X¢(¢) := ( u(t) X(¢) )T and ii(¢) = u(¢). The approx-
imating system of (3.1.10) is given as follows:

X (t) = ( o >Xe(t)dt+( ! >1Z(t)dt+( . >dw(t). (3.2.5)

0 0
AB A

D(A) and D(B°) =R™ and H® = [

Let us define A := ( ) and B := ( _IB ) with domains D(A¢) = R" @

0
H
1 0
S@) T(@)
all u(¢) € R™. To build a family of approximating systems having strong solutions, let

us introduce the following Yosida approximate control operators for all A € p(A°):

} . The operator A° is the infinitesimal generator

of a Cy-semigroup T¢(r) = ( ), where S(t)u := [ T(t — s).ABu(s)ds for

BS :R™ — X :ii — By i := AR(A,A%)B i, (3.2.6)
where the resolvent operator R(A,A¢) = (A1 —A¢)~ 1.

Theorem 3.2.2. Consider the stochastic port-Hamiltonian system (3.1.3)-(3.1.5) sat-
isfying Assumptions 3.1.1 and 3.1.2. In addition, we assume that HQ'/? (Z) c D(A)
and that Xo € D(A). If the following condition holds for all t > 0:

1
/ AT (t — $)H |7 ods < oo; (3.2.7)
0 2
then for all A € p(A°),

dX5 (1) = A°XS (1)dt + B i(t)de + Hedw(r);  X°(0) = ((u(0) Xo )" € D(A),
(3.2.8)
has a unique strong solution X3 (t) with respect to w(t), where B i = AR(A,A¢)B‘ii
forall i € R™, such that
sup E X5 (s) —X¢(s)[| 3 — O as A — oo, (3.2.9)

0<s<t

where X°(t) is the mild solution of (3.2.5).
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Proof. First, notice that the uniqueness is a direct outcome of the uniqueness of the
mild solution of (3.2.5). Thus, only the existence of a strong solution needs to be
showed for every ¢ € [0,T]. X5 (¢) € D(A®) and X7 (t) given by

t t
ﬁ@ﬁﬂﬂﬁ%+/T%—Q%ﬂ@ﬁ+/T%—@H%MQ (3.2.10)
0 0
satisfies the integral equation
ot 1
q@:wféwﬁ@+ﬁﬂmmﬁémm@. 3.2.11)
Since X§ € D(A®), we have that T7°(¢)X§ € D(A) by the first part of [JZ12, Theorem
5.2.2]. Moreover, for any i € Lz([O, T1];R™), once more from [JZ12, Theorem 5.2.2],
we obtain that [ 7¢(¢ — 5)Bii(s) ds € D(A°). Eventually, Lemma 2.3.5 entails that
Jo T (t—s)Hdw(s) € D(A) and that A [{ T (t —s)Hdw(s) = [§ AT (t —s)Hdw(s). This
implies that [j 7¢(t —s)Hdw(s) € D(A®) and thus proves that X§ (1) belongs to D(A¢).

In order to prove that X7 () satisfies (3.2.11), we mainly base the following rational
on [Liu05]. From the stochastic Fubini Theorem 2.4.1, we have that

//AeTe v)H dw(v )ds—/ /AeTe —v)H¢dsdw(v)
—/ Té(t —v)H dw(v /Hedw (3.2.12)

Moreover, by stochastic Fubini’s Theorem once again,

/(:/OSAeTe(s—v i(v )dvds-/ / A°T*(s—v)BS i(v)dsdv
7/ T°(t —v)BSi(v)dv

—ABW@MV (3.2.13)
By applying A¢ to both sides of (3.2.10) and by integrating on [0,7], we get that
! ! ! S
/Mﬁ@m:/ﬁﬂ@%¢+//AW%—mmmMm
0 0 0 Jo
t s
+/ / A°T®(s—v)BSi(v)dvds.
0 Jo

Using the relations (3.2.12) and (3.2.13), it follows that

(3.2.14)

which means that X7 (¢) satisfies the integral equation (3.2.11).
Moreover, the continuity of X7 (¢) can be deduced from the continuity of JoHedw(s),
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and since A°X{ (1) is assumed to be integrable, [jA°X (s)ds has continuous sample

paths.

We know that }im AR(A,A®)z =1z, z € X°. Therefore, since (T(¢));>0 is a contraction
—yo0

Co-semigroup and by using || AR(A,A¢)|| < 2 for A large enough, we have that
t
sup EX5(5) = X(5) e < [ B (1= AR, A)B(r) e
0<s<t 0
So, E [|X% (s) — X*(s)||5 — O uniformly on [0,7] as A — oo O

Remark 3.2.1. The condition [; [|AT (r —5)H||7ods < o ensures that the stochastic
2

Fubini Theorem 2.4.1 can be used. This condition can be replaced by the stronger as-
sumption that AH 0'/2 is a Hilbert-Schmidt operator, i.e. AH 0'%2¢el, (Z,X). Indeed,
note that

t t
[ 1A=y = [17(—9aHQ" > s
t
= [T aHQ 2 s
t
< |AHQ' PR, [ IT(9)|Pds <=
0

We now determine the SDE governing the evolution of the energy of SPHSs. By
applying the It6’s formula to the SDE (3.1.3) with u(z) = 0 and u,(¢) = 0, we get the
following balance equation

dE(t) = (EL(g(t)),A€(t)) 2dt + (Ey(e(t)),Hdw(t)) 2 + % Tr [E)’C;(s(t))HQH*} dt.
(3.2.15)

The diffusion term Hdw(z) can be interpreted as the incremental work of an exter-
nal force representing the uncertainty about the environment in which the system is
operating. The power supplied to a stochastic port-Hamiltonian system by a random
component can be represented as

(Hx, Hdw(t)) 2 = (H*H,dw(t))z = (z2(¢),dw(t))z, (3.2.16)

where z(¢) consists of a further power-conjugated output disturbance. In the next
result, the energy increments due to the Wiener process w(t) are explicited.

Proposition 3.2.3. The expected energy increment with respect to the Hamiltonian
E(t) due to the noise effect is given by

E[dE(g(t))|eo = x] — dE(E[e(t)|eo = x]) = %Tr[’HHQH*}dt, (3.2.17)

where £(t) is the stochastic port-Hamiltonian process defined by (3.1.3)-(3.1.6) with
u=0, ug =0 and starting at x € X.
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Proof. First, we compute the expected value of the energy of the process €(¢) starting
at x. Applying It6’s formula, we have

E*[dE(e(1))] = E*[(Ey(e(1)),Ae(1)) 2dt -
2.1
+(EL((t)),Hdw(t))2 +%Tr [EL.(e(t))HQH™] d1]. ( )

Noticing that the first and second Fréchet derivatives are given by EL(€(z)) = He(t)
and E/.(g(r)) = H. Moreover, since the expectation of the Wiener process increments
vanishes, one gets

E*[dE(e(t))] = E*(He(t),Ae(t))2dt + %Tr [HHQH™|dt
=E[f5(t) ey (1)]dr + % Tr[HHQH"dt, (3.2.19)
where e and f; are given by (1.1.4).

Second, we compute the expected value of the energy E at time ¢ without noise, which
gives

dE(E*[e(1)]) = f5(t) ey (t)dt. (3.2.20)
Finally, by subtracting (3.2.20) from (3.2.19) we get (3.2.17), i.e., %Tr [HHQH*] rep-
resents the expected energy increment due to the noise effect. O

The energy increment %Tr [HHHQH*] highlighted in Proposition 3.2.3 is a direct
consequence of the diffusion part generated by w(¢) and is specific to the It6 calculus
chosen here. Notice that this energy increment is somehow hidden in the Stratonovich
theory of integration. For the definition of the It6 integral, we have considered the left
extremity #; value of the integrand on each interval [f;,7;11], see (2.3.3). Whereas for
the Stratonovich integral, the middle point ti+g+' is considered. In the case of addi-
tive noise (considered here) the two coincide. For further details on the Stratonovich
integral in Hilbert spaces, we refer to [DW 14, Chapter 4].

3.3 Passivity of stochastic systems

The notions of dissipativity and passivity have been the object of a lot of attention over
the years. In this section the concept of passivity is generalized for stochastic systems.
When one wants to extent the passivity property of deterministic systems to stochastic
ones, the following questions beg naturally:

* Which regularity conditions must the storage function satisfy?
* With what the time derivative should be replaced?

Let us consider the dynamical system (0.4.1) driven by some Wiener process w(t),
which yields

QU
e

—
-~

S~—
Il

FX@),ult))dt +Hdw(t),  X(1) e X,

y(t) = g(X(1),u(r)), u(t) €UY(1) €Y. (3.3.1)
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In order to define the notion of passivity for stochastic systems, we define the infinites-
imal generator of stochastic processes.

Definition 3.3.1. The infinitesimal generator L of a stochastic process (X (t));>0 with
an initial condition X (0) = x is the linear operator given by
E¥[f(X(r))] —

t—0t t

and acts on the set of Ito functionals
Co(X) = {f € C(X): f € L(X), fr € L(X, L(X))},

that lies in

D(L) = {f €Cp(X): lim Ex[f(X(tt))] AL exists }

t—0t

Notice that the operator £ given by (3.3.2) is the generator of the stochastic Koop-
man family

Us(f(x)) = EX[f(X(1))]. (33.3)
The stochastic Koopman family is also known as the transition semigroup for Markov
processes, see [DPZ14, Chapter 9].

According to Itd’s formula, the SDE of a storage function S € Cﬁ(z’\,’ ) is given by

dS(X(¢)) = L(S(X(¢)))dt + (S;(x(t)),Hdw(t»Lz, (3.34)
where J . 2
L(:):= (%,f(X(t),u(t))) + 2Tr{ d;)HQH*} . (3.3.5)

The action of the generator £ on f € Cg(/'\,’ ) can be deduced by using (3.3.2), and
applying I1t6’s formula and the property that the expectation of a stochastic integral
vanishes (see Theorem 2.3.4). A detailed proof for the real case Cl%(]R) can be found
in [Hol08, Section 3.3].

The diffusion operator £ plays a similar role to the differentiation operator for
deterministic systems. Roughly speaking, the time derivative is replaced by the ex-
pectation of the time derivative for stochastic dynamical systems.

The passivity for infinite-dimensional stochastic systems (3.3.1) can now be defined.

Definition 3.3.2. The stochastic system (3.3.1) is said to be passive (with respect to
the supply rate s(u,y) = u’y) if there exists a function S : X — R, called the storage
function, such that S € Cg()(' ) satisfies for all t > 0,

LS(X(1)) <u (2)y(r). (3.3.6)
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Yo (t) 29 ua(t)

Figure 3.1 — Interconnection of passive systems: u = uj; +y; and y =y; = up

Remark 3.3.1. 1. Taking the expectation, integrating both sides of (3.3.6) and us-
ing Itd’s formula, passivity can be expressed in terms of expectation:

E /O T (5)y(s)ds > /0 "EL(E(X(s)))ds
=E[EX(t)) - E(X(0))].

The integral E [ju” (s)y(s)ds represents the expected supplied energy to the
system. Hence, passivity means that a stochastic system cannot store in mean
more energy than supplied.

2. If (3.3.6) holds with equality, then the stochastic system (3.3.1) is said to be
lossless with respect to the supply rate u (t)y(¢). The energy is a conserved
quantity.

3. Deterministic passive systems can be seen as a special case of stochastic passive
systems in the sense that when H = 0, the diffusion operator reduces to the time
derivative, and then the deterministic definition of passivity is recovered.

The passivity fundamental result, namely that a negative feedback loop of two
passive systems is again passive, has its stochastic counterpart. This is illustrated in
Figure 3.1.

Proposition 3.3.1. Let us consider two passive stochastic systems X1 and X, with
corresponding inputs uy,uy and outputs y1,y>. The negative feedback interconnection
given by

U=uy+y and Up=y =y (3.3.7)
of X1 and X, yields a new interconnected passive stochastic system X with a new input
u and output y.
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Proof. Since the stochastic systems X; and X, are assumed to be passive in the sense
of Definition 3.3.2, there exist storage functions S| and S, such that

LS1(X1 () < ul (t)y1 (1) and LS(X2(1)) < ud (t)ya(t).
By defining the storage function of X as § =S + 5>, we get the following relation

LS(X(1)) = L81(Xi1(1)) + LS2(Xa (1)) < (u(t) = y2(0)) (1) +y(1) 32(6) = u(t) 3(1),
(3.3.8)
which proves the passivity property for the interconnected system X. O

In the following result, we state necessary and sufficient conditions for SPHSs to
satisfy the passivity property.

Theorem 3.3.2. Consider the stochastic port-Hamiltonian system (3.1.3)-(3.1.6) with
the maximal number of controls and the same number of inputs and outputs at the
boundary (i.e. m = p =n). Then

1. the associated infinitesimal generator is described by

T
u u 1 "
cipen) =g | 1) | Pawe | 1) |+t + gnimon,

(3.3.9)

where Py w, is given by
7 —1
By v = Ws |y | We | weEw! weEw]
e =\ | we We T wezwi o wesw/t

2. Moreover, the system is lossless if and only if the following relations are verified

-1

1 =2Sc(I—LeLT)ST, (3.3.10)
Tr[HHQH"] =0, (3.3.11)

where the matrices Wg and W¢ are of the form

We=S[I+L I—-L |

WC:SC[ I+Lc 1I—L¢ ] (3.3.12)

such that S and S¢ are nonsingular and L and Lc¢ are unitary.

Proof. 1. Relation (3.3.9) is deduced from the following calculation:

L(E(e(t))) =(He(t), THe(t)) 2 + (He(t),Bauy(t)) 2 + % Tr[HHQOH"]

u@) 1 u(r) .
y(t) Bygwe y(t) + (ByHe(r),ua(1)) 2

+ %Tr [HHQH"].
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2. For the sufficiency, assume that (3.3.10) and (3.3.11) hold. As a consequence
of (3.3.10), Wp and W satisfy

WIWe+Wiwg =2, (3.3.13)
0 I
whereZ—{] 0

W allows to have Py, w,. = { (1) (’) } . Hence, from [LZMOS5, Theorem 4.2], we
get that

] € RZ*2n_The specific choice (3.3.12) of matrices Wp and

CEXK@) = )0 +3a0) wale) + S THHOH].  (33.14)

By injecting (3.3.11) in (3.3.14), the lossless property is proved. For the neces-

sity part, since Py, w, = { (1) (I) ] we have that

v — WBTZWB_WBTWC
| We We | | We W |-
From (3.3.6) and (3.3.14), we deduce that Tr[HHQH*| = 0.
]

Observe that Theorem 3.3.2 entails that the passivity property cannot be preserved
for SPHSs under the Itd calculus. Indeed, condition (3.3.11) would imply that 4; = 0
for all i € N such that Qv; = A;v;, which means that there is no noise on the system.
As already mentioned, the incremental work Hdw(¢) induces some energy increments
%Tr [HHQH™], which breaks the passivity property. In order to recover the passiv-
ity property, this energy surplus has to be compensated by internal energy dissipa-
tion (mechanical friction, electrical resistance, etc.) or feedback control. In addition,
note that since the covariance operator is nonnegative, assuming that TrfHHQH*] <0
would imply that Tr[HHQH*] = 0.

The main interest for the passivity property comes from the passivity-based stabi-
lization methods. One can take advantage of this property for output-feedback stabi-
lizations, see [Wil72] and [DMSBO09].

A method to recover the passivity property via a stochastic canonical generalized
transformation (SCGT) was proposed in [SF13] for nonlinear and finite-dimensional
SPHSs. To be more specific, the SCGT enables to design both the coordinate transfor-
mation and the feedback controller while preserving the stochastic port-Hamiltonian
structure. The difficulty consists in the identification of a set of transformations that al-
lows mapping any SPHS to a new target one belonging to the same class of stochastic
systems. To recover the passivity property, the energy increments are compensated by
changing the Hamiltonian (i.e. the internal structure) and the input-output mapping.
A generalization of the method proposed in [SF13] to infinite-dimensional SPHSs is
not as straightforward as it seems to be and faces numerous difficulties, mainly the
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spatial coordinate dependence.

In a deterministic setting, a canonical generalized transformation (CGT) was stud-
ied in [MGR17] for boundary controlled port-Hamiltonian systems. This is an exten-
sion to the infinite-dimensional setting case of the CGT proposed in [FSO1]. Never-
theless, a similar approach as proposed in [MGR17] and based on exponential trans-
formations seems to be too limited when the energy function depends on the spatial
coordinate. A systematic identification of a set of transformations is not possible any-
more due to the boundary conditions to be satisfied.

3.4 Well-posedness

Now, we come to the question of well-posedness of the class of BCO SPHSs and how
well-posedness has to be defined. So far, we have only treated the question of exis-
tence and uniqueness of the stochastic state equation (3.1.3) with boundary conditions
(3.1.4) and (3.1.5).

On finite-dimensional spaces, the question of well-posedness of a deterministic
system does not really come into play. The reason is that the existence of a unique
solution for sufficiently regular inputs and initial conditions such that the output is
square integrable is usually not even mentioned. This is quite different for infinite-
dimensional systems. The well-posedness becomes of paramount importance, and
even if this is not really a goal in itself from an engineering point of view, it paves the
way for dealing with control/estimation, transfer function, etc.

Since distributed control and observation operators yield well-defined state trajec-
tories and outputs, they do not require an analysis. Hence, throughout this section, we
shall set uy(t) = y4(t) = 0. Denote by X_; the completion of the state space X with
respect to the norm || - ||-; :=||(af —A) - || x, where & € p(A) is fixed. Notice that
D(A)C X C X_y.

Let us consider the following control system:

x(t) =A_1x(t) +Bu(r), x(0) = xo,
y(t) = Cx(2),

where A_j € L(X,X_1),Be LR™ X_|)and C € L(D(A),R?). The Cy-semigroup
(T(t))r>0 is uniquely extended on X_; to (7_;(¢));>0, whose generator A_; is the
unique extension of A. Moreover, (7-(t));>0 and A_ are unitarily similar to (7(¢));>0
and A, respectively, ie. T_1(t) = (A —A_)T(t)(AI—A_1)"' and A_| = (A —
A_1)A(AI —A_;)~!. To recover the boundedness of the boundary control and ob-
servation operators B and C, the spaces D(A) and X_ are considered. Nevertheless,
this leads to some mathematical inconveniences. One is that state trajectories take
values in a larger space, namely X_;. A second is that the pointwise output equation
of control system (3.4.1) does not make any sense unless the observation operator C

(3.4.1)
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is bounded on the state space X. Notice that in the case of a boundary control system
as in Definition 0.3.1, the operator B is described by

Bu = ABu—A_Bu,

and belongs to L(R™, X_), see [Vil07, Lemma 2.32 and Lemma 2.35].

In order to close the gap between the spaces, the notions of admissible control and
observation operators were introduced, see e.g. [TWO09]. Let us recall the concepts of
admissible control and observation operators.

Definition 3.4.1. . Let B be in L(R™, X_1) and let us define the family of opera-
tors (®)>0 C L(L*([0,];R™), X_) as

1
Du= / T(t — s)Bu(s)ds. (3.4.2)
0
The control operator B is said to be admissible for (T (t));>o if for some tg > 0,
Range (®;,) C X.
2. Let us define the family of operators (¥;);>0 C L(D(A),L*([0,%); X)) as

(‘Ptz)(s)z{ CT(S&Z’ Ssee(t[(,);gj (3.4.3)

The observation operator C € L(D(A),RP) is said to be admissible for (T (t));>0
if for some ty > 0, ¥y, has a continuous extension to X.

Furthermore, linear well-posed systems as described in Definition 3.4.2 were in-
troduced by Salamon [Sal89] to deal with systems with boundary control and obser-
vation operators. This class of systems is also known to enjoy many useful properties
(see e.g. [Sta05]) involving feedback control, dynamic stabilization, and tracking/dis-
turbance rejection.

For all the above reasons, the well-posedness of a control system needs to be
checked in first place.

Definition 3.4.2. The BCO system described by

&(r) = Ae(z), e0)=geX, (3.4.4)
u(t) = Be(t), (3.4.5)
(1) =Ce(r), (3.4.6)

where A:D(A) — X, B:D(B) — R" and C : D(C) — R? are unbounded linear
operators as defined in Definition 0.3.1, is said to be well-posed if:

* The operator A : D(A) — X with D(A) = D(A) Nker(B) and
Ae = Ae fore € D(A)

is the infinitesimal generator of a Co-semigroup (T (t));>0 on X;
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* There exist ty > 0 and my > 0 such that the following inequality holds for
all & € D(A) and u € C*([0,t7);R™) with u(0) = Be(0) (compatibility con-
ditions):

e e+ [ v ||det<mtf(||eo||x+ I ||Rmdr) (34.7)

Remark 3.4.1. Observe that the inequality (3.4.7) implies that the boundary observa-
tion and control operators are admissible for (7'(¢));>0. We refer the reader to [TW09]
for further details on admissible observation and control operators.

As already pointed out in [Lii15], admissibility is also a suitable concept for the
study of stochastic well-posed systems.

Definition 3.4.3. . Let B be in L(R™,X_}) and let us consider the family of op-
erators (®;),>0 C L(L([0,7];R™), L% (Q: X)) described by (3.4.2). The con-
trol operator B is said to be stochastically admissible for (T (t));>o if for some
1o > 0, Range (®;,) C LZ}-’O (Q; X).

2. Letus consider the family of operators (¥;);>0 C L(L*(Q;D(A)), L2(]0,0); X))
described by (3.4.3). The observation operator C € L(D(A),RP) is said to be
stochastically admissible for (T (t));>o if for some to > 0, ¥;, has a continuous
extension to L*(Q; X).

For the stochastic extension, the same spirit as in the deterministic case is fol-
lowed, which is that the inputs (xo,u,w) - outputs (€,y) mapping has to be bounded.
The extended notion of well-posedness used here for boundary controlled and ob-
served (BCO) stochastic systems is based on the deterministic definition introduced
by Salomon and Weiss, see [Sal89], [Sta05] and [TW09]. The notion of well-posed
BCO stochastic systems is introduced as follows.

Definition 3.4.4. A BCO stochastic system (3.1.2) is said to be well-posed if:
o The operator A : D(A) — X with domain D(A) = D(A) Nker(B) and given by
Ae = Ae fore € D(A)
is the infinitesimal generator of a Cy-semigroup (T (t));>0 on X;
* There exist ty > 0 and my > 0 such that the following inequality holds for all

&0 € D(A) and u € C2([0,17);R™) with u(0) = Be(0):

||8(ff)||i§T (@) +||C«€||Lz ([04/1:P)
a (3.4.8)

2 2
Smt_/ (HSOHL%_-O(Q;X) + Hu(t)HLH%([O,tf]ZR’") +tf TI’[Q]) .
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Remark 3.4.2. 1. The inequality (3.4.8) is equivalent to

iy
Elle(ry) f+E [ lce) B

” (3.4.9)
<y (B4 [ () o +1,T0]).
2. From Theorem 3.1.1, the process
€(t) =T(r) (g — Bu(0)) —|—/l T(t —s)(ABu(s) — Bu(s))ds
0 (3.4.10)

+/0, T(t —s)Hdw(s) + Bu(t)

is the mild solution of the boundary controlled and observed stochastic system
(3.1.2) forevery &g € X and u € H%([OJA;R’"). The well-posedness of (3.1.2)
entails that the mild solution (3.4.10) can be extended to any u € LZ([0,#/];R™)
such that the output process is mean-square integrable.

For the following study, two cases will be distinguished: either the input u(z) is
stochastic or deterministic. In a first step, it will be showed that if well-posedness is
satisfied at least at one time, it holds for any time (see Theorem 3.4.1). In a second
step, we shall consider the well-posedness of a SPHS (3.1.3)-(3.1.6) with a deter-
ministic input acting on the mean of the process through the boundaries such that
u(t) = BE[g(r)], where the leitmotiv will be to consider separately the deterministic
and the stochastic dynamics.

3.4.1 Stochastic input u(r) € L2([0,7];R™)

Theorem 3.4.1. If the BCO stochastic system (3.1.2) as in Definition 3.1.1 is well-
posed, then for all ty > 0 there exists a constant m;; > 0 such that (3.4.9) holds.

Proof. In order to prove the time invariance of the well-posedness definition, we rely
on the well-posedness at #y. The main argumentation consists in establishing the in-
equality (3.4.8) for any ¢ € [0,7] by means of the system nodes formalism [Sta05]
expressed in the stochastic context; next one can prove it for any ¢ € [fo, 2f]; finally
the general case t > 2"t for every n € N is deduced by induction.

Step 1.

Let ¢ be in [0,7p]. The inequality (3.4.8) is given through the system nodes operator

0] ¥ | = e00) by

1@ | 5 P <mll] % 1P g oo
" " 3 (@X)BL2(0R") @M ([0412)

= m(Elleol+E [ [1u()|ands +1Tr[0)
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&
for all [ u0 } in the domain

w

) ={| ¥ | e @ oLk oM (041:2);
& € D(A),u € C5([0,];R™), Beg = u(0) } .

The case where w(f) = 0 is a straightforward adaptation of the argumentation of the
deterministic proof with a random variable & and an F-adapted input u(r). We may
take €y = 0 and u = O hereinafter. Using the concatenation operator ¢, which is defined
for any L-functions f,g as

(fgg)(t)={ g((;)_’w ;iz (3.4.11)

one observes that S?(¢)[w] is bounded for ¢ € [0,#]. Indeed,

b 2 _ b 2
IS7 YW1, gy = I1S500)D0, 0 W23

IA

2
m(to) HotogtWHM]%([OJo];Z)

m(t0) Iw(- =10+l g 101

m(t()) HW() ”/2;4%([0‘,];2)7

thanks to the well-posedness at #y and since a Wiener process is invariant under time
translation.

Consider the continuous extension wex; on [0,79] of w(z), such that P(wexe = w, Vs €
[0,7]) = 1.

Since S5(t) [w] and S5 (o) [w] take values in L2([0,¢];R”), we have that

(S5(t)w)(s) = (S5(t0)w)(s) (3.4.12)

for any s € [0,7]. Now consider the particular extension wex; = w 0. Observe that
t

& [ 130w s =E [ 1850)0r00)(5) o

<8 [ 1(55(0) w0 0)(5) s

2
<y [w OOl 0,012

= ny, ”W”ixl]%([(),z];z) = mmtTr[Q]
from the well-posedness at #;.

Step 2.
In this second step we prove that the inequality holds for any ¢ € [t,2fp]. Let us
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consider ¢ € [f,2t] which can be formulated as r =ty +1; with #; € [0,7]. Then we

obtain that

ot

SE(t)yw = /

fo

T(t—s)Hdw(s)+ '/O.to T(t —s)Hdw(s)

— /Ofl T(t; —r)Hd[w(r+1ty) —w(to)] + T (t1)SY (to)w

= S(t1)w(to+-) + T (t1)S%(t0)w
and that
S(1)w(s) = C /O "7 (s— r)Hdw(r)

:{ (S5(t0)w)(s), s <o,
(S3(n)wlto+))(s), s € (t0,1]-

From Step 1 and Step 2, we deduce that S5 (#;) and S5(¢;) have bounded extensions
and so do S?(¢) and S5(¢). Hence, by induction, we can state that the general case

t > 2"ty holds, which completes the proof.

O

Having presented a general concept of well-posedness for BCO stochastic sys-
tems, we shall now focus on the specific class of SPHSs. To establish the well-
posedness property in the next section, the input u(¢) will be assumed to be deter-

ministic.

3.4.2 Deterministic input

From [JZ12, Corollary 10.1.4], the sample paths £(¢) given by (3.4.10) satisfy the

following relation:
Elle(s)|%
S S
:IEHT(S)80+/ T(s—r)ABu(r)dr—A/ T(s— r)Bu(r)dr
0 0

+/0 T(s—r)Hdw(r)|%

§3JEHT(S)80H%(+3||./(:T(s—r)ABu(r)dr—A/(;ST(s—r)Bu(r)dr||2X

+3E||/OST(s—r)Hdw(r)||%(.

For the corresponding output Ce(¢), we have

t
E [ lce(s)Bods

:E/Ot ||CT(s)£0ds+C(/OST(s—r)ABu(r)dr—A/OST(s—r)Bu(r)dr)

(3.4.13)
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+C/ST(s7r)Hdw(r)||ﬁpds

0
ot ot S

§3]E/ \|CT(s)go||§,,ds+3E/ ||c/ T(s — r\Hdw(r)|ands
JO JO 0
1 S S

+3/ ||C(/ T(s—r)ABu(r)dr—A/ T(s—PBu(r)dr)|2pds.  (3.4.14)

0 0 0

Theorem 3.4.2 (Well-posedness of SPHSs). Consider a stochastic port-Hamiltonian
system (3.1.3)-(3.1.6) satisfying Assumptions 3.1.1 and 3.1.2. In addition, assume
that:

1. the multiplication operator Py'H can be written as
PIH(E) =S (OA)SE),  Celab], (3.4.15)

where A is a diagonal matrix-valued function, S is a matrix-valued function and
both A and S are continuously differentiable on [a,b];

2. HQ'?Z c D(A);
3 Jo ||AT(S)H||]%0dS <ooforallt>0.
2
Then the SPHS (3.1.3)-(3.1.6) is well-posed and furthermore, for all ty > O there exists

a constant m;, > 0 such that

lf
Elle(r)|%+E [ lce(o|pa

(3.4.16)
<oy (Eleolfe+ [ () mar-+1,710] ).
Proof. The deterministic and the stochastic dynamics are split to obtain
Elle() R +E [ Ice(s) ods
§3E||T(tf)8oH%(+3||/Oth(tf—s)ABu(s)ds—A/UIfT(tf—s)Bu(s)dsH%(
+3/0th||CT(s)£0\\%R1,ds (3.4.17)

lr S S
+3/f ||C/ T(s—r)ABu(r)dr—CA/ T (s —r)Bu(r)dr|%yds
Jo 0 0

iy iy s
+3E||/ T(tffs)Hdw(s)||3(+3IE/ Hc/ T(s — N Hdw(r)||2»ds.
0 0 0

The deterministic part has already been set out in [ZGMV 10, Theorem 2.4] with & =
0. The stochastic part is set out by the stochastic admissibility of C, the fact that H € Lg
and the following calculation:

E/ ||C/T9—erw ||deS—/ /||CT HQ1/2||L drds
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1
/f/’mn* rHQ'2 |2 dr ds

< [" [esiro" g aras+ [* [ 1a(s—rHQ! 2 R ar ds
0 JO 0o Jo
< clty)|H |1 Tr[]

where we used Assumptions 2., 3. and the boundedness of C with respect to the graph
norm. This concludes the proof of well-posedness. Moreover, Theorem 3.4.1 entails
that the well-posedness holds for any ¢ > 0. O

Theorem 3.4.2 will now be used to establish the well-posedness of a model of an
inhomogeneous vibrating string as in Example 1.1 and subject to some space and time
dependent Gaussian white noise process. As proved in Example 3.1, the vibrating
string with an appropriate choice of boundary conditions is an example of a nice port-
Hamiltonian system, and thus is a Riesz-spectral system. The vertical position z({,7)
of the string at position § € [a,b] and time ¢ € [0, 7] satisfies the following stochastic
partial differential equation

9%z 1 d 9z
TR0 = 5 (TOFHE ) + @, (418
where z({,0) = zo({) is the initial condition, which may be random. 7'({) and p({)
are the Young’s modulus and the mass density at position {, respectively. The stochas-
tic disturbance is assumed to have intensity ﬁé)’ which means that making the string
heavier decreases the impact of the random force.

As boundary conditions, we consider

dz 2z 2z
—(a,t) =u(t T b,t)+ b,t) =0, 34.19
Selan=ut).  T)FEbn) + 500 = (34.19)
where u(t) € L*([0,¢];R™). As it is known, the deterministic dynamics fit in the port-
Hamiltonian framework. Then the SPDE (3.4.18) can be rewritten as (3.1.1), where

T(a)

a:{?é] and mgzpb 0}.

0 7(¢)
As the output, we measure the velocity at extremity a, i.e.
d
y(t) = aff(a,t). (3.4.20)

We are now in position to verify the assumptions of Theorem 3.4.2.
/ |AT (s)H||? ods = / Tr [AT( YHQ'?(AT (s)HQ'/?)* | ds

Z / ()HQ'/2fi, AT (s)HQ' f;) xds
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=Y [ 1T HO 2 iFeas
=L [ I AT 0HO e i)l
= ;/0 | ];lkel"WHQmﬁ, W) x| 5o s,
where we used the eigenfunction expansion of A and (T'(¢));>0. This leads to
[ 1T HRyas SMi I i a2 PIHQ 2 i x P
APIHE 2 fyi P [ EReds

A
k‘ (e 2Re 4T _ 1)qi\<Hﬁ7Wk>X‘2

|
SIS
s
s
?_
3

where the Dominated Convergence Theorem is satisfied under the assumptions that

(2k+ 127 (q) [(H i wi) x> <o, if /TP(b) <1

™
[ agk

I
—
=~
I
-8

w oo (3.4.21)
Y Y @A (g |(H fi yi) x [P <o, if /Tp(b) > 1
i=1k=1
Moreover, the multiplication operator P;H can be rewritten as
Y =Y 0 % 5
PH = [ Lo } { ’ } oo, (3.4.22)
Pop Tl Ty 2

where ¥ = \/% . By using Theorem 3.4.2, one can conclude that the stochastic vibrat-

ing string described by (3.4.18)-(3.4.20) is a well-posed BCO system in the sense of
Definition 3.4.4, and thus for all 7 > 0 there exists a constant m; > 0 such that for any
& €L (X)) andu € L%(]0, 7];R) the inequality (3.4.16) holds.

3.5 Conclusion & perspectives

In this chapter we have extended the class of linear port-controlled Hamiltonian sys-
tems to a stochastic setting. Some properties of this class have been investigated such
as passivity and well-posedness.
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This chapter lays the foundation of a theory for boundary controlled and observed
stochastic port-Hamiltonian systems and expresses the author’s willingness to yield
new directions for future research. Further works would be to consider multiplicative
noise and noise in the boundary control and/or observation, which would extend the
range of considered disturbances. Moreover, well-posed linear systems are closely
related to regular systems, i.e. systems for which there is a well-defined feedthrough
term given by the strong limit to infinity of the transfer function [JZ12, Chapter 13].
This would be interesting and maybe challenging to broaden the notion of regular
systems in a stochastic context. As a more general matter, well-posed linear systems
are known to enjoy many useful properties in the context of feedback control and
dynamic stabilization. Hence, investigating which results still hold for well-posed
stochastic systems would be a relevant future research topic.
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Chapter

LQG Control of stochastic
port-Hamiltonian systems

In the deterministic setting, the linear quadratic (LQ) optimal control problem has at-
tracted a lot of consideration over the years for finite and infinite-dimensional systems.
More particularly, in the context of infinite-dimensional systems with bounded con-
trol and observation operators, the LQ optimal control problem was mainly studied
by Lions [Lio71], Curtain and Pritchard [CP78], and Balakrishnan [Bal76], among
others in the seventies. In the stochastic setting, the linear quadratic control prob-
lem for finite-dimensional stochastic systems was first studied by Wonham [Won68a]
and [Won68b], and Kushner [Kus62] by means of a dynamic programming approach.
Soon afterwards, an infinite-dimensional generalization was developed by Ichikawa
for bounded control and noise operators [Ich79]. More precisely, the stochastic opti-
mal control is expressed under the form of a feedback control law, via the resolution
of an operator Riccati equation in a similar manner as for the finite-dimensional case.

Furthermore, in addition to environment disturbances, measurement noises can
occur, which are typically related to the quality of the sensors used to observe the
state process. The linear quadratic gaussian (LQG) control problem is an efficient
way to take environment and measurement noises into consideration. A study of the
LQG control problem and a generalization of the so-called separation principle can
be found in [Cur78] and [CI77a]. As far as known, no attempt to develop an adapted
approach to study and solve the LQG control problem for infinite-dimensional SPHSs
has been undertaken in the literature. So far, most of the attention has been oriented to-
wards either general infinite-dimensional systems or very specific classes of systems.

In this chapter general results concerning the optimal control of stochastic port-

Hamiltonian systems with incomplete observation are provided. The LQG control
problem for infinite-dimensional SPHSs is addressed in a stochastic context.

71
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The chapter is organized as follows. In Section 4.1, the class of stochastic port-
Hamiltonian systems under study is presented and the LQG control problem is ad-
dressed and solved for this specific class of stochastic systems. Section 4.2 is mainly
devoted to the port-Hamiltonian structure preserving in the LQG controller dynamics.
In Section 4.3, the exponential stability is proved for PHSs under a specific structure.
This ensures that the usual assumptions for a well-posed LQG control problem are
satisfied. Finally, the exponential stabilizablity and detectability assumptions related
to the existence of a unique feedback control solution to the LQG control problem are
shown to be verified for this subclass of PHSs. This chapter ends with some conclu-
sions and perspectives.

4.1 Problem setting

In this section the LQG control problem for stochastic port-Hamiltonian systems is ad-
dressed, with bounded control, observation and noise operators. The ports of the sys-
tem are assumed to be closed, which means that no exchange of energy occurs at the
boundary. The input is applied on intervals within the spatial domain. Furthermore,
some dissipation occurs inside the domain and is captured by a semi-definite positive
self-adjoint operator R € L(X). The observation model is taken to be the power-
conjugated output of the system subject to some measurement Wiener noise v(¢) with
incremental covariance matrix V € R™ " and intensity F € R™*™. Moreover, since
we focus on distributed controls throughout this chapter, the distributed input u,(¢)
will be simply denoted by u(¢). Hence, we consider stochastic port-Hamiltonian sys-
tems under the form:

de(t) = ((J —R)He(t) + Bu(t))dt + Hdw(t), 4.1.1)
dy(t) = B*He(t)dt + Fdv(t), 4.1.2)

where €(0) = & is a X-valued Gaussian random variable. The stochastic system is
interacting with its environment through a distributed control port and a noise port.
The operators B € L(R™, X) and H € L£(Z,X) capture the deterministic and stochas-
tic interactions with the environment, respectively.

The LQG control problem consists in minimizing the following functional:
T ~
Jw) = Jim B [ 1B He(0) o+ |R2u(r) [fnd, .13)
—oo 0

under admissible control laws u € L2([0,0); R"™) with a weighting matrix R assumed
to be symmetric and positive definite. To be more specific, we assume that the control
process is mean-square integrable, i.e.

IE/ 24(5) |andls < oo, (4.1.4)
0
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+ é(t)
B O'— Kalman Filter B*H

Figure 4.1 — Structure of the LQG control problem

and that for all 0 < s <17, u(t) is independent of the Wiener increments w(t) — w(s).
Notice that the independence with respect to the Wiener increments is a usual assump-
tion in stochastic optimal control theory. It ensures that u(¢) only relies on the present
information of the noise w(r). Besides, notice that HHBB*H is positive semi-definite.

We define now the notions of exponentially stabilizable and detectable.

Definition 4.1.1. 1. ((J —R)H,B) is said to be exponentially (exp.) stabilizable
if there exists an operator K € L(X ,R™) such that (J — R)H — BK generates
an exp. stable Co-semigroup (T 7 _r)3—pk (t))r>0-

2. (B*H,(J —R)H) is said to be exponentially (exp.) detectable if there exists an
operator L € L(R™, X) such that (J — R)H — LB*H generates an exp. stable
Co-semigroup (T( 7 gy 153 (1))i0-

As it is known from [Cur78], the LQG control problem can be separated in two
problems: the best estimation problem based on the observation (¥(z)),>0 and the LQ

optimal control problem with complete observation as depicted in Figure 4.1. Under
the assumptions of exp. stabilizability and exp. detectability, we have the following:

* The best estimate &(r) of the state () is governed by the Kalman filter equation,
ie.,
dé(t) = ((J —R)HE(t) + Bu(t))dt + L(dy(t) — B*HE(t)dt),

4.1.5
2(0) = Eleo), 1)

where L := PyHB(FVF “)~1in which Py is the stabilizing nonnegative self-
adjoint solution of the filter operator Riccati equation (FORE) given by
(T —R)HPr +Pr((T —R)YH)* — PFHB(FVF*) "' B*HP; + HQH*|x = 0,
(4.1.6)
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for all x € D(((J — R)H)*). with P,(D(((J — R)H)*)) € D((T — RYH).

* The optimal control problem with complete observation of the state process can
be solved using the control operator Riccati equation (CORE)

(T —R)YH)*P.+P.(J —R)YH+HBB*H —P.BR 'B*P]x=0, (4.1.7)

for all x € D((J — R)H), with P.(D((J —R)H)) € D(((J —R)H)*). The
optimal feedback control is given under the feedback form as

u.(t) = =R 'B*P.&,(1)
with corresponding optimal estimated state &, (r).

Observe that the control Riccati equation (4.1.7) is completely deterministic. As a
consequence, the relation between the optimal feedback control and the estimated
state &(¢) is also deterministic.

In order to avoid any dependence of the control law with respect to observation
process, the cost (4.1.3) is minimized over a certain class of admissible controls de-
noted by Uyq C L3([0,00) x Q;R™). This admissible set is chosen as

Uypg = {u: u(t) is adapted to o (y(s) : 0 < s <t) and to o(3(s): 0 < s <1)},
(4.1.8)

where (3(t));>0 is the innovation process given by
do(t) =dy(t) — B*HE(t)dt 4.1.9)

with incremental covariance matrix FV F*.

In order to solve the LQG control problem (4.1.1)-(4.1.3) the following Lemma 4.1.1
is needed, in which the solution of the LQ optimal control problem assuming the
complete observation of the state process is given.

Lemma 4.1.1. Assume that ((J — R)H,B) and ((J — R)H,HQ'/?) are exp. sta-
bilizable and that (B*H, (J — R)H) is exp. detectable. Consider the problem of
minimizing J(u) given by (4.1.3) subject to

de(t) = ((J — R)H + Bu(t))dt + Hdx(t), (4.1.10)

where H € L(R™, X) and k(t) is a R"-valued Wiener process with incremental co-
variance operator Fy. Then there exists a unique optimal control u, € L2([0,00);R™)
with corresponding optimal state €,(t) such that u, is adapted to o(x(s) : 0 < s <¥)
and given by

u(t) = —R'B*P.&.(1) (4.1.11)

with
£.(t) = S(D)eo(r) + /0 $(t — s)Hdx(s), 4.1.12)

where (8(t));>0 is the exponentially stable Cy-semigroup generated by (J —R)H —
BR™1B*P,, P. is the solution of the CORE (4.1.7).
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Proof. See the proof of [CP78, Theorem 7.8] for details. O

Remark 4.1.1. Notice that a similar study can be conducted in Lemma 4.1.1 by re-
placing the assumptions of exp. stabilizability of ((J —R)H,B) by the assumption of
an optimizable cost (4.1.3), i.e., for every & € X, there exists u € L%([O7 ); R™) such
that J(u) is finite. Besides remark that the exp. stabilizability ((J —R)H,B) implies
that the cost (4.1.3) is optimizable. For further details, see [BDPDMO06, Part 5] and
[WWO97b].

By an analysis going along the lines of [CI77b, Theorem 2.3], the separation prin-
ciple can be stated for SPHSs as follows.

Theorem 4.1.2. (Separation principle)

Assume that ((J —R)H,B) and ((J — R)H,HQ"'/?) are exp. stabilizable and that
(B*H, (J — R)H) is exp. detectable. Consider the problem of minimizing J(u) given
by (4.1.3) subject to (4.1.1) and (4.1.2) over the class of admissible controls U,y. Then
there exists a unique optimal control u, € U,y given by

u.(t) = —R"'B*P.&.(1), (4.1.13)
&.(t)=S(t)& + /0 t S(t —s)PAHB(FVF*) " 'dy(s), (4.1.14)

where (S(t))r>0 is the Co-semigroup generated by ((J —R)H — BR"'B*P. —P/HB
(FVF*)~! B*H), P. and Py are the solutions of the CORE (4.1.7) and the FORE
(4.1.6), respectively. The problem of minimizing J(u) given by (4.1.3) subject to (4.1.1)
and (4.1.2) is equivalent to the problem of minimizing

T ~
Jw) :TliELE/O 1B HE(5) |2 + |R2u(s) |ands 4.1.15)

subject to (4.1.5).

Proof. Since ((J —R)H,B) and ((J — R)H,HQ'/?) are exponentially stabilizable
and (B*H,(J — R)H) is exponentially detectable, (4.1.7) and (4.1.6) have unique
exponentially stabilizing nonnegative self-adjoint solutions F. and Py, respectively, see
[CP78]. The optimal control is characterized among the class of o(¥(s) : 0 < s <¢)-
adapted controls. The problem of minimizing J(u) is equivalent to minimizing

J(u) = T“E;]E/OT |B*HE ()| + || R *u(t) || Zmdt, (4.1.16)

with
8(1) = T(1)8o + /0 Tt - 5)Bu(s)ds + /0 Tl —s)PHB(FVF*) a9 (s). (4.1.17)
Since ¥ is a R™-Wiener process with incremental covariance matrix F'V F*, we can ap-

ply Lemma 4.1.1 and deduce the existence of a unique minimizing u, € LH%-([O7 o); R™)
adapted to 6(J(s) : 0 < s <t) and given by

u.(t) = —R7'B*P.&.(1) (4.1.18)
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with .
&.(t) =S(t)8 + /0 S(t —s)PFHB(FVF*)~'do(s). (4.1.19)
Notice that the innovation process is given by
dd(t) =dy(t) — B*HE.(1). (4.1.20)
Substituting (4.1.20) in (4.1.19), we get that

&.(1) = S(t) £o+/ $(t — s)PHB(FVE®) " dy(s)
(4.1.21)
/ (t — )P/HB(FVF*) "' B*HE. (s)d(s),
which is equivalent to

&.(1) = S(t)ey+ /0 [S(t — $)PyHB(FVF*)~'dy(s), (4.1.22)

where S(t) is defined as the perturbation of S(¢) by —Py/HB(FVF*)~'B*H. The rela-
tion (4.1.22) entails that & (¢) is o(y(s) : 0 < s <t)-adapted, and then u,.(z) € Uypg. O
4.2 Structure preserving for the LQG controller

As a direct consequence of Theorem 4.1.2, the LQG controller can be expressed as

u.(t) = —Keé(t) .= —R'B*P.&(1),
de(t) = (J —R)HE(r)dt + LdO(t) + Bu,(t)dt

where L := PyHB(FVF *)~1. Since the output of the controlled system is the input of
the controller, the LQG controller is described by

uc(t) = —Ke&(t) .= —R 'B*P.£(1), (4.2.1)
dé(t) = [(J —R)H — LB*H — BK] &(t)dt + Ldy(t), (4.2.2)
£(0) =E[e(0)], (4.2.3)
Ye(t) = KE(t). (4.2.4)

In (4.2.2) and (4.2.4), the LQG controller is rewritten under the port-Hamiltonian
formalism, i.e.,

d&(t) = (J — Re)HE(t)dt + Ldy(7),
Ye(t) = KE(1),

by considering a new dissipative operator

4.2.5)

Re:=R+PHB(FVF*)'B* + BR'B*P.H ' € L(X), (4.2.6)
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but with the same Hamiltonian density . Observe that the operator R, is neither
semi-definite positive nor self-adjoint in general.

In this section conditions are derived to preserve the port-Hamiltonian structure of
the LQG controller. In this way, the LQG control problem could be interpreted as the
power-preserving interconnection of stochastic port-Hamiltonian systems. On finite-
dimensional spaces, a modified LQG controller was proposed for port-Hamiltonian
systems in [WHGM18] in order to ensure that the port Hamiltonian structure and the
passivity are preserved in closed-loop dynamics. This LQG method can be seen as an
adaptation of [JS83]. In Proposition 4.2.1, this passive LQG Hamiltonian controller is
recalled.

Proposition 4.2.1. Let us consider a linear dissipative port-Hamiltonian system de-
scribed by o N
i) = (J—R)HX(t) + Bu(t) +w(t),

9(t) = BTHx(t) + (1), 4.2.7)

where the state variable %(t) € R", the input variable u(t) € R™, the output variable
§(t) € R™, and the noise processes w(t) € R",¥(t) € R™ with covariance matrices Q,,
and Q,, respectively.

Consider the LQG control problem with the functional cost

T
Jo=1mE [ & Rx+u’Ru)dt. (4.2.8)
T —ro0 0
Assume the following relation y
Oy =Ry, 4.2.9)

between the covariance matrix Q, and the weighting matrix R, and the following
relation
0, =H'2AJTP.+2P.JH+R)H (4.2.10)

between the covariance matrix Q,, and the weighting matrix R,. In this case,
BAH ' =HP,. 4.2.11)

Furthermore, by assuming that the port-Hamiltonian system (4.2.7) is stable, the cor-
responding control algebraic Riccati equation and the filter algebraic Riccati equa-
tion admit unique positive semi-definite solutions, the LQG controller is passive, and
the closed-loop system can be written as the feedback interconnection of the port-
Hamiltonian system with the port-Hamiltonian realization of the LQG controller:

A generalization of Proposition 4.2.1 is now proposed on infinite-dimensional
spaces. Under suitable conditions (see Theorem 4.2.2), the LQG controller is proved
to describe a stochastic dissipative port-Hamiltonian system with dissipative operator
R. € L(X) given by (4.2.6).
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Theorem 4.2.2. If we assume that the following link
R=FVF* (4.2.12)

holds and if the Riccati operators satisfy the relation
HPpx = PH 'x (4.2.13)
Jor all x e D(J —R)H)ND(((J —R)H)*), then the LQG controller given by

(4.2.1)-(4.2.4) describes a dissipative stochastic port-Hamiltonian system. Moreover,
the covariance operator Q and the weighting operator HBB*H are related by

HBB Hx = [HHOH " H + (T H+HT )P — P(TH+H ' TH?)
+(RH —HR)P. — P.(H '"RH* — RH)]x,
Sforallx e D(T —R)H)ND(((T —R)H)*).

Proof. In order to describe a dissipative stochastic port-Hamiltonian system, the en-
ergy dissipation operator

4.2.14)

Re=R+PHB(FVF*)™'B* +BR'B*P.H ™! (4.2.15)

must be self-adjoint and positive semi-definite. On one hand, since H and R are
self-adjoint operators, there holds

R:=R+B(FVF*) 'B*HP;+H 'P.B(R*)"'B".
Hence, R, is self-adjoint if the following conditions hold:
B(FVF*) 'B*HP;x = BR 'B*P.H 'x,
H'P.B(R*)"'B*x=P/HB(FVF*) ' B*x,
for all x € D((J —R)H)ND(((J —R)H)*). These conditions will be satisfied if
R=FVF*and HPy = P-H~'. On the other hand, the LQG controller ensures the exp.
stability of the closed-loop system. Therefore, all the eigenvalues of the closed-loop
system must be in the left half-plane, and thus the operator R has to be positive semi-
definite. Otherwise, there would exist a vector d # 0 such that (d, R.d)x = A||d|*> <0
for which the dynamics of the closed-loop system would not be exponentially stable.

Indeed, under the relations (4.2.12) and (4.2.13), the closed-loop dynamics are gov-
erned by

Caen ) =[Can 75 )-(T =) (G0 )
+< u )dw(t)—i—( H,IPCOBE,IF )dv(t).

Let us set the conservation operator J.; and the dissipation operator R.; of the closed-
loop system as follows

_( J —BKH™! (R 0
Jo = ( LB 7 ) , R, := ( 0 R, ) . “4.2.17)

(4.2.16)
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In addition, we set A.; := (J.; — Re;)H, where
He = diag(H,H). (4.2.18)
Notice that fordg = [ 0 H~'d |, there holds

(do, " do) = ™ [1d]|* + / M do, S do)d e (4-2-19)
= e M||d|I? + {do, /0 e M et dy d) (4220

t
= M1+ o, ey d). “221)

0

which goes to o when ¢ — oo.
By using (4.2.12) and (4.2.13) in the FORE, we get that

(T-R)PH ' +H'PH Y (~T-R)YH—H 'P.BR'B*P.H ' + HOH*]x =0,

for x € D((J —R)H) ND(((J —R)H)*). Factorizing H~! on both sides and since
H~! is injective, it follows that

[H(T —R)P.4+P.H (=T —R)H*> — P.BRB*P.+ HHOH *H|x=0.  (4.2.22)
Subtracting (4.2.22) from the CORE given by

(=T —R)HP.+P.(J —R)H — P.BR™'B*P. + HBB*H]x = 0, (4.2.23)

we deduce (4.2.14), which completes the proof. O

Under the conditions (4.2.12)-(4.2.14) of Theorem 4.2.2, the LQG controller con-
serves the stochastic port-Hamiltonian structure, and the LQG control problem can
then be interpreted as the feedback interconnection of infinite-dimensional stochastic
port-Hamiltonian systems.

Remark 4.2.1. The feedback interconnection of a stochastic port-Hamiltonian system
with a LQG controller is undertaken as follows

ut) = —1.(t) and uc(t) = y(t). (4.2.24)

Observe that this interconnection (4.2.24) is power preserving since

ul (0)y(t) +ue(r) (1) = 0
Hence, the port-Hamiltonian structure is even preserved in the closed-loop dynamics.

In Theorem 4.2.2, it may be noticed that condition (4.2.13) somehow breaks the
separation methodology of Theorem 4.1.2. The optimal control problem and the
mean-square estimation problem cannot be treated separately anymore. By consid-
ering the optimal control problem first, the covariance operators are deduced from the
specific choice of weighting operators. In this case, the covariance operators do not
have any statistical meaning anymore and have to be considered as further control
parameters.
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Remark 4.2.2. When designing an Hamiltonian LQG controller in Chapter 5 for a
bio-medical application, we shall use Proposition 4.2.1 on a finite-dimensional ap-
proximation so that we shall not be facing the domain condition of Theorem 4.2.2.

Definition 4.2.1. A Cy-semigroup (T (t));>0 is said to be strongly stable on a Hilbert
space X ifforall x € X,
lle |7 (t)x||x = 0. (4.2.25)

Observe that, when no dissipative effect is occurring (R = 0), the SPHSs gov-
erned by (4.1.1) would only be strongly stabilizable. Assuming the exponential stabi-
lizability would be equivalent to require the exponential stability. Indeed, according
to [CZ95, Theorem 5.2.3], for a bounded control operator B of finite rank, (A, B) can-
not be exponentially stabilizable when there is an infinite number of eigenvalues on
(or arbitrary closed to) the imaginary axis. This entails that, when no dissipative ef-
fects are considered either in the domain or at the boundary, most port-Hamiltonian
systems are only strongly stabilizable. Let us recall the definitions of a strongly sta-
ble Cyp-semigroup, strong stabilizability of ((J — R)H,B) and strong detectability of
(J —R)H,B*H).

Definition 4.2.2. Let us consider the system

(1) = (J = R)Hx(1) + Bu(z),

4.2.26
3(0) = BHx(0), (4220
denoted by L((J — R)H,B,B*H).
1. X((J —R)H,B,B*H) is input stable if
!
Sy = lim | T(r—s)Bu(s)ds € L(L?(]0,59);R™), X). (4.2.27)
*J0
2. X((J = R)H,B,B*H) is output stable if
W= lim B HT (r)x € L(X,L2(]0,09];R™)). (4.2.28)

3. 2((J —R)H,B,B*H) is strongly stabilizable if there exists an operator K €
L(X,R™) such that (J — R)H — BK generates a strongly stable Cy-semigroup
and 2((J —R)H—BK,B, [ K* HB ") is output stable.

4. X((J — R)H,B,B*H) is strongly detectable if there exists an operator L €
L(R™ X) such that (J —R)H — LB*H generates a strongly stable Cy-semigroup
and X((J —R)YH—LB*H,[ L B | B*H) is input stable.

Theorems 4.1.2 and 4.2.2 can be easily extended to strongly stabilizable port-
Hamiltonian systems. Nonetheless, due to the nature of the strong convergence, du-
ality relationships, as for exp. stabilizable systems, are not completely satisfied any-
more. Indeed, in the case of strongly stabilizable systems, if (J — R)H — BK gen-
erates a strongly stable Cyp-semigroup, then it does not necessarily entail that ((J —
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R)H — BK)* generates a strongly stable Cp-semigroup. To overcome this missing
duality property, we take advantage of the compactness of the resolvent operator
of (J —R)H, see [HW97, Remark 3.3]. From [Oo0s00, Theorem 3.3.2 and 3.3.4]
and [Oo0s00, Corollary 3.3.5], there exist unique strongly stabilizing nonnegative self-
adjoint solutions F. and Py to equations (4.1.7) and (4.1.6). Moreover, by applying
Theorem [O0s00, Theorem 3.3.2] and by duality, the operator ((J — R)H — LB*H)*
is strongly stable, and so the compactness of the resolvent of (J — R)H implies that
((J —R)H — LB*H,) is strongly stable.

Therefore, the separation principle still holds under the assumptions of strong stabi-
lizability and detectability. In addition, observe that the arguments of the proof of
Theorem 4.2.2 still hold for strongly stablilizable and detectable infinite-dimensional
PHSs. In this case, the closed-loop system is strongly stable, which entails that there
cannot be eigenvalues on /R. Thus, a similar argument as in the proof of Theorem
4.2.2 can be employed to show that the dissipative operator R, given by (4.2.6) is
self-adjoint and positive semi-definite. This implies that, under the assumptions of
Theorem 4.2.2, the port-Hamiltonian structure within the dynamics of the LQG con-
troller is still preserved.

In practice, natural dissipation phenomena such as boundary, environmental or
material damping occur, which in most occasions enable to satisfy the exponential
stabilizability assumption. Therefore, in the rest of this thesis, we shall consider dis-
sipative effects in the dynamics when studying the exponential stabilizability and de-
tectability in Section 4.3 and when developing an LQG port-Hamiltonian controller
for an actuated endoscope in Chapter 5. Further details on strongly stabilizable sys-
tems can be found in [Oo0s00].

4.3 Exponential stability of a class of dissipative port-
Hamiltonian systems

This section deals with exponential stability of a class of dissipative port-Hamiltonian
systems. We start with a repetition of the class of first order linear port-Hamiltonian
systems as introduced in Section 1.1 and subject to some internal dissipation. We
consider the following class of PDEs

S0 = PG (OO + (R-G)HO)E), (3D

where x(¢,¢) = (q,p)(t,{) € R?N with ¢(¢) and p(t) denoting the position and the
momentum. Moreover, we assume that P} = PIT is invertible, POT =—P), Gy= Gg >0
and H € L*([a,b];R?N*2N) is symmetric and satisfies mI < H({) < Ml for ae. { €
[a,b], for some constants m, M > 0. The state space X' = L?([a,b]; R*") is equipped
with inner product (x;,x2)x = {(x1,Hx2),;2. As already mentioned, this norm || - || x
has been selected to match the total energy of the system E = %||x||%( To the PDE
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(4.3.1), we associate the following boundary conditions

WB[ 28 } —0. (4.3.2)

We shall now rewrite the class of PDEs (4.3.1) by splitting the position and the mo-
mentum x(t,8) = (¢,p)(t,§) € R?N and by considering specific structures for the
matrices Pj, Py and Gy given by

0 D 0 D 00
Plz[DT 0}, Poz{_Dg 00], GO::[OR}, (4.33)

where D, Dy and R € RY with R positive definite. Moreover, observe that P; = P is

nonsingular, Py = —POT and Gy = Gg is nonnegative. Similarly, we consider
| H1 0
H= [ 0 } , 4.34)

where H,H, € L ([a,b]; RV*N). The PDE (4.3.1) can then be rewritten with respect
to (g, p) as follows

($Jeo-[oas 52|49 oo 3 e
4.3

Besides, we assume that p is set to zero at extremity a and that g is set to zero at
extremity b, i.e.
pla,t)=0 and q(b,t) =0. (4.3.6)

When considering the example of a vibrating string, these conditions are interpreted
as a string fixed at the origin and let free at the other end. In addition, let us define the
variable r(¢) such that

At = Ha(Op(E). @37)

Moreover, observe that, since the momentum at the left extremity is assumed to be set
to 0, we deduce that

r(a,t) =0. (4.3.8)
Hence, we consider the operator
d
Agx =P E’Hx + (Py— Go)Hx 4.3.9)

on a domain including the boundary conditions (4.3.6), i.e.,

D(Ag) = {x € L*([a,b];R") : Hx € H'([a,b];R"),Wp [ g ] =0}, (4.3.10)
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o0 DT 10
-D' 0 0 1
D(A,) generates a unitary group since

where Wp = % [ } . Observe that the operator A with domain

I 0
1 o0 DT 10 0 I 00
T __ =
WBZWBz[D—l 0 0 1} 0o -7 [0 0]'
D' 0
In what follows, we shall consider the exponential stability of the above specific class
of dissipative port-Hamiltonian systems with structure described by (4.3.3). This sta-
bility property is of particular interest since it will allow us to deduce the exponential
stabilizabity and detectability as defined in Definition 4.1.1.

In order to indicate how the exponential stability is established for PHSs described
by (4.3.5) and (4.3.6), the result is first proved for a damped vibrating string in Exam-
ple 3.1. Note that the exponential stability of boundary damped vibrating string was
established in [JZ12, Example 9.2.1]. Here, we consider environment damping, which
results from the motion of the string through viscous fluids such as air or water. The
energy dissipation resulting from environment damping is proportional to the material
velocity. When stability is studied, the difficulty remains in constructing an appropri-
ate Lyapunov functional candidate. The exponential stability is established by means
of the Lyapunov’s direct method in Appendix B.

Example 3.1. Let us consider a vibrating string under the port-Hamiltonian formalism

and governed by
e \_( O de 2
< Z > < ag —R > < z )’ (4.3.11)

where (z¢,2)(t) € L?([a,b]; R?) and R is a positive constant. The rationale of the proof
consists in finding a Lyapunov candidate with cross terms between the position and
the velocity. After several attempts, the Lyapunov candidate is chosen as

b1
V() = / (5(c+2)+ BR)dL, (4.3.12)
where 8 € R*. We first prove that
0<ME@®) <V(t) < LE(1), (4.3.13)

where
Lt s
E(r)= 7 (ZC+Z )dg. 4.3.14)

Applying the inequalities (B.0.9) and (B.0.10) to the cross term C(¢) = ff BRzzd{
yields

cO<pr [ g < Lpr [(2 4 2ag
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< 1[3R/b(z'2 +(b—a)?22)d¢
=3 ; g
< BRmax {1,(b—a)*}E(r).
This means that
—BRmax {1,(b—a)*}E(r) < C(t) < BR max {1,(b—a)*}E(t), (4.3.15)
which entails that (4.3.13) holds when

A =1—BRmax {1,(b—a)*} >0, (4.3.16)
Ao =1+ BRmax {1,(b—a)*}, (4.3.17)

with f sufficiently small.
Now, by taking the time derivative of V along the state trajectories of (4.3.11), we get

b
V() = / 2eie + 2%+ PR + BRzzdE. (4.3.18)
By plugging (4.3.11) in (4.3.18), we obtain
b
/ 2l +2(drzg —RZ) + BRZ* + BRz(d¢zy — Rz)d(
b
= / —RZ®+ BRZ — PRz + z¢2¢ + (24 BRz) g zed.
Integrating by parts gives
b b b
/ (¢ + BR2)dyzcdl = [(¢ + PR2)zg )l — / (92 + BRI2)z,dC,
which yields
b
V()= / —R? 4+ BRZ — PRz — PRL
b
= / (B—1)RZ* — BR*zz — BRzzd(
b1 1 1
S o s IR )
= /a 2Rz + 2R Z+ 2Rz§d§,

where we set § = % This gives that
V(t) = —RV(Z),

and thus
V() =e®v(0),

which proves the exponential stability of (4.3.11).
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In Theorem 4.3.1, the exponential stability of dissipative PHSs given by (4.3.5)
and (4.3.6) is established.

Theorem 4.3.1. Consider the port-Hamiltonian system described by (4.3.5)-(4.3.6)
with dynamical operator (4.3.9) and domain (4.3.10). Assume that there exists a
strictly positive constant Ay such that for

L(t) > ME(t) >0, (4.3.19)

where E(t) = %fab q"H1q + pTHapd{ and where the Lyapunov functional L(t) is
given by

b 1
L) = [ G (g Haq+p"Hap) + B RHp)L (43.20)
a
with B > 0. Then the port-Hamiltonian system (4.3.5)-(4.3.6) is exponentially stable.

Proof. First, notice that the inequality (4.3.19) ensures that the Lyapunov functional
(4.3.20) is nonnegative.

By taking the time derivative of (4.3.20) along the state trajectories, we get
b
L(r) = / (q"H1g+p" Hap+ Bp" HaRHop + Br' RH2p)dC

b
=/ (¢" H1g+ p" Ha (D" 9p — Dy )H1g — RHap) + Bp” HaRHop
+BrTRH (D" 9 — D )H1q — RHap))d{. (4.3.21)
Rearranging the terms, (4.3.21) becomes
b
L(t)= / (—p"HaRHap + Bp" HaRHap — Br RHoRHop+q" Hig
+ (p" Mo+ Br' RH2) (D" 9, — D) H1q)d. (4.3.22)

Integrating by parts the last term of (4.3.22) yields

[ B RM)D 3 (1)

a
b
=[(p" + Br" Ry HoD" Hiq) - / ¢ (Hap + BHaRr)" D" H1gd(.
a
From the boundary conditions given by (4.3.6) and (4.3.8), we deduce that
[(p" + Br" RYH2D" Higll =0,

which yields
b
/ (Hop+ BHoRr)" (D" 0y — D )H19dl

b b
= —/ (D84H2p+[3D”H,2R8§r)T7-[1qu —/ [Do’Hzp—I—ﬁDo’Her]T’qudC.
(4.3.23)
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By plugging (4.3.23) in (4.3.22), we get

b
L(l‘) :/ (—pTHzRHzp + ﬁpTHzRHQP — ﬁrTRerRerp
- B (D'HzRac r+ DonRr)TH 1 q)dc

- / B — 1)pT HaRHap — Br' RMaRHap — B(DH2RI, r + DoHaRr) H1g)dd
2/ —-p HzRHzp—r RHLrRHp — (DH2R8§F+D0’H2R}‘) 7‘[1(]) C

S—mlmm(R)E/ (pTHzp+l3rTRH2p+(D8§r+Dor)T’H1q)dC
< — mAmin(R)L(1),

where m is a positive constant such that ml < H, (&) fora.e. § € [a,b], Apin(R) denotes
the smallest eigenvalue of R and § = % This implies that

L(t) § e~ mAmin (R )tL(O) (4324)
which proves the exponential stability. O

Remark 4.3.1. According to Theorem 4.3.1, the operator (4.3.9) with domain (4.3.10)
is exp. stable. As a direct consequence, (A4, B) is exp. stabilizable. Moreover, by
duality with respect to (-,-) x, (B*H,Ay) is exp. detectable if and only if (A}, B) is exp.
stabilizable. Noticing that for an exp. stable infinitesimal generator A, there exists
a positive constant o such that the generated contraction Co-semigroup (7;(¢));>0

satisfies
ITa()| = | Ta(@)"]] < e
This proves that (B*H,Ay) is exp. detectable.

In Theorem 4.3.1, the inequality (4.3.19) is assumed in order to apply Lyapunov’s
direct method (see Theorem B.0.2). This inequality was proved in the example 3.1
and still has to be proved for port-Hamiltonian systems described by (4.3.5)-(4.3.6).

4.4 Conclusion and perspectives

In this chapter a first investigation of the LQG control problem for infinite-dimensional
stochastic port-Hamiltonian systems is exposed. This LQG control problem is solved
via a separation principle. Besides, the structure preserving of the port-Hamiltonian
framework for the LQG controller is investigated. More specifically, under some con-
ditions, the LQG control problem can be interpreted as the power-preserving intercon-
nection of infinite-dimensional stochastic port-Hamiltonian systems.

The LQG control problem with boundary control and observation is not considered
in this thesis. This would be a natural extension of this work. Results regarding the
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LQ optimal control problem for infinite-dimensional systems with boundary control
and observation are available in [PS87] for a limited class of systems. The LQ control
problem for parabolic/hyperbolic equations (but with unbounded control and bounded
observation operators) is studied for a more general class via the Riccati equation in
[LT14]. Furthermore, a spectral factorization method was developed for regular linear
systems in [Sta95] and in [WW97a]. A LQ control problem with boundary control and
observation is also solved by using the method of spectral factorization by symmetric
extraction in [RDW16]. In this paper a Yosida-Type approximation of the boundary
observation based on the resolvent operator of the dynamics operator is undertaken.
For further reading, we also refer to [Fra86], [DPI85], [BDPDMO6] and references
therein.

In [CW92], the method of spectral factorization was considered and investigated.
The latter method would probably require to solve challenging numerical problems
for the class of SPHSs, due to the lack of knowledge on the eigenvalues and eigen-
functions for port-Hamiltonian systems.

The exponential stability of a subclass of linear port-Hamiltonian systems was in-
vestigated. As already pointed out, the condition (4.3.19) still has to be proved for
port-Hamiltonian systems described by (4.3.5)-(4.3.6) in order to obtain a complete
stability theorem. It is worth noticing that the LQG Hamiltonian controller presented
in this paper is itself an infinite-dimensional system. In Chapter 5, an approximation
scheme is proposed for solving the LQG control problem and the associated Riccati
equations for the case of an actuated endoscope under the port-Hamiltonian frame-
work.
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Chapter

LQG control of an EAP-actuated
port-Hamiltonian system

In the medical field, continuum robots such as endoscope, colonoscopes and arthro-
scopes have been developed to navigate through the human anatomy and to access nar-
row spaces in the context of noninvasive surgery. This enables to improve the patient
wellness with numerous benefits such as less pain and scaring, and a quicker recovery.
A micro-endoscope (45mm) model was proposed in [CRA14]. This model was de-
veloped in the context of skull base surgery applications for pituitary gland cancer de-
tection, see [BSR™11]. Further applications are beating heart surgery in [DGV™12],
neurosurgery in [BHOC'12] and laser surgery in [RCJW09], for instance. In this
chapter we shall more particularly focus on the endoscope application and the design
of an optimal control strategy in order to set the endoscope in a desired configuration,
while reducing vibrations. The bending of the endoscope is performed by electro-
active polymers (EAPs) patched around the tube. Ionic Polymer Metal Composites
(IPMCs) are some of the most suitable EAPs for actuation and sensing due to their
inherent properties such as light weight, low voltage bending (1 —2V) and durability
(possibility to bend over 10 times) as pointed out in [SKO1].

This chapter is mainly intended to focus on the LQG control problem of a com-
pliant endoscope actuated by means of ionic polymer metal composites. We aim
at proposing a port-Hamiltonian model for an IPMC actuated endoscope. The bio-
medical endoscope and the IPMCs are approximated by a Timoshenko beam model
and RLC circuits under the port-Hamiltonian formalism. Thus, the interconnected
port-Hamiltonian model of the IPMC actuated beam is presented.

A first contribution of this chapter is to consider the dynamics of the IPMC actua-

tors in the modeling of the control problem. A second contribution is the proof of the
exponential stability of the interconnected IPMC-beam model. A third contribution is

89
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the implementation of the Hamiltonian LQG controller on the interconnected IPMC-
beam model.

This chapter is structured as follows. Section 5.1 is devoted to the description of
the experimental setup of an IPMC actuated flexible beam, whereas the two next sec-
tions deal with its modeling. In Section 5.4, a coupled PDE-ODE model is proposed
for the interconnected system of a flexible beam with an IPMC. Next, the LQG control
problem for IPMC-beam model is studied and a finite-dimensional approximation of
this system is proposed in Section 5.5. The approximated model is confronted to the
experimental setup in Sections 5.6 and 5.7, respectively. This chapter ends with some
conclusions and perspectives.

5.1 Motivation: experimental setup

In this section we introduce the experimental setup of an IPMC actuated flexible beam
mounted in the AS2M department of FEMTO-ST Institute, see Figure 5.1. The op-
portunity to study and to review lab testing on this experiment was made possible by
Yann Le Gorrec and Yongxin Wu, who introduced both theoretical and experimental
questions to me. They also taught me primarily uses of the testing workbench.

The experimental setup consists of a polyethylene plastic beam of 160 mm to
which an IPMC is patched. The plastic beam is fixed at the origin and let free at
the other end. As already mentioned, the endoscope is actuated when a voltage up to
7V is applied to the IPMC. To measure the displacements of the beam, a laser sensor
from KEYENCE company (LK-G152) is considered. In addition, we also measure
the current in the inductor.

A schematic diagram of the experimental setup considered in this study is depicted
in Figure 5.2. The inputs and the outputs are handled by means of a dSPACE board
connected to a computer and a push and pull amplifier is used to amplify the input
signals to the IPMC controller. The dSPACE has 6 DAC out channels that provide
the control signals to the actuators and 16 A/D in channels for output signals measure-
ment. It allows the real-time manipulation of the actuated IPMC. From channels 1 and
5, we get the observed displacement and current, respectively. Notice that the laser
sensor is placed at Smm from the free end of the beam. The model representation and
the programming are done by means of SIMULINK® interface. SIMULINK® blocks
are translated into code machine. Once the simulation are undertaken, the data are
exported as files with extension .mat and plotted with Matlab®.

5.2 Modeling of a compliant endoscope

As a simplified model, the compliant endoscope is modeled as a Timoshenko type
beam equation with frictional dissipative terms, see [CRA14]. The partial differential
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Figure 5.1 — Experimental setup
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Figure 5.2 — Schematic diagram of the experimental setup [WLGW19]
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equations of the Timoshenko beam are given by
2
POGEE) =7 (K0 (SEEn-0n) ) ~RGED, G20

2
WO 5360 =5 (B35 E0) +K(© (5560 -0(Cn)

99
Raﬁ(gat% (522)

where z({,t) and ¢(&,t) are the transverse displacement and the rotational angle at
position { € [a,b] and time ¢, respectively. The coefficients are p (kg/m?), the mass
per unit length, E, (Pa), the Young modulus of elasticity, /, (kg m), the rotary moment
of inertia of a cross section, I (m*), the moment of inertia of a cross section and K (Pa),
the shear modulus. The damping coefficients R, (kg m>/s) and R, (kg m/s) denote
the transversal and angular frictions, respectively. Let us consider the state vector
x(&,t) € R* whose components are given by

x1(8,1) = a—é(C t)—¢(L,t) (shear displacement)
x(C,1) = p(E)5 (1) (momentum)

x3(8,1) = g—g(c r) (angular displacement)
x4(8,1) =1,(8) %, 9¢ (&,0) (angular momentum).

The state space is given by L?([a,b];R*). The PDEs (5.2.1) and (5.2.2) can then be
rewritten as

) = Bgp (HERE) + (- GoH(EO(E). (52

by setting the matrices Pj, Py, Gy and H respectively as

01 0 0 fo 0 0 -1
1000 00 0 0
P=109 0 0 1| =19 0 0 o
00 1 0 1.0 0 0
(5.2.4)
O 0 0 0 r K o0 0 0
0 R 0 0 o 5 0o o0
Go=19 0 0 o H=110 0 EI o
0 0 0 R o 0o o0 £
o p
Furthermore, the mechanical energy is given by:
Lbo s 1, 2 1,
E((0) = 5 / (KR () + 2800+ ELZ0) + 50l 629)
a p

= Ei(x(1)) + Ep(x(1)),
where E(x(1)) = 4 2 (1:3(0) + -x3(1))d and E, (x(1)) = § [2(Kx3(t)+ EL3(1))d¢

represent the kinetic energy and the potential energy, respectively. The medical en-
doscope is assumed to be clamped at the origin a and let free at its other end b. This
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corresponds to the following boundary conditions:
x2(a,t) = x4(a,t) =x1(b,t) = x3(b,t) = 0. (5.2.6)

The boundary conditions given by (5.2.6) are described through boundary port-variables,
namely the efforts ey and the flows f, in the following way:

[ 8 ] :WB[ 28 } (5.2.7)
where
0 1 0 01000
Wee L 0O 0 0 10010
B= /2l -10 0 00100
0 0 -1 00001

By omitting the spatial dependence, (5.2.3) becomes
x(t) = (T —R)Hx(1), (5.2.8)

where the skew-adjoint operator

Jx=P %)H—ng (5.2.9)

is defined on the domain
D(j) = {x € Hl([a’b];R4)7x2(aat> :x4(a,t) :xl(b7t> :)C3(b,l> = O}a (5210)

and the self-adjoint operator R € £(X) is defined as R = Gy.

The endoscope is supposed to be actuated on intervals [a;,b;] with i € {1,...,m}
by distributed forces uy;(¢) through m IPMCs glued to it. The control operator By :
R™ — X is then given by

0

0

0
bi(¢)

where b;(§) =1 for { € [a;,b;] and b;({) = 0 otherwise for all i € {1,...,m}. Fur-
thermore, the mean value of the angular velocity is assumed to be measured on each
interval [a;,b;] with i € {1,... ;m}. The mean value of the angular velocity for each
interval [a;, b;] is expressed as

I
™=

(Baua (1)) (&) ug i(t), (5.2.11)

i=1

()= | ba»(@,gc)m(z,«:)dc, (5:212)

foralli € {1,...,m}. The power conjugated output is then given by

y(@) = [y1,---,ym] = ByHx(t). (5.2.13)
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Figure 5.3 — IPMC bending under electric stimulus [WLGW19]

5.3 Modeling of an IPMC actuator as a RLC circuit

An IPMC consists of a polyelectrolyte gel sandwiched between two electrodes as rep-
resented in Figure 5.3. IPMCs can be used as sensors or actuators to both monitor
and control the time response of the plant. Indeed, these smart materials can generate
an electric stimulus when a deformation is applied from a structure, and conversely
applying electric stimulus to IPMCs will produce forces and torques to this structure.
The working mechanism is the following: under an electric stimulus, which entails
a potential difference, cations!") and water molecules are transferred to the negative

electrode. The resulting swollen induces a swelling effect, which mechanically bends
the IPMC.

In this work the IPMC is approximated by a lumped RLC circuit model as pro-
posed in [GLTY09]. The RLC circuit is represented in Figure 5.4. This RLC cir-
cuit model gives a description of the electrical behaviour of the IPMC. To be more
specific, the rjCL circuit models the ionic current produced by the movement of the
cations under an electric stimulus. The resistance r, represents the internal resistance
of the electrolyte between the electrodes. Here, Q is the charge of the capacitor, ®
is the magnetic flux, C is the capacity and L is the inductance. The voltage and the
current are given by V = Q/C and I = ®/L. Let us denote by V., V., Vg and Vj, the
voltage across the inductor, the capacitor, the resistor and the voltage source, respec-
tively. Besides, Ic, Iz and I}, denote the current across the capacitor, the resistor and
the inductor, respectively. In addition, the dynamical relations

W) =70,

left) = “2(0),

(5.3.1)

(Cations are molecules with a positive charge.
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8]

AW

() —c 3

Figure 5.4 — RLC circuit

and the constitutive relations

Vrl (t) = rl[rl (t)v

Vi, (t) =121, (1),
B() L1, (5.3.2)
0@t) =CVc(t)

hold for all > 0.

The first Kirchkoff’s law states that the algebraic sum of currents meeting at any
node of an electrical circuit is zero. The second Kirchkoff’s law states that the directed
sum of potential differences around any closed circuit is zero. By applying the first
and second Kirchkoff’s laws (Y, V = 0 and }. 1 = 0), we obtain

Ie=I,—1, and V=V, +Ve+VL. (5.3.3)

By using relations (5.3.3) together with the relations (5.3.1) and (5.3.2), we deduce
the following state space model:

1 11
1) = Lo

() =—P(1) - —=0(),
jé) L " Cl (5.3.4)
E(t) = —EQ(I) —rlz‘b(l) + Vin(2).

Under the port-Hamiltonian formalism, the equations (5.3.4) can be rewritten as

Slo=[ T L[ E]e+ s ] e

rn C

S|

The associated Hamiltonian of the RLC circuit representing the energy of the system
is given by

1Q%(r) , 19°(r)
Eq.((®,0)(t) = z—+-——.
W((@.0)(1) = 355 + 37
The port-Hamiltonian system (5.3.5) describes the dynamics of one IPMC with the
applied voltage Vi, as an input u(z). Let us now generalize for m IPMC actuators

(5.3.6)
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attached along a flexible beam. This readily extends as follows. The flux and the
charge (®,Q) € R*" are governed by

b R, I 2 ! 0
{ 0 }(t)— [ I _R ] { % }(r)+ { 0 :|u(l)+|: 7 ]ua(t), (5.3.7)
where R = diag[ry,...,r1] € R™™ and R, = diag[%7 e %] € R™™ are the resis-

tance matrices. The input u(z) is the applied voltage on the IPMC and the power-
conjugated output y(¢) given by

yi)=[1 0] (1) (5.3.8)

A&
=
~—

I

is the current in the inductor. Besides, we denote by y,() the voltage in the capacitor,
ie.,

(@oltch

ya(t)=[0 1] 4 (t):E(t). (5.3.9)

The interconnection between the flexible structure and the RLC circuit is assumed
to be perfect, thus u, () and uy(¢) are the current applied on the capacitor due to the
movement of the flexible structure and the torque applied on the structure, respectively.
On one hand, the torque applied to the beam comes from the voltage V weighted by
coefficient k and distributed on the interval [a;, b;]. On the other hand, a current is gen-
erated by the beam motion observed on [a;,b;] and acts on the IPMC with coefficient
—k. To sum it up, the power-preserving interconnection between the flexible structure
and the actuator is summarised as follows:

[ " }(t): [ —(I)ET g } [ yd }(f)y (5.3.10)

Uq Ya

with a matrix k = diag[ki,. .., k»] € R™" [Nm/V].

The Hamiltonian associated to (5.3.7) is given by
1 1 1

Erc((®.0)(1) = 507 () 50() + 37 () ®().  (5311)

5.4 Interconnection of a Timoshenko beam and a RLC
circuit
In this section the interconnected system consisting of a flexible beam with m IPMC

actuators is introduced. From the power-preserving interconnecting relations (5.3.10),
the IPMC-actuated flexible beam is described as follows:

J-R 0 Bk 0
x(t) = 0 -R - Qx(t)+ | I |ulr),

y@O)=[0 1 0]Qx(),

~
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where the operator By is given by (5.2.11), x = [ x, &, 0 ] and the energy matrix
Q is given by
11
=di -, =]
Q= diaglH. 7. )
The state space is given by X := L?([a,b];R*) x R?" with inner product

1 1
(X1,X2)x = (x1,0)x + QTEQ—i— <I>TZCI>.

By using matrices D and Dy introduced in Section 4.3 and given by

1 0 0 -1
D_{O 1} and DO_{O 0 ], 54.2)

the abstract differential equation (5.4.1) can be expanded as

q [ 0 Dd¢+Dy 0 0
p _| "9, —Df  -R 0 Bk
o | (&)= 0 0 R -I
) 0 —k'B* I R
¢ - ? (5.4.3)
Hi(§) 0 00 q 0
0 M) 0 0| p 0
0 0 % 0 o ( vt) + L u(t)
.o 0 0 ¢ 0 0
Let us define the unbounded linear operator
0 Dd;+Dy 0 0 Hi() 0 0 0
Ax D'd, — Df —R 0 Bk 0 Ha(8) 0 0 .
0 0 —-R, I 0 0 10
0 —k'B* I R 0 0 0 ¢
= (J-R)Qx
(544
for x in the domain
: " fa(0)
DA)=S | ® || R” ,HxEHl([a,b];R“),{ J } €KerWs o, (5.4.5)
0 R ey(1)
where X = L?([a,b]; R*).
The total energy of the interconnected system is given by
E(x(1)) := E(x(t)) + Erec((®, Q) (1)) (5.4.6)

1 S I U B
= Sl + 50" 50+ 5@ P =: 2 (x(1).Qx(1)x. (5.4.7)
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where Q = diag[H,Ha, %, é] Moreover, since the power-preserving interconnec-
tion of port-Hamiltonian systems is still a port-Hamiltonian system, we can rely on
this structure to establish the Cy-semigroup generation for the interconnected port-
Hamiltonian system. From (5.4.3), we define new matrices P, Py and G by

0 D 0 0 0 Dy 0 0
D" 0 0 0 | =D} 0 0 Bk
Pi=1 %9 o000l P=| o o o0 -I|°
0 0 0 0 0 —k'B* 1 0
0 0 0 0
0 -R 0 0
Go=|¢4 o R0 (5.4.8)
0 0 0 -R

The generation of a contraction Cp-semigroup of the operator A can be directly de-
duced from Theorem 1.1.1. Since the interconnection is distributed along the spatial
domain, it does not alter the boundary conditions, which satisfy WBZWBT > 0. The
generation of a contraction Cyp-semigroup and the compactness property of the related
resolvent operator are resumed in the following proposition.

Proposition 5.4.1. The linear operator A with domain D(A) generates a contraction
Co-semigroup on the state space X. Moreover, A has a compact resolvent.

Proof. Since WBZWBT >0, A generates a contraction Cp-semigroup, see Theorem
1.1.1. The compactness of the resolvent operator of A is a direct consequence of
[Vil07, Theorem 2.28]. O

5.5 LQG control problem

In the section we address the LQG control problem for the interconnected IPMC-beam
model introduced in Section 5.4. The main objective of the latter control problem con-
sists in setting the endoscope under a specific configuration by means of an admissible
control law u(#) minimizing the functional

T

J(u) = lim B A (x(1),Rx(t))x + (u(t),Ru(t))gmdt, (5.5.1)
where the operator R = R is positive semi-definite and the matrix R = R” is positive
definite. As already mentioned in Chapter 4, the control system (5.4.1) must satisfy
the assumptions of exponential (exp.) stabilizability and detectability as defined in
Definition 4.1.1 in order to have a well-defined LQG control problem. These proper-
ties ensure the existence of unique nonnegative self-adjoint solutions for the control
operator Riccati equation (CORE) and the filter operator Riccati equation (FORE).
In Theorem 5.5.1, we shall prove the exponential stability of the system (5.4.1) by
considering a Lyapunov functional candidate and showing that its time derivative is
bounded by the initial condition of the Lyapunov functional. As a direct consequence,
the assumptions of exp. stabilizability and detectability will be satisfied. Notice that,
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due to domain interconnection, cross terms have to be inserted in the Lyapunov func-
tional candidate.

Theorem 5.5.1. Let us consider the interconnected system (5.4.1) on the state space
X with boundary conditions (5.2.6). Assume that there exist By > 0 and A;,A; > 0
(that may depend on By) such that for all y € (0, ),

0 <M (E(t)+Erc(t)) <L(t) < (E(t)+ Egrrc(t)), (5.5.2)

where the Lyapunov functional L(t) is given by
1. b 1 1
L) = 5[ [ (a"Hag+ 0" Hap+ 7" p)AC +@T L@+ 07 0]
a
+y®" 0+ y®T k" B*r
with r given by (4.3.7). Assume that for all y € (0, o), there exist K| and K, such that

(5.5.3)

l b 7 *
5 [ Tl SKE®) 19070 @ KB < KoBruclt). (554
a
In addition, assume that the parameter Y satisfy the conditions: yI < R1% and vyl <
HoR. Then the system (5.4.1) is exponentially stable.

Proof. Notice that (5.5.2) ensures that the Lyapunov functional (5.5.3) is nonnegative.
Taking the time derivative of (5.5.3) along the state trajectories gives

q

. b
L(f)Z/ [ "1 p"Ha+y” " || b | dC
Ja Hzp
+[ @' Q¢! ] [ g ]+y<i>TQ+y<I>TQ+y<I>T/2TB*%2p+yci>T7<TB*r.
(5.5.5)
This yields
. b 0 DI +Dy 0 0
_ T T T ¢T o g
Lm*/a LaH P ]{DT(?g—Dg R0 Bk]
Hi 0 0 0 q
0 H, 0 0 p b
0 0 % 0 d dC—’_/a Yp HZpdC
0 0 0 } 0
Hi 0 0 0 q
0 0 —R —I 0 H, 0 0
T1 T1 B 1 2 14
i Qc][o KB —Rz} 0 0o Lol|le
0 0 0 £ 0

+y®" 0+ y@" O+ yd K B Haop + yd K BFr.
(%)

(5.5.6)
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Moreover, from (5.3.7), the term (£) becomes

1 r . 1 1
(ﬁ) =Y —leq)—g Q+')/q>T —kTB*'Hzp—FfCD—RQfQ
1 1 o
+y® k' B* Hap — y(Ry Z@)TI}TB*r - y(EQ)T/}TB*r.
By plugging (5.5.7) in (5.5.6), one gets
b
L(r) :/a q" (H1(DIg + Do) Hap+ p" Ha(D" 9 — D) Hig+yr" (D" 9 —D§)H1gq

-1 b
—(p"Ha+y" ) RHap+ (p"Ha+ WT)BkE Q)d¢ + / yp" Hapd§

11 11 1. 11
—@TfR 7¢_¢T77 _ T*kTB* T?f
'L rcl @ kB + O a7

11 1 117 y 1 1
— QT —Ry— “R-®—0— | kB —d Ry~
0 c 2CQ+?’[ 17 QC O+ y® k H2P+L 2CQ
+y® K B* Hap — (R, %cp)T/ETB*r - y(éQ)T/ETB*r.
(5.5.8)

After undergoing some simplifications and by integrating by parts, we obtain
L(t) =[(H19)" DHaplg + [ D" Hqg

b
n / (—0¢(H19)" DHap +q" HiDoHop+ p" Ho (D" 9 — D§) Hig

b
—Y0r" D' Hiq— yr" DiH1g— p" HaRHap — yr' RHop)dl + / yp" Hapd{
1

1 11 1 1 1
—®" R -®—- Q" R, — —Y(R=®)'Q—y0" —Q+yd" -
Ri7 QCzCQ+<Y(1L)Q 10 GO+ L)

1 1 -
— yCDTRZEQ —y(Ry zc1>)T/<TB*r.
(5.5.9)
From the boundary conditions (4.3.6) and (4.3.8), it follows that

[(Hiq)"DHaplo=0  and  [F'D"H,q2=0. (5.5.10)
This leads to

, b 1 1
L(t) Z/ (—vq" Hig—yr" RMHop+ p" Ha(YI — RH2)p)d( — q’Tz(Rl I~ v)®

1 1 1 1 ~ 1
_orZ~ _ _ T(_ - AT p* =
(0] c <R2C+}’1) 0—yd (LR1+R2C)Q Yk’ B rRlLCD.
(5.5.11)
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Therefore, by using the conditions yI < R, % and yI < H,R with (5.5.4), there exists a
positive constant K for sufficiently small y such that

. K
L(r) < ~K(E() + Erac (1) < —5-L(0). (5.5.12)
2
Finally, this leads to
_K
L(t) < e %2'L(0), (5.5.13)
which proves the exponential stability. O

Remark 5.5.1. As already stressed in [RZG17], some feedthrough term is necessary
to damp the high frequency modes of the plant when no internal dissipation is oc-
curring (Go = 0). When some internal damping inducing the exponential stability of
the plant (5.4.1) is present, the situation is more favorable. Indeed, these dissipation
effects enable to damp the high frequency modes so that the controller has only to act
on the low frequency modes.

From Remark 4.3.1, Theorem 5.5.1 obviously implies the exponential stabilizabil-
ity and detectability of the interconnected system (5.4.1). Hence, since the assump-
tions of stabilizability and detectability hold, we can derive the FORE and the CORE
for the interconnected system (5.4.1). Towards this end, some system and measure-
ment noises are added to (5.4.1), which yields

dx(t) = ((J —R)Qx+Bu(t))dt + Hdw(?),

dy (1) = B*Qx(t)dt + Fdv(r). (5.5.14)

w(t) is a Z-valued Wiener process with intensity operator H € £(Z,X) and covariance
0 € L(Z), and v(¢) is a R™-valued Wiener process with intensity F € R™*" and
covariance V € R™*™.

* There exists a unique stabilizing nonnegative self-adjoint solution Py € £(X) of
the FORE given by

[(J—-R)QP;+Pr((J-R)Q)* — P,QB(FVF*)"'B*QP; + HOH*]y = 0,

(5.5.15)
for all y € D(((J—R)Q)*) with Ps(D(((J—R)Q)*)) C D((J—R)Q).

* There exists a unique stabilizing nonnegative self-adjoint solution P, € L(X) of
the CORE given by

(J-R)Q)*P.+P.(J-R)Q—P.BR 'B*P. +Rjx =0, (5.5.16)
forallx e D(J-R)Q) P.(D((J—-R)Q)) C D(((J—R)Q)*).
The dynamics of the LQG controller are described by

u.(t) = —Kk(t) := —R'B*P&k(r), (5.5.17)
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dx

= (0 =[(J~R)Q—LB"Q—BK]R(r) + Luc (1), (5.5.18)
%(0) =x(0), (5.5.19)
Ye(t) = KX(t). (5.5.20)

The Riccati equations (5.5.15) and (5.5.16) cannot be exactly solved. Therefore,
a suitable finite-dimensional approximation must be developed. The discretization
method used here is a mixed-finite element discretization as proposed in [GTvdSMO04].
To reduce the Timoshenko beam model to a finite-dimensional system, we take advan-
tage of the port-Hamiltonian structure. This method consists of an approximation of
the effort and flow variables by means of differential forms related to their physi-
cal and geometrical natures. In the case of a Timoshenko beam, on one hand, the
torque and the force (effort variables) correspond to zero-forms and, on the other hand,
the translational and angular velocities (flow variables) correspond to one-forms. Let
us consider N infinitesimal subsections of the spatial domain [a,b]. The discretized
port-Hamiltonian model of the Timoshenko beam with internal frictions, governed by
(5.2.3), is given by

xab(t) = (Jab 7Rab),Habxab(t) +Buab(t)7 (5521)

where x,, € R* such that J,, = —J7, € R¥™*W R, =R € R¥W* with R, pos-
itive semi-definite, and B,, € R*¥*¥_ The corresponding Hamiltonian approximation
is given by E,;(¢) = %xgb(t)’)'—[abxah(t), where H,, is the approximated matrix of the
matrix operator H which is given by

Ky, O 0 0
0 /le 0 0

Hao=| o & & L, 0 (5.5.22)
0 0 0 1

Ip.ab

According to [RL13, Section 4], the discretization of the Timoshenko beam model
(preserving the port-Hamiltonian structure) yields the following matrices:

the skew-symmetric structure matrix J,;, is given by

0 M 0 S

-MT 0 0 0
Jab o o o Ml (5.5.23)
-sT 0 -M" 0
where
[ 2 0 0 0 ]
4 -2 0 0
—4 4 -2 ... 0
M= _ _ o _ (5.5.24)
(-DN=14 (—1)NV 24 -2 0
(=1)¥4  (=1)V14 4 -2 |
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and
S =diag|—(b—a),...,—(b—a)l;
the symmetric matrix Ry, is expressed as
Ryp=diag[ 0 R 0 Ry |,

where

b—a

Riay =R [1 ... 1]eR",

Roap = Ro—— 1]eRr”.
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(5.5.25)

(5.5.26)

(5.5.27)

(5.5.28)

(5.5.29)

The approximated matrix B, corresponding to the boundary conditions is given by

-2 0 0 0
2 0 0 0
(—1)N2 0 0 0
0 (—DN*12 0 0
0 (-1)N2 0 0
Bup = 0 0 (—1)N+12 0
0 0 (—1)N2 0

0 0 0 (=1)N+12

.0 0 0 (—1)N2

Eventually, the control operator (5.2.11) is approximated by

, with b, € RV,

0
0
Bc,ab = 0

bab

(5.5.30)

(5.5.31)

Hence, the port-Hamiltonian structure preserving approximation of the interconnected

system is described by

Xab(t) = (Jab - Rab)Qabxab(t) +Babu(t)v

Yab ([) = BZanbxab (t) )

(5.5.32)
(5.5.33)
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where
Jab 0 Bc,abié
Jop=-J0, = 0 0 -7 € RUN+2m)x (4N~+2m),
—kBL, I 0
Ry, 0 O
R, = Rgb — 0 R 0 c R(4N+2m)><(4N+2m).
0 0 R
Also,
Q. = QI = diag [ Hup Lo 1le R (4N-+2m)x (4N+2m)
and
0
Bab _ I e R(4N+2m)><m'
0

Remark 5.5.2. Note that there is no need to approximate the IPMC dynamics since
they are already finite-dimensional.

According to Theorem 4.2.1, the port-Hamiltonian framework can be preserved in
the LQG controller dynamics by considering

Oub = QuyBusBL, Qup: (5.5.34)
Pr=Q,'PQ, (5.5.35)
R. =Ry, + BBl P.Q,) + PrQ,;B.BL,. (5.5.36)

The control Riccati equation of the finite-dimensional approximated system (5.5.32)-
(5.5.33) is given by

[((Jab - Rab)Qah)TPC + Pc(Jab - Rab)Quh - PCBabﬁ;bl BZhPL‘ + Rab]xab =0, (5.5.37)

where x,;, € R¥¥*2"_This Riccati equation (5.5.37) is solved with the Matlab® func-
tion care.

The finite-dimensional approximation of the closed-loop system, i.e. the IPMC-
actuated flexible beam with the Hamiltonian LQG controller, is described by

( Xab )(t) — ( Jab -B,BL,P.Q, )
Rab PrQuBusBL, Ja

(5.5.38)
N < Ry O ) < Qahxab(t) ) + < Buy )u(t)
0 Rc Qahﬁab(t) 0 .
By using condition (5.5.34), the functional cost to be minimized is given by
T ~ ~
J(u) = 715130 A <Xab(t), Qabxab(t)>R4N+2m + <M(t),Rabu(l‘)>Rmdt (5.5.39)

and consists in finding a trade-off between the cost in energy of the input «(¢) and the
intensity of the output current of the interconnected system (5.4.1).
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5.6 Experimental validation of the model

This section is devoted to the validation of the proposed model of an actuated flexible
beam setup described in Section 5.1. It is shown that this model reproduces the main
properties of the experimental setup mounted in the AS2M department of FEMTO-ST
Institute in Besancon (France) and represented in Figure 5.1.

Let us recall that the flexible beam made of polyethylene plastic is assumed to be
fixed at the origin. In the experimental setup, an IPMC is patched along the beam
near its fixed extremity. In addition, we measure the beam displacement by means of
a laser sensor (LK-G152). The laser sensor is placed so that we measure the position
of the beam at 5 mm from its tip at the equilibrium position. In order to discretize
the flexible beam, we consider 100 infinitesimal subsections of beam’s length (160
mm). The discretized port-Hamiltonian model of the Timoshenko beam is given by
Z‘((Jub _Rub)/Hab»BabvBZh/Hab)'

The simulations were conducted in Matlab® and the experimentations were per-
formed several times to ensure the reproducibility of the obtained results. The param-
eters used for the numerical simulations and the experimentations are given in Tables
5.1 and 5.2. The parameter values of the IPMC are taken from [NTMO11].

Some parameters are unknown, in particular the Young and shear modulus, the
transversal and angular frictions, and the coupling constant k of the employed IPMC.
The identification procedure is mainly based on [MWR™]. For the identification
process, we used optimal algorithms for nonlinear model identification (nlgreyest
function) implemented in the Matlab Identification Toolbox®. Besides, sequential
quadratic programming (SQP) and trust-region-reflective algorithms were used with
the Matlab® function fmincon. The results of the identification procedure are de-
picted in Figure 5.5. One can observe that the fitting percentage between the model
with the optimally estimated parameter values (red dashed line) and the experimen-
tal data (black line) is of 89.67%. The identified parameters are listed in Table 5.3.
In addition, the fitting procedure with the optimally estimated parameter values was
undertaken again with the laser sensor placed at 10 mm from the beam tip at the equi-
librium position. In this case, the fitting percentage is of 85.55%, which strengthens
the validity of the numerical values obtained for the parameters.

To complete the experimental validation of the model, a comparison of the dis-
placement of the beam at 155mm between the interconnected model implemented in
SIMULINK® and the experimental data was performed. The parameters of the exper-
imental setup given in Tables 5.1, 5.2 and 5.3 were used for the numerical simulations.
The experimental and simulated data are represented as a dark and a red dashed line,
respectively. Figure 5.6 shows that the flexible beam displacement reaches (the de-
sired equilibrium position of) 5 mm when applying a voltage of 1.5 V. Moreover, one
can observe that the interconnected model reproduces accurately the behaviour of the
experimental setup.
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Table 5.1 — Parameters of the endoscope

Notation Description Value Unit
L Length 1.6x 10T m
w Width 7x1073 m
T Thickness 22x107* m
p Mass density 936 kg/m?
1 Inertia moment 47%x10°15 m*
Ip Angular moment | 4.34x 10712 | kgm

Table 5.2 — Parameters of the IPMC actuator

Notation Description Value Unit
r Resistance 1 30 Q
) Resistance 2 700 Q
C Capacitance 12x 107! F
Lip Length of IPMC | 3 x 1072 m

Table 5.3 — Identified parameters

Notation Description Value Unit
E, Young modulus 414 x 107 Pa
K Shear modulus 1.4178 x 10° Pa
R, Angular friction 1073 kgm/s
R; Transversal friction 2% 107 kg m3/s
k Coupling constant 3%x107° NM/V

Figure 5.7 shows the current responses to an input voltage of 1.5 V. The solid black
and dash red lines correspond to the output current simulated from the IPMC-beam
model and the output current measured from the experimental setup, respectively. The
current responses reach the peak of 0.0408 mA and decay rapidly afterwards. The dif-
ferences between the two curves might be caused by the RLC approximation of the
IPMC.

In [NTMO11], a more accurate but also more complex model of the IPMC is pre-
sented. Indeed, IPMCs are described as interconnected distributed port-Hamiltonian
systems on multiple spatial scales. The proposed model reproduces the coupling be-
tween the electrical dynamics, the dynamics of the polymer gel (inducing the swelling)
and the mechanical beam dynamics of the IPMCs.

5.7 Control of the IPMC-actuated flexible beam

We shall now design a control law for the proposed model that has been validated in
Section 5.6. As already mentioned, the control objective consists in setting the IPMC
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actuated flexible beam in a specific configuration by means of electric stimulus, while
reducing vibrations. The time response of the system is improved by positive damp-
ing injection (see 5.7.2) and the induced vibrations are damped out by the Hamiltonian
LQG controller. A trade-off between the time response of the system and the vibra-
tions has to be found. A schematic diagram of the IPMC actuated beam interconnected
to a LQG control and subject to damping injection is represented in Figure 5.8. We
recall that the interconnection between the beam and the IPMC is given by (5.3.10)
and that the interconnection with the Hamiltonian LQG controller is given by

U=y and U= -y (5.7.1)
On one hand, we consider a positive damping injection given by

u(t) = —rey(t) (5.7.2)

in order to improve the time response of the system, where y(¢) is the output current
and r. < 0 is a control parameter. In order to preserve the stability of the intercon-
nected system, 7, must satisfy

re > —r1. (5.7.3)

The damping injection method is based on [OGC04].

On the other hand, we design an Hamiltonian LQG controller to reduce the vibra-
tions induced by the damping injection. According to Theorem 4.2.1, the parameters
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Figure 5.8 — Schematic diagram of the IPMC actuated beam interconnected to a LQG
control and subject to damping injection

of the LQG control problem have to be set appropriately in order to preserve the port-
Hamiltonian framework in the LQG controller dynamics. Towards this end, let us
consider the optimal control first, and thereby the covariance matrices must be inter-
preted as further control parameters and do not have any statistical meaning anymore.
To be more specific, the control parameters are chosen as

Oup = 1700(Qu,Bus)BL, Q. (5.7.4)
R, = 1000. (5.7.5)

The discretization method of mixed-finite elements presented in Section 5.5 was
applied for 100 subsections of the beam, which entails that X, () € R42. The control
Riccati equation was solved with the Matlab® function care to obtain P., and the LQG
controller described by (5.5.38) was numerically implemented in SIMULINK®. Fig-
ure 5.9 shows the open-loop time response of the IPMC-actuated beam model in blue,
the closed-loop response with damping injection in red, and the closed-loop response
with positive damping injection and LQG control in dashed black. In addition, the ref-
erence is plotted in yellow. The time response of the open-loop system is drastically
improved by the positive damping injection. One can observe that the positive damp-
ing injection improves the time response of the system and that the LQG controller
reduces the vibrations. As depicted as a dashed black line in Figure 5.9, a trade-off
between time response and oscillations can be found. The feedback control law was
then tested when applying several references, see Figure 5.10. Again, one can observe
that the Hamiltonian LQG controller with positive damping injection provides a good
trade-off between time response and oscillations.

Spatial discretization methods of infinite-dimensional systems often lead to high
dimensional systems, and then to high-dimensional controllers. This motivates the
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study of model-reduction methods, in particular for the class of port-Hamiltonian sys-
tems. Open-loop reduction methods for high dimensional port-Hamiltonian systems
can be found in [BCL'09]. Nevertheless, when the reduced-order controller is directly
applied to the full order system, the control will act on the low frequency modes but
also on the residual modes (from the unmodeled dynamics), which can induce some
undesired vibrations in the case of a flexible endoscope. This is called the spillover
effect, which can cause performance degradation of the controller or even lead to
instability. The spillover effect can be addressed in the closed-loop dynamics. We
refer to [WHGM18], where a closed-loop reduction method was proposed to design a
reduced-order LQG controller with good closed-loop performances.

Taking advantage of the power-preserving interconnection of port-Hamiltonian
systems, it would be interesting to establish the exponential stability of the closed-
loop system composed of an exponentially stable infinite-dimensional dissipative port-
Hamiltonian system with a finite-dimensional port-Hamiltonian controller. Guaran-
teeing the exponential stability when interconnecting the plant to a finite-dimensional
port-Hamiltonian controller would allow us to avoid the spillover effect. However,
this stability result has so far remained to be proved, leading to Conjecture 5.7.1. No-
tice that a similar situation was studied in [RZG17] where the plant is controlled at the
boundary by an exponentially stable nonlinear dynamical system with a feedthrough
term. When compared to the stabilization problem (5.4.1) with a finite-dimensional
port-Hamiltonian controller, the situation in [RZG17] is less favorable since the con-
troller has to damp both high and low frequency modes, which is quite challenging
from a control perspective.

Conjecture 5.7.1. Let us consider the infinite-dimensional dissipative port-Hamiltonian
system described by

x(t) = (J — R)Hx(t) + Bu(t),

(1) = B*Hx(1),
where J : D(J) — X is skew-adjoint, R € L(X) is self-adjoint and B € L(R™, X).
Assume that the system (5.7.6) is exponentially stable. In addition, let us consider a
finite-dimensional control system given by

Xe(t) = (Jo — Re) Qexe (1) + Be(t)ue (1),
ye(t) :BTchc(t),

(5.7.6)

5.7.7)
where J. = —JCT, R. = RCT >0, 0.= QCT > 0 and B is full rank.
Then the power-preserving interconnection, which is given by
U= -y and Y=,
of (5.7.6) with (5.7.7) is again an exponentially stable port-Hamiltonian system.

In a similar manner as in Theorem 5.5.1, cross terms would have to be included in
the candidate of Lyapunov functional due to the domain interconnection.
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5.8 Conclusion and perspectives

This chapter was devoted to the study of the LQG control problem of an IPMC ac-
tuated endoscope. The IPMC actuated endoscope was modeled as an interconnected
Timoshenko beam model with a RLC circuit. In Section 5.5, the LQG control prob-
lem was addressed for this specific application. Next, in Section 5.6, the validity of
the proposed model for the [IPMC-actuated endoscope was studied on the experimen-
tal setup mounted in the AS2M department of the FEMTO-ST Institute in Besangon,
France. It was shown that the main mechanical characteristics of the experimental
setup have been reproduced by the proposed model. In Section 5.7, a feedback con-
trol law is implemented as the sum of a positive damping injection to improve the
time response, and of the stabilizing output of an Hamiltonian LQG controller to re-
duce the mechanic vibrations. Note that the feedback control presented in Section 5.7
is prospective. Further works would be to implement and evaluate the performance
of the Hamiltonian LQG controller on the experimental setup. In addition, notice that
the theory presented in this chapter is developed for an arbitrary number of IPMCs.
Future works would be to implement and experiment it for several IPMCS patched
along the beam to shape it in a desired manner.

As already pointed out in [NTMO11], the actuation and the corresponding bend-
ing force of an IPMC depend on its relative humidity. As a matter of fact, a humid
IPMC is more efficient than a dryer one. This is due to the working mechanism of an
IPMC. The mechanical bending depends on the transport and the swelling of water
and cations molecules in the polyelectrolyte gel. Thus, a better humidity will induce
a better bending of the IPMC. A generalization of the RLC model proposed for the
IPMC would be to consider the fatigue behaviour of the IPMC. Besides, a simplified
model of the IPMC as a RLC circuit was considered in this work. Hence, the polymer
gel dynamics would have to be taken into consideration for future research.

The Riccati equation is the crux when solving a LQ optimal control problem. The
rationale in this chapter was to solve the Riccati equations related to a LQG control
of a finite-dimensional approximation of the controlled system. Nevertheless, a finite-
dimensional approximation leads to some errors when solving the operator Riccati
equations. It would be of great interest to carry out a study of this error. Besides, a
suggestion would be to add a further term in the functional cost to minimize this error.

Finally, in this last chapter, stochastic disturbances are not considered in the plant
dynamics. The covariance operators of the LQG controller are used as further param-
eters to design an Hamiltonian LQG controller. While undertaking manipulations of
the experimental setup, it was noticed that it was highly sensible to environmental dis-
turbances such as acoustic noises or even people walking into the lab. Measurement
noises could also occur. The latter depends on the quality of the sensors used. Ongo-
ing research would be to take under consideration the nature of these neglected effects
(in this chapter) for the design of a feedback control law.



Conclusion and perspectives

General conclusion

In this thesis stochastic and deterministic port-Hamiltonian systems with both dis-
tributed and boundary controls along with distributed and boundary observations were
explored. From a mathematical point of view, the stochastic integration theory and the
semigroup approach of infinite-dimensional systems theory are employed together for
the study and the analysis of the stochastic partial differential equation governing this
new class of stochastic systems.

As a first step, the class of first-order linear port-Hamiltonian systems with dis-
tributed and boundary control was presented in a similar way as in [JZ12]. The Riesz
basis property of this class of distributed parameter systems has been investigated. A
subclass of linear port-Hamiltonian systems, namely nice port-Hamiltonian systems,
has been introduced and such systems have been proved to be Riesz-spectral systems.
As a direct consequence, the growth bound condition has been proved to hold for nice
port-Hamiltonian systems. Further contributions are the author’s willingness of giving
a clarification of [Vil07, Chapter 4] and proposing a state of the art on the basis of the
existing literature and current works on this topic.

As a second step, the new class of stochastic port-Hamiltonian systems with dis-
tributed and boundary control and observation is investigated. The passivity property
has been introduced for infinite-dimensional stochastic systems and has been proved
to be not preserved for SPHSs, due to the energy increments induced by the Wiener
process. A well-posedness concept has been presented for boundary controlled and
observed stochastic systems in the spirit of the deterministic well-posedness defini-
tion. Furthermore, theoretical results were illustrated on an example of a stochastic
vibrating string by means of a modal representation via a Riesz basis.

In the second part of this thesis, we have studied the control aspects of stochastic
port-Hamiltonian systems. More particularly, we have introduced a first attempt to
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treat the question of LQG control of stochastic port-Hamiltonian systems on infinite-
dimensional spaces with bounded control, observation and noise operators. The gener-
alization of the port-Hamiltonian LQG controller for infinite-dimensional systems has
been performed in Theorem 4.2.2. To be more specific, this result allows one to repre-
sent the LQG control problem of a stochastic port-Hamiltonian system as the power-
preserving interconnection of SPHSs. We have then extended the result to strongly
stabilizable port-Hamiltonian systems based on results borrowed from [Oo0s00]. In
Section 4.3, by setting conditions on matrices Py, Py and Gg, Theorem 4.3.1 states that
port-Hamiltonian systems with dissipative effects on the momentum components of
the state are exponentially stable. The exponential stabilizability and detectability of
the controlled plant are then easily deduced.

Finally, the port-Hamiltonian formalism has been used for the modeling of a flex-
ible beam interconnected in a power-preserving manner with several IPMC actuators
patched along the beam. This formalism has been used advantageously to take under
consideration the physical dynamics of the actuator in the control process. Moreover,
the proposed interconnected port-Hamiltonian model has been proved to be exponen-
tially stable under some conditions on the parameters. Once a finite-dimensional ap-
proximation obtained via a mixed-finite element approach [GTvdSMO04], a validation
of the proposed model has been undertaken by using the physical parameters of an
experimental setup. The main physical characteristics have been proved to be repro-
duced by the simulated model. Furthermore, the feedback control law, which consists
of a damping injection (DI) method with a LQG controller, has been implemented
on an IPMC-actuated flexible beam model. Numerical simulations demonstrate the
efficiency of the feedback DI-LQG control law designed to improve the time response
while reducing the induced vibrations.

This thesis has been mainly intended to propose new perspectives by taking into
account stochastic effects in the port-Hamiltonian modeling for distributed parameter
systems operating in a random environment. This work constitutes a first attempt to
study this new class of stochastic systems and to investigate some of their properties.
The author hopes that the work presented in this thesis will bring some attention to
the study of control and observation of SPDEs. Furthermore, the port-Hamiltonian
formalism has been considered for the modeling and the analysis of the determin-
istic dynamics of distributed parameter systems as well. The author hopes to have
convinced the reader of the interest of this powerful and efficient formalism, which
continues to attract more and more attention from mathematicians and engineers.

The new concepts and results presented in this thesis entail inexorably further
questions and lead to further investigations that could complete the work conducted
throughout this thesis. Some of them are identified and resumed in the next section.



CONCLUSION AND PERSPECTIVES 115

Suggestions for future work

In the deterministic setting, a complete characterization of the Riesz-spectral property
of port-Hamiltonian systems is still an open question. As a matter of fact, the assump-
tions of simple eigenvalues and of a uniform gap within the eigenvalues considered
for nice port-Hamiltonian systems need to be relaxed in order to include a wider range
of applications. For instance, coupled vibrating strings may have Jordan blocks or a
two-dimensional vibrating string will not satisfy the uniform gap condition. More-
over, the Riesz basis property has not been studied in the context of dissipation effects
from internal friction within the port-Hamiltonian framework.

Clearly, introducing and studying the new class of stochastic port-Hamiltonian
systems open the way to further considerations. In this thesis we have only considered
additive Gaussian white noises occurring along the domain. Following the natural ten-
dency of mathematicians of greater generality, it would be relevant to allow the noise
intensity operator to depend on the state process, which would yield the following
SPDE

de(t) = (P, aaé,(’;‘{e(t)) + PyHe(t))dt + (He(t))dwl(t), (5.8.1)

where the noise port H € L(X,L(Z,X)). Adding stochastic disturbances on bound-
ary and distributed controls would also be recommended for future research. In addi-
tion, Wiener processes considered in this work could be generalized to jump processes
such as Lévy processes. A theory of integration with respect to jump processes can be
found in [AppO4].

In Chapter 3, the passivity property has been proved to be unpreserved for the
considered SPHSs. This is also known in the finite-dimensional case, see [SF13]. The
recovery of the passivity property of infinite-dimensional SPHSs would in any doubt
be a major research topic. The author believes that a generalization of the stochastic
generalized canonical transformations proposed in [SF13] would enable a passivity
recovery in the infinite-dimensional case. Nevertheless, such generalization is not an
easy task. As already mentioned, the main difficulty lies in the identification of a set of
transformations when the Hamiltonian is spatially dependent. Moreover, notice that in
[CF70], a version of the 1t6’s formula (see Theorem 2.4.2) was proposed in a Hilbert
space context, i.e. for any function

f0T|xX = X, (5.8.2)
where A is a Hilbert space.
In the last part of this thesis, the case of a specific application, which consists of

an ionic polymer metal composite actuated endoscope, has been considered. Some
perspectives of work are listed herebelow.

e The resolution of the operator Riccati equations is the core issue when LQG
control problems are considered. In this work this has been done by using a
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finite-dimensional approximation of the plant. As already mentioned, it would
be interesting to conduct a rigorous error analysis when solving the operator
Riccati equations, and eventually consider a further term in the cost to minimize
the error due to the approximation.

e In the experimental setup described in Section 5.1, we have only considered
one IPMC patched at the fixed extremity of the plastic beam. In order to be able
to shape the beam configuration as desired, it would be interesting to consider
several IPMCs in future works.

e The LQG controller has been designed on a finite-dimensional approximation
of the system in Chapter 5. Even though this LQG controller has been proved
to be efficient to damp out the vibrations, there is no theoretical guarantee that
the controller will still be working on the infinite-dimensional system, i.e. the
experimental setup. Nevertheless, a similar approach as in [RZG17] could be
developed. With a Lyapunov approach as in Theorem 5.5.1, it would be interest-
ing to prove that the finite-dimensional LQG Hamiltonian controller proposed
in Section 5.4 exponentially stabilizes the interconnected system (5.4.1). In
contrast to [RZG17], the plant is exponentially stable, and thus there is no need
to consider a feedthrough term to damp the high frequencies.

e A natural future control method to consider would be H., control, which has
been developed to provide robust control and allows disturbances rejection, see
[VK12].

Eventually, one area of investigation that has been neglected in this work is the
study of controllability and observability of stochastic systems. As far as known,
there is so far no clear definitions of these concepts for infinite-dimensional stochastic
systems.
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Power-preserving discretization

In this appendix we give some details on the finite-dimensional approximation of the
Timoshenko beam introduced in Section 5.5, while preserving the port-Hamiltonian
structure. The method is based on an approximation of the effort and flow variables
by means of differential forms. We refer the reader to [GTvdSMO04] for a complete
description of the method and to [RL13] for its application to the Timoshenko beam.

Let us consider a spatial domain [a,b] with N infinitesimal subsections. We first
detail the Dirac structure approximation. Let us denote the flow variables and the

effort variables by f,, and ey, i = 1,...,4, respectively. Their approximations on an
infinitesimal section [, ] are given by
Fua(0,0) = FEP (WP (£), (A0.1)
e (1,8) = e (W (8) + B (h (0), (A0.2)
where the forms wﬁﬁ , wy, and WEI. satisfy
1 B-¢ -«
ap _ @ _ P — . A03
le- B_av Wxi ﬁ_aa le- B—a ( )

The PDE (5.2.3) describing the dynamics of the Timoshenko beam can then be ap-
proximated by

B (1) () =eg<r>%wz<c>+efz<r>%wfz<é>—eﬁ(r)wﬁ(é)—eﬁ(r)wﬁ(o,
(A.0.4)
B (1) (¢) =l (r)%wﬁ (©)+ef <r>%wﬁ (£) — Ree® (1w (£)

—RieP (1)wh (©), (A.0.5)
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B (1) ({) ex4<r>%w34<c>+e§4<t>%w§4<c>, (A.0.6)
9B (1w () =e% (1) d"g W (L) +b. (1) ddg Wb (£) 4% (0w () + B (0wh (O)
— Rae? ()W (8) — Raeb (1)Wh (£). (A.0.7)

By taking the derivatives of the density functions, which satisfy (A.0.3), we get that

WP WP () = — el (0w (§) + B, (WP (§) — e (1w (§) — &, (1)wh, (£)

(A.0.8)
FEP O (§) = — el (Wil () + e (WP (§) = Riell (0w, (§) — Reel, ()Wl ()
(A.0.9)
P OWEP (0) == eGP () + &, (0w (©) (A.0.10)
PP () = — e (0wl (§) + B, (WP () + e (1w (§) +€f, (1) (£)
— Rael, (W, () = Rael, ()WE, (0). (A0.11)
By integrating along the subsection domain [o, 3], we obtain the following expression
B—a B—a
@B (1) =—e% (1) +eb (1) - e () - Teg(t) (A.0.12)
- —o
PP (t) =—e¥ (1) +€b (1) P 5 ef@‘z(t)—Rtﬁ b0 (A.0.13)
2B (1) = —e% (1) +€P (1) (A.0.14)
B-a p—a B-a
W) ==l () + el () + = el () + =5 () ~ R — e}, (1)
—o
—Ra'B 5 b (0). (A.0.15)
The efforts on the interval are defined as
1 1 1
eaﬁ:fea—i—fef, egﬁ—fe +-éf,
2 " % 1 ’ 2 % ’ (A.0.16)
;13/3 gexx + 2653’ gﬁ Eem + 2654

B

By expressing the approximated flows fx(fﬁ and efforts eg under the boundary port-

variables f;‘ P and egﬁ , we get that
P a0 B I “Be 9 0 0 0
Pl | -RrEE 0 —R, 5% 0 -1 0 -1 0
rop 0 -1 0 1 0 0 0 0
- ap
fgﬁ , (A.0.17)
L €9
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ex 000 o0 L o lo
ap L9001 00000 ap
en | _| 2 3 15 (A.0.18)
2P 0000034 01 2P|
1 1
oo 0L ol oooo

where the approximated selected boundary variables satisfy

e o L
;%éxz 100 o07][¢
9.4 01 00 ey,
- R e , (A.0.19)
E i 001 0 e)[;z
_fgm_ (00 0 1 ]| |
a7 g
a1 1 000 e
ey, 010 0 e
egﬁ_ eﬁ"* =16 01 0 e’[f ) (A.0.20)
d x| 1[31
e [0 0 0 1 ]| f |

Similarly, the approximation of the Hamiltonian on an infinitesimal section [, 3] is
given by

Fap=3 [ KW+ S8+ BP0+ P

(A.0.21)
Hence, the equation (A.0.21) yields the following Hamiltonian matrix
Kog O 0 0
0 ﬁ 0 0
Hap = 0 0 (Edl)up 0 , (A.0.22)
0 0 0 o~
p.of
where
- K B E.I
Kup = [ KOs30dC = foq EDap= [ EdPrag= 0

B B

Let us define

F P R U S o o L S L S (A.0.23)
cap = [¢2F %P WP TP 8 8 B A (A.0.24)

Rearranging (A.0.17) and (A.0.18), we deduce the following system

D= {(faﬁ7eoc[3) € ]:aﬁ X gocﬁ : Gaﬁeaﬁ +Faﬁfaﬁ = O}a (A.0.25)
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which defines a Dirac structure. A state space representation is more convenient for
simulation or control design of the finite-dimensional approximated port-Hamiltonian
system. Towards this end, the boundary inputs and the outputs given by

%xz(a,t) Kxi(a,t)
pa(a) Elx3(a,t)

1) = and t)=1 _1 (A.0.26)
u(r) le(b,t) (1) _ixz(l;’t)
EI)C3(b,t) [px4( J)

must be assigned properly. We then obtain the following approximated port-Hamiltonian
system on the subsection [a, ]

Xap(t) = (Jap — Rap)HapXap(t) + Baptiap (1), (A.0.27)
y(xﬁ(t) aﬁﬂaﬁxaﬁ( )*Daﬁ”aﬁ(t) (A.0.28)
Finally, the N-subsections are interconnected together to obtain the complete approxi-
mated port-Hamiltonian model for the Timoshenko beam on the spatial domain [a, b].
The efforts and the flows of section i at extremity 3 are interconnected with the efforts

of section i + 1 at extremity ¢. The interconnection of each subsection is performed
as follows

b,i i+l i b,i+1
e
[ f?,’,’fz ] = [ fg’ﬁl ] and [ A ] = [ o ] . (A.0.29)
fa,){4 fg,X4 ea X3 ea,x3

This leads to the complete interconnected system given by

Xab (t) = (Jab - Rab)Habxab (t) + Bupltap (t)7 (AO30)

yab(t) abHabxab( ) +Dabuab(t)- (A031)
where the matrices J,p, R, Bap and D, are given by (5.5.23), (5.5.27), (5.5.30) and
by

(=¥ 0

N+1 0
o (A.0.32)
0

Dy, = (71

—

(_

0
0
0
Hy

0 1
) 0
0 0
0 0 (-
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Lyapunov stability theorem

This appendix is mainly devoted to recall the Lyapunov’s direct method for stability.
For further details, see [Lia47], [Rah13, Chapter 3], [Mov59] and [LGM12].

Theorem B.0.1. Let us consider a dynamical system described by
x(r) = Ax(t), x(0) = xo, (B.0.1)

where A is an infinitesimal generator of a Co-semigroup with domain D(A). The state
x(r) =0witht > 0is said to be exponentially stable if there exists a functional V (x(t)) :
X — R such that

M|xllz <V (x) < Aalxll% (B.0.2)

and that satisfies the condition

EV(a(0) < ~KI0) (B.03)

forallt > 0andx € D(A).
Note that the condition (B.0.2) implies that

d K
Ev(x(z)) < —K|x||3 < —ZV(x(t)), (B.0.4)

which yields
_kK
V(x(t)) <e 2'V(x(0)). (B.0.5)
We have the following variant of Theorem B.0.1.

Theorem B.0.2. Let us consider a dynamical system described by

x(t) = Ax(¢), x(0) = xo, (B.0.6)
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where A is an infinitesimal generator of a Co-semigroup with domain D(A). The state
x(t) =0witht > 0is said to be exponentially stable if there exists a functional V (x(1)) :
X — R* such that

V(x) > Mlx]|3 >0 (B.0.7)

and that satisfies the condition

577 (1) < —KV(x(1)) (B.0.8)

forallt > 0andx € D(A).

We end this appendix by recalling some inequalities that enable bounding candi-
date of Lyapunov functionals and their time derivatives.

Lemma B.0.3. For any wi,w; € R" and o« > 0, the following inequality
1 1
—a?|w|* ~ @szll2 <wiwa+wiwi < o fwi? + yllwzll2 (B.0.9)

holds.

Lemma B.0.4. [Rahi3, Lemma 10] With G = {r|r € H'([a,b];R"),r(a) = 0}, if
r(§,t) € G, then

N < (b-a) [ @07 (&) (Ber(Enag (B.0.10)

holds for § € [a,b].
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